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====================pREFACE ====================

Excluding the biological polymers such as proteins, lipids and nucleic
acids,modified tetrapyrroles are the biological molecules that have had
the greatest impact on the evolution of life over the past 4 billion years.

They are involved in a wide variety of fundamental processes that underpin
central primary metabolism in all kingdoms of life, from photosynthesis to
methanogenesis. Moreover, and as an added attraction to those of us who are
fortunate enough to work in this research area, they bring colour into the world
and it is for this reason that these compounds have been appropriately dubbed
the 'pigments oflife'. To understand how and why these molecules have been so
universally integrated into the life processes one has to appreciate the chemical
properties ofthe tetrapyrrole scaffold and, where appropriate, the chemical char
acteristics of the centrally chelated metal ion. In this book we have tried to ad
dress why these molecules are employed in nature, how they are made and what
happens to them after they have finished their usefulness.

It was about five years ago that we organised a conference on tetrapy
rroles where we wanted to integrate the synthesis of this remarkable collec
tion of molecules with their biological function. At the time, several papers
were reporting on the metabolism ofmodified tetrapyrroles when their func
tion was over, and it was apparent that we had assembled speakers that cov
ered the birth (biogenesis), life (function) and death (breakdown) of tet
rapyrroles. We found the conference very stimulating not least because it
covered a vast area ofbiochemistry but also because it integrated many seem
ingly disparate topics. We also felt it would make an interesting and compre
hensive academic account. This book has been in the pipeline for a long
time but the collection of chapters by the leading figures in the world of
tetrapyrrole science has made the wait worthwhile.

Tetrapyrroles have been at the heart ofso many fascinating discoveries
in biology, chemistry and medicine. They are responsible for maintaining
the ecological balance ofoxygen in the atmosphere, for the production ofa
trillion tonnes of methane gas per year, for modulating some of the most
complex chemistry observed in nature, and possibly even for turning America's
last king mad. We hope that the following chapters will not only act as an
important reference source of material but also highlight the
multidisciplinarity of the topic, where the application of a range classical
and biophysical techniques is required to make substantive progress in the
area. We have enjoyed reading this collection ofwork and hope that it stimu
lates further research into the biochemistry of modified tetrapyrroles.

Martin}. \.%rren, PhD
ALison G. Smith, PhD
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CHAPTER 1

An Historical Introduction to Porphyrin
and Chlorophyll Synthesis
Michael R. Moore*

Historical Introduction to Porphyrins and Porphyrias

Introduction

Porphyrins are the extroverts of chemistry. Bright purple and fluorescent, they are
used biologically in the processes of energy capture and utilization. Porphyrins are the
key to life. It has been suggested that abiotic formation of porphyrins, in particular

uroporphyrinogen would have provided the first pigments necessary for the eventual synthesis of
the chlorophylls. This would have facilitated the emergence of simple photosynthetic organisms
in primordial earth through enhanced efficiency of energy capture and utilisation (Fig. 1).

Communication
The development of the science of porphyrins and cWorophyll has progressed at a breakneck

pace over the last century. A key to the development ofmedicine and science in the 20th century has
been the improving levels ofcommunication on an international basis. However, by the 1960s it was
becoming increasingly easy for scientists to communicate both in person and electronically. At the
same time many national groupings established between the middle and end of the 20th Century
have grown and consolidated the interrelationships between scientists and physicians in the study of
haem and chlorophyll synthesis. As an illustration ofthis continuing communication, Table 1 shows
the sequence of meetings of the Tetrapyrrole Discussion Group, (TPDG) in the United Kingdom
from its inception in 1977.

Photosynthesis
Chlorophyll

Carbon dioxide + Water • Carbohydrates
Hcmopro(t;ins

Biological Oxidation

Figure 1. Carbohydrate synthesis and degradation using chlorophyll and hemoproteins.

-Michael R. Moore-National Research Centre for Environmental Toxicology, University
of Queensland, 39 Kessels Road, Coopers Plains, Brisbane, Queensland 4108, Australia.
Email: m.moore@uq.edu.au

Tetrapyrroles: Birth, Life and Death, edited by Marrin]. Warren and Alison G. Smith.
©2009 Landes Bioscience and Springer Science+Business Media.



2 Tetrapyrroles: Birth, Lift and Death

Table 1. The Tetrapyrrole Discussion Group (TPDG) a list ofmeetings since inception

Year Date Site Organiser

1977 5 july University College, Cardiff George Elder/ Stan Brown,
Francesco De Matteis

1978 7 April Middlesex Hospital, London Francesco De Matteis
1979 29-30 March University of Leeds Stan Brown
1980 3-4 january University of Bristol Trevor Griffiths, Owen jones
1980 25-26 September Western Infirmary, Michael Moore

University of Glasgow
1981 10 April Queen Mary College, London Ray Bonnett
1982 23 April University of Southampton Peter jordan
1983 21-22 March University College, Cardiff Tony jackson, George Elder
1984 6 january Royal Free Hospital, London Barbara Billing
1984 16-17 july University of Leeds Stan Brown
1985 19-20 September University of Edinburgh jenny Houghton

1986 April The Royal Society Albert Neuberger
1987 20-23 july University of Southampton Medical Peter jordan

School '10th Anniversary Meeting'
1988 11-12 April University of Leeds jenny Houghton
1989 4-7 April University of Glasgow Michael Moore

'A Century of Porphyria'
1989 December The Royal Society Francesco De Matteis
1990 December Queen Mary and Westfield College, Ray Bonnett

London
1992 6-7 April University of Southampton Peter jordan
1993 5-6 january University of Cambridge Alison Smith
1993 15-16 September University of Leeds jenny Houghton
1994 11-12 july Queen Mary and Westfield College Ray Bonnett, MartinWarren
1995 10-12 April University of Leicester C-K Lim, Andy Smith
1996 11-12 january University of Southampton Peter Shoolingin-jordan
1996 10-11 September University of York Timmins
1997 30 june-1 july Queen Mary and Westfield College Ray Bonnett

'20th Anniversary Meeting'
1998 23-24 March University of Cambridge Alison Smith
1998 7 December The Royal Society Martin Warren

1999 1-2 September University of Essex Ross Boyle
2001 4-5 january University of Leicester Andy Smith
2001 13-14 September University of Cardiff Mike Badminton

2002 8-10 April Heriott-Watt University Martin Warren

2003 9-10 january University of Leeds David Vernon
2003 28-30 August Lund University, Sweden Lars Hederstedt, Mats Hansson
2004 16-1 7 September University of Cambridge Alison Smith

2005 1-2 july University of Hull Ross Boyle

The porphyrias provide examples of rhe derangement of rhe parhway rhar synrhesizes rhese ret
rapyrroles. From rhe outset, rhe name "porphyria" described not rhe diseases but rhe lustrous purple-red
crystalline porphyrins:

ltOp<J7Vpoo
[porphuros or purple).

Again rhe imponance ofrhis topic is reflected in rhe number ofinternational meetings organized
in rhe last half-century (Table 2). Chapter 5 describes recent advances in rhis field.



An Historical Introduction to Porphyrin and Ch/Qrophyll Synthesis 3

Table 2. A chronology of international porphyrin and porphyria meetings post-1955

Year Date Site Organiser(s) Background

1955 8-10 Feb London Rimington ClBA Foundation

1959 31 Aug-4 Sept Canberra Lemberg, Legge IUB/AAS Hematin Enzymes
1963 18-24 Sept Cape Town Eales

1968* 8 April London Rimington, Neuberger UCH/ Biochem Soc Symp. 28.

1968* Crystal Mt Tschudy 1st Gordon Conference on

to to to Tetrapyrroles GRCs every even
2006 Newport Ann Smith year thereafter
1970 2-6 Dec Cape Town Eales
1970 GRC
1972 3-6 April New York Adler NY Acad Sci
1972 GRC
1973* 28-30 June Marburg Doss
1974 GRC
1975* 19-20 Feb London Neuberger, Kenner Royal Society
1975* 1-4 May Freiburg Doss
1975 New York Adler NY Acad Sci
1975* 17-19July Helsinki Koskelo & Tenhunen
1976* July Wolfeboro GRC
1977 June28-July 1 Marburg Doss 400th Anniversary Phillips U.
1977* Sept Cardiff Brown, De Matteis 1st Meeting of TPDG Elder/Moore
1978* July Wolfeboro GRC
1978 Kyoto Sano
1979* 290ct-1 Nov Buenos Aires Batlle CIPYP
1980* 4-8 Aug Wolfeboro Troxler GRC
1982 23-28 May Tokyo Mascaro Dermatology
1982 1-6 Aug Wolfeboro Marks GRC
1984* 5 Nov Minneapolis Pierach Watson Symposium
1984* 6-10 Aug New London Smith (K) GRC
1985 19-22 June Paris Nordmann
1986* 28 July-1 Aug Wolfeboro Sassa GRC
1986* 27-29 Oct Rye Brook NY Silbergeld NY Acad Sci
1987* 12-13 Nov London Ont Haust
1987* 7-10 Oct Rome Topi
1988* 25-29 July Wolfeboro Correia GRC
1989* 4-7 April Glasgow Moore Century of Porphyria TPDG -

Goldberg Festschrift
1990* 23-27 July Wolfeboro Beale GRC
1992* 30 April-4 May Papendal Wilson, De Rooij
1992 Kushner GRC
1992* 22-24 Oct GOllingen Seubert Ippen Festschrift
1993* 16-17 March Oslo Moan Rimington 90th Birthday
1993* 22-26 Nov Melbourne Blake
1994 24-29 July Wolfeboro McDonagh GRC
1995* 28 June-2 July Helsinki Tenhunen, Mustajoki
1996* February CapeTown Meissner, Kirsch International association for the

study of liver disease (IASLD)
1996* 14-19 July Henniker Bloomer GRC
1998 12-17July Newport Lagarias, GRC

Shoolingin-Jordan

Table continued on next page
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Table 2. Continued

Year Date Site Organiser(s) Background

1999" July Hamburg Martasek
2000" 16-21 July Newport Ortiz de Montellano GRC
2000" 10-13 Sept Paris Deybach festschrift Millenium, Nordmann
2000 Dijon Guillard ISPP-1
2002 8-10 April Edinburgh Heathcote, Warren Biochem Soc, TPDG
2002 June Kyoto Ogoshi ISPP-2
2002" 14-19 July Newport Ferreira GRC
2003 21-25 Sept Prague Martasek
2004 New Orleans Smith, Kadish, ISPP-3

Sessler
2004 July USA O'Brian GRC
2005 Feb CapeTown Meissner Kirsch festschrift
2006 July USA Smith (A) GRC
2007 April Rotterdam De Rooij Wilson Festschrift

GRC = Gordon Research Conference

Descriptions in Antiquity
Although the first verifiable cases of porphyria were identified in the middle of the 19th

Century, some of the writings of the ancients seem to show clear descriptions of attacks of acute
porphyria (Table 3). Hippocrates, 460 to 370BC, gives a splendid description of a woman from
Thasus who suffered from many of the features that we now recognise to be associated with the
acute attack of porphyria.

The allusions to porphyrins, around 1840, by Lecanu1 and other workers, preceded the first
clinical presentations of porphyria by Schul~ and Baumstark3 by 30 years. The porphyrias belong
to that larger group ofdiseases described by Garrod4 in 1923 as "inborn errors ofmetabolism.» They
demonstrate a unique combination ofneurological and dermatological features, which show charac
teristic variations from one condition to another, the reasons for which may be sought in enzymic
change within the haem biosynthetic pathway. The history ofvarious aspects of the porphyrias and
porphyrin metabolism has been recorded by Florkin and Stotz5 and Moore6 (Table 3).

Structure
The basic porphyrin nucleus is a unique biological structure. It consists of a macrocycle of four

pyrrole rings linked by four methene bridges. The normal biological intermediate is not this highly
conjugated porphyrin, but the hexa-hydro porphyrin, the porphyrinogen in which each ofthe methene
bridges is reduced.

An important feature of this complex ring structure is its metal-binding capability. The most
commonly bound metals are iron and magnesium. In this form the metalloporphyrins reach
their true apotheosis. Haem, an iron-containing complex usually bound to various proteins, is
central to all biological oxidations. Haemoproteins are also used as oxygen carriers. The
chlorophylls are the magnesium-porphyrin compounds, which are central in solar energy utiliza
tion in the biosphere.

As well as the systematic formation of porphyrins by biological systems, abiotic synthesis of
porphyrins has been described in which a primitive chemical system has produced porphyrin-like
compounds through the high entropy of their formation? Such synthesis was important in the
ontogenesis of terrestrial life, since it would have facilitated the emergence oflife forms on primor
dial earth by increasing the efficiency of oxido-reductive processes as well as of energy capture.8

Porphyrins are found in fossil life forms9 and have even been identified in rocks from the moon. 10
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Table 3. Selected chronology of studies ofporphyrins
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Year Researcher Studies

460-370BC Hippocrates
1831 Laennec
1837 Lecanu
1841 Scherer
1844 Mulder
1864 Hoppe-Seyler
1867 Thudichum
1871 Hoppe-Seyler

1874 Schultz
Baumstark

1879 Hoppe-Syeler

1980 McMunn
1883 Soret

Krukenberg
1884 McMunn

Brouwier
1888 Nencki, Sieber
1889 Stokvis

McMunn
1890 Ranking, Pardington
1891 Geill, Fehr

Copeman
1892 Church
1893 Barnes
1895 Stokvis

Binnendijk
1896 Saillet
1903 Zaleski

Erbsloh
1904 Laidlaw
1906 Willstatter

Dobrschansky
1908 Hausmann
1911 Gunther
1912 Kuster
1913 Meyer-Betz
1915 Willstatter
1923 Kammerer

Garrod
1924 Fischer and Kogi

Pol icard
1925 Keilin

Derrien and Turchini

1929 Fischer and Zeile

Described a case akin to menstrually-related acute porphyria
Anaemia of lead poisoning
Acid extraction of hemin from blood
Hemin extraction-iron free
Purple-red fluid devoid of iron
Named hemoglobin
Spectrum and red fluorescence of porphyrins
Prepared porphyrins from blood and showed they were
pyrroles
Congenital porpyria-pemphigus leprosus)
Urinary porphyrin pigments-an error of biosynthesis
Chlorophyll tetrapyrrole, phylloporphyrin, structurally similar
to heme
Salicylate-induced porphyrinogenesis
Light absorption around 400nm of hemin
Red fluorescence of eggshells
Discovery of cytochromes (myohematin)
Chocolate-colored bones in abbatoir carcasses
Hematoporphyrin dicarboxylic
Sulfonal-induced acute porphyria
Porphyrins in echinoderms and the black slug
Described the symptoms of acute porphyria
Induction of acute porphyria in women by sulfonal
Neurosis in female porphyries
Turacin shown to be a porphyrin
Named photosynthesis (carbonic acid and chlorophyll)
Animal porphyria
Excess porphyrins in urine of lead-poisoned patient
Coproporphyrin (urospectrine)
Mesoporphyrin
Axonal degeneration in acute porphyria
Preparation of protoporphyrin
Chlorophyll characterization commenced
Barbiturate-i nduced porphyria
Porphyrin photosensitization of mice
First classification of porphyria
Correct tetrapyrrolic structure of heme
Hematoporphyrin sensitization of skin
Nobel prize for chlorophyll work
Porphyrin from putrefying meat-protoporphyrin
Porphyria-inborn error of metabolism
Ooporphyrin (protoporphyrin) in eggshells
Preferential uptake of hematoporphyrin by rat sarcoma
Rediscovers cytochromes
Oviduct porphyrin deposition on eggshells
Intense red fluorescence of harderian gland
Hemin synthesis confirming Kuster's structure
Similarities of side chains of heme and chlorophyll

Table continued on next page



6
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Year

1929

1930
1931

1932

1933

1935
1936

1937

1939

1941
1944

1945
1946

1948
1949

1950

1951

1952
1953

1955

1956

Researcher

Borst and
Kon igsdorffer
Fischer
Sachs
Korbler
Grotepass
Hijmans van den Bergh
Watson
Dhere et al
Franke, Fikenstscher
Dobriner
Rimington
Waldenstrom

Turner
Guildemeister
Rimington, Hemmings
Waldenstrom
Watson, Schwartz
Strong
Clare and Stephens
Barnes
Shemin, Rittenberg
Corwin, Erdman
Folkers, Smith
Pauling, Itano
Lemberg, Legge
Neuberger et ai,
Shemin et al
Rimington, Sveinsson
Watson et al
Shemin, Wittenberg
Westall
Shemin, Russell,
Neuberger, Scott
Kosenow, Treibs
Goldberg, Rimington
Hodgkin et al
Bogorad

Scott
Shemin
Berger, Goldberg
Tio
Schwartz et ai,
Rassmussen-Taxdal et al
Goldberg et al
Waldenstrom

Studies

Autopsy study of Petry

Nobel prize for porphyrin work
Chromogen giving red coloration wth Ehrlich's reagent
Porphyrin uptake by tumors
Urinary coproporphyrin III in lead poisoning
Lead increase in erythrocyte protoporphyrin
StercobiIi ns
Studies of microbial porphyrins
Doubling of urinary coproporphyrin excretion after ethanol
First case of what would be called hereditary coproporphyria
Congenital porphyria in cattle
Review, naming of porphyria cutanea tarda and classification
of acute porphyria
Porphyrins in fox squirrels
Albumin binding of porphyrins
Coproporphyrinuria following use of sulfanilamide
Isolation of porphobilinogen
Simple test for urinary porphobilinogen
Harderian gland porphyrin and carcinoma in mice
Congenital porphyria in pigs
Variegate porphyria in south Africa
Isotopic study of porphyrin biosynthesis
IR investigation of NH tautomerism
Isolation and characterization of vitamin B12

Sickle cell hemoglobin
Description of biosynthetic sequence

Uroporphyrin first formed biosynthetically
Spectral absorption of porphyrins
Erythropoietic and hepatic classification of porphyria
Requirement for succinyl-CoA
Isolation of porphobilinogen
Role of ALA in biosynthesis

Erythropoietic protoporphyria
Allylisopropylacetamide-induced experimental porphyria
X-ray structure of vitamin B12
Reduced porphyrins-porphyrinogens are biosynthetic
intermediates
Photosensitizing effect of ALA
The succinate-glycine cycle
Named hereditary coproporphyria
Porphyria cutanea tarda associated with adenoma
Use of hematoporphyrin derivative on cancer

Ferrochelatase-the iron-incorporating enzyme
Recognition that each porphyria can be localized to a defect
in one enzyme

Table continued on next page
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Year

1957

1957
1958
1959

1961

1962
1964

1965
1966
1969

1970

1971

1973
1974
1975

1976

1977
1979

1980

1981

1982

Researcher

Cam
Lascelles, Schulman,
Richert
Haeger
Granick
Solomon, Figge
Becker and Bradley
Calvin
Magnus et ai, and
Langhof et al
Lipson et al
Gajdos et al
Perutz and Kendrew
Illis
Heide et al
Dagg et al
Woodward
Macalpine and Hunter
Pinol-Aguade et al
Gajdos et al
Romeo and Levin
Strand et al

Koskelo et al
Bonkowsky et al
Moore et al
Beale et al
Jackson et al
Bonkowsky et ai,
Bottomley et ai,
De Goeij et al
Beale et al
Elder
Wetterberg
Brodie et ai, Elder et al
Kushner et al
Brodie et al
Jordan et ai,
Battersby et al
Bird et al

Moore et al
Tephly et al
Meisler et al
Brenner and Bloomer
Mustajoki,
Anderson et al
Day et al
Nordmann et al

Studies

Turkish porphyria-hexach lorobenzene-i nduced
ALA synthase-requirement for pyridoxal phosphate

ALA in urine in lead poisoning
ALA synthase the primary control point of heme biosynthesis
3,5-Dicarbethoxy-1 A-dihydrocollidine experimental porphyria
First application of NMR to porphyrin structure
Nobel prize for photosynthesis work

Named and studied erythropoietic protoporphyria
Use of purified hematoporphyrin derivative
Role of ATP in control of porphyrin synthesis
Nobel prize for X-ray crystal structure of hemoglobin
Porphyria and the etiology of werewolves
Hemopexin, a heme-binding y-globulin
Similarities between acute porphyria and lead poisoning
Nobel prize for total synthesis of chlorophyll and vitamin B12
"Royal malady"
Hepatoerythropoietic porphyria
Homozygous hereditary coproporphyria
Uro'gen III cosynthase and congential porphyria
Acute intermittent porphyria related to deficiency of PBG
deaminase
Binding of 14C-porphyrins by hemopexin and albumin
Hematin use in acute porphyria
Ethanol inhibition of ALA dehydratase
ALA synthesis from glutamate, through DOVA
Protoporphyrinogen oxidation enzymically controlled

Ferrochelatase and erythropoietic protoporphyria
C5 Pathway, glutamate --- ALA
Hydroxymethylbilane synthase as secondary control stage
International review of drugs in porphyria
Coproporphyrinogen oxidase and hereditary coproporphyria
Uro'gen decarboxylase and PCT
Control of acute porphyrias by PBG deaminase
Mechanism of formation of uroporphyrinogen III
from hydroxymethylbilane (preuroporphyrinogenl
First description of plumboporphyria (ALA dehydratase
deficiency)
Acute and nonacute classification of porphyria
DDC forms N-alkylated porphyrins
Gene for porphobilinogen deaminase on chromosome 11
Protoporphyrinogen oxidase and variegate porphyria
Immunological variants of PBG deaminase-
CRIM positive and CRIM negative
Concurrent (dual) variegate porphyria and PCT
Description of harderoporphyria

Table continued on next page
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Year

1983

1984

1986
1987

1989
1990
1991
1991
1992
1993
1994
1994
1995

1996

1998

Researcher

Eiberg et al
Grandchamp et al
Batlle et al
Kordic et al
Grandchamp et al
De Verneuil et al
Youngs
Deybach et al
Jordan and Warren
Siepker
Riddle et al
Bishop et al
Whitcombe et al
Astrin et al
Cotteral
Norton
Dailey et al
Cacheux et al
Taketani et al and
Roberts et al
Meissner et al

Rbhl, Warren

Studies

Gene for ALA dehydratase on chromosome 9
Gene for coproporphyrinogen oxidase on chromosome 3
Use of ALA dehydratase replacement therapy
Homozygous variegate porphyria
eDNA for PBG deaminase mRNA
Gene for uroporphyrinogen decarboxylase on chromosome 1
Chester Porphyria
Homozygous erythropoietic protoporphyria
Dipyrromethane co-factor for PBG Deaminase
FAD cofactor for protoporphyrinogen oxidase
Two forms of ALA Synthase
ALA-52 and X-linked Sideroblastic anaemia-location Xp11.21
Ferrochelatase 18q22
Uroporphyrinogen co-synthase 1Oq25.3
X-linked sideroblastic anaemia-due to ALA-52
Chester Porphyria on 11 q
Two iron, two sulphur clusters in ferrochelatase
Coproporphyrinogen oxidase 3q12
Protoporphyrinogen oxidase 1q22-23

R59W mutation in protoporphyrinogen oxidase-South
African variegate porphyria
"Purple Secret" further evaluation of the 'Royal Malady'

Chlorophyll
Prior to 1893, the process by which plants reduce carbon dioxide to organic maner was termed

assimilation. However, in that year, Barnes I I proposed that the biological process for the synthesis of
complex carbon compounds in the presence of chlorophyll under the influence of light should be
designated as photosynthax or photosynthesis. The history of this process is described by Gest. 12

The naming ofchlorophyll in 1818 was by Pelletier and Caventou13 from the Greek

XAOpocr eUAAOV
[Colour of Leaf]

On our planet chlorophyll synthesis is an extremely conspicuous process. Riidigerl4 noted that the
surge in chlorophyll synthesis in the spring on our planet is the clearest evidence ofthe presence oflife
on earth. Elucidation of the structure of chlorophyll by Fischer and Onhl5 occurred in 1940 and a
verification of this structure by its total synthesis by Woodward16 in 1960.

In chlorophyll the four pyrrole rings are linked into a tetrapyrrole with a magnesium atom at
the centre of the structure. To form the first of these pyrrole rings there is an alternative route for
the synthesis of 5-aminolaevulinate, which stans from glutamate through a three-step pathway,
which is called the C5 pathway; in contrast to the synthesis from glycine and succinyl-CoA. This
was demonstrated by Beale et aI. l

? The overall mechanisms are described by von Wettstein et aI. IS

In the subsequent stages ofthe pathway, living systems have developed two ways oftransforming
uroporphyrinogen III into metal complex macrocycles. One is oxidative and leads to the chIorophylls
and to haem, which the obligatory acceptor for the enzymic oxidation is oxygen. The second method
is nonoxidative and makes use of methylation. This pathway is found in anaerobic organisms and
for compounds like cyanocobalamin develops a macrocycle, which is structured to hold the cobalt
ion. 19 Recent work on the biosynthetic pathways ofhaem, chlorophylls and corrins are described in
other chapters in this book.
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The Early Chemical Era

Early Studies
The history ofthe porphyrins begins with the work ofLecanu, Berzelius,2o Scherer,21 and Miilder.22

Scherer added concentrated sulfuric acid to dried and powdered blood and washed the precipitate
free of iron. He thus had shown that the red coloration of blood was not due to iron. In Miilder's
study, he described a "purple-red fluid" without any iron, which he named "Eisenfreises hamatin"
(iron-free haematin). This red substance was called "cruentine" by Thudichum23 in his report to the
Privy Council ofGreat Britain in 1867. He defined its spectrum, and noted that, "it fluoresced with
a splendid blood-red color."

Contemporaneously, the first tentative efforts were being made to understand the part played by
the tetrapyrroles in living organisms. In 1871, Hoppe-Seyle~4 found that "iron-free haematin" was
a mixture of two substances, the main constituent of which he called "hamatoporphryin." Three
years later, Schulrz2published the clinical details ofa case ofso-called "Pemphigus Leprosus" for his
doctoral thesis. The patient was a 33-year old weaver who had suffered from skin photosensitiviry
from the age of 3 months. His spleen was enlarged and he passed a wine-red urine; this urine was
investigated by Baumstark3 who named two pigments derived from it-"urorubrohaematin" and
"urofuscohaematin." The imporrance ofhis observations was in his interpretation that the source of
the porphyrin pigments was from an error of biosynthesis. The case was a description of congenital
porphyria. This was the first association of this class of pigments in urine with a disease in humans.
The autopsy records intense red-brown discoloration ofthe skeleton, a feature ofthis disease in both
animals and humans.

In 1880, MacMunn,25 who later discovered the cytochromes in 1884, described a dark pig
ment excreted in the urine of a patient who had been taking sodium salicylate. MacMunn caIled
this pigment "urohaematin," but later, he renamed it "urohaematoporphyrin" because "it bears a
very striking resemblance to haematoporphyrin." Hoppe-Seyle~6studied the porphyrin in chlo
rophyll and rediscovered the properry of red fluorescence first seen by Thudichum. He named it
"phylloporphyrin." The term "porphyrin" was used by others such as Church2? in his description
of the porphyrin from Turaco feathers (turacin). Finally, the major spectroscopic feature of por
phyrins, the strong absorptions lying around 400 nm was described for haemoglobin in 1883 by
Sorer.28 This absorption band for porphyrins is still called the Soret band.

Biochemical Developments
A true biology of the porphyrins could not at that time be formulated because the exact route to

their biosynthesis, together with their relationship within intermediary metabolism, were lacking.
Many erroneous views were propounded during this period concerning the origins and interrela
tionships of the porphyrins, views, which obfuscated and retarded progress in the biological sphere.
It was thought, for example, that porphyrins arose as degradation products ofhaemoproteins, such
as haemoglobin, by removal of iron and the protein moiety and that protoporphyrin, so formed, was
"detoxicated" by progressive carboxylation providing, in uroporphyrin, a more hydrophylic mol
ecule for urinary excretion. These mistaken assumptions inevitably confused any understanding of
the porphyrias, although Giinther's29 clinical classification in 1911 helped to resolve some of the
misunderstanding. One may also admire Baumstark's foresight in 1874. He believed the urinary
pigments ofSchultz's 1874 case arose by an error in the biosynthesis ofhaemoglobin and not by any
fault in its degradation, a concept that was nor confirmed for another 50 years.

The chemical excreted in the porphtias remained a matter of debate. The urinary pigment had
been thought to be haematoporphyrin.3 -32 Garrod33 showed that the absorption spectra of the urinary
porphyrins were being masked by other chromophores in the urine, but it was not until 1915 that
Fische~4 showed that "urineporphyrin" was quite discrete from "haematoporphyrin." Nencki and his
coworker, Siebe~5 contributed to the knowledge ofthe time by showing that haematoporphyrin was a
dicarboxylic porphyrin. Saille~6 prepared "urospectrine" in 1896 from urine which was subsequently
named "coproporphyrin"3? and also showed the presence of this compound in urine as a colorless
chromogen (probably "coproporphyrinogen"). "Protoporphyrin" was also prepared unknowingly at
this time by Laidlaw.38 The correct structure of haem was first proposed by Kiiste~9 in 1912 but
subsequently rejected by other workers, of greater stature, such as WLilstatter and Fischer. Following
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Figure 2. Richard Willst1itter-Nobel laureate in
chemistry 1915 (© The Nobel Foundation).
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Figure 3. Hans Fischer Nobel laureate in 1930
(© The Nobel Foundation).

the separation studies ofWUlstiitter and coworkers40.41 for which he was awarded a Nobel Prize (Fig.
2), Fischer began a series ofstudies, which continued for 30 years until his death in 1945. During this
time, he was awarded the Nobel prize for chemistry in 1930 (Fig. 3).

Mathias Petry and Hans Fischer
Mathias Petry was one of Gunther's cases of congenital haematoporphyria. Petry became both

laboratory aide and source ofporphyrins for Fischer. Fischer worked with him until Petry's death in
January 1925 when Fischer undenook a chemicopathological autopsy, which he published under
the name of "Po~hyrinurie".'l2Borst and Konigsdorffer43 published the extensive pathological
autopsy. Laidlaw, Fischer,3'l and Schumm'l'l differentiated the naturally occurring porphyrin of
haem itself from haematoporphyrin and the name "protoporphyrin" was suggested for this sub
stance by Fischer'l5

The Biochemical Descriptive Era
It was during the 1930s that the next generation starred their work. During this time, some key

names and prominent contributions emerged: the discove~ of Ehrlich's positive chromogen in the
urine of patients with acute porphyria in attack by Sachs. 6 Waldenstrom studied Sachs' Ehrlich's
positive chromogen, which, together with Vahlquist, he named "porphobilinogen"'l7 in 1939

Haem Biosynthesis
The next milestone in the development ofthis subject rested upon the emergence ofa systematic

biochemical description of the pathway of haem biosynthesis. The names most commonly associ
ated with this are Shemin and Neuberger (Figs. 4, S). Their work encompassed the early description
of how uSN-glycine was incorporated into haem blo humans and animals.'l8,'l9 This led first, to the
realization that ALA was a precursor of porphyrins 0,51 and at the same time, that the monopyrrole,
porphobilinogen, was indeed, the precursor of uro-, copro-, protoporphyrin, and haem,sz
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Figure 4. David Shemin. Figure 5. Albert Neuberger.

A "pyrrolic intermediate" was postulated as a vital step in the biosynthesis of the tetrapyrrole
ring. The decisive contribution came in 1952 when the substance called porphobilinogen, excreted
by patients suffering from acute intermittent porphyria, was shown to be a monopyrrole.53•54 It was
shown to ~ive rise, enzymatically, to uroporphyrinogen when incubated with a haemolysate ofchicken
red cells. 5

Early Description of Porphyria
After sulfonal was introduced as a hypnotic by Kast55 in 1888, Stokvis56 reponed that an elderly

woman who had taken sulfonal excreted dark-red urine and later died. He considered that the
pigment in this urine, producing coloration resembling pon wine, was similar to, but not identical
with, haematoporphyrin. Harler? (1890) repotted a fatal case ofan unusual form ofnervous distur
bance associated with dark-red urine in a 27 year-old woman who had been given sulfonal and
presented many of the neurological features of porphyria. Ranking and Pardington58 (1890) de
scribed two women who excreted "haematoporphyrin" and who exhibited the gastrointestinal and
neuropsychiatric manifestations of acute intermittent porphyria. The terms "porphyria" and "por
phyrinuria" emerged gradually and slowly replaced "haematoporphyria" and "haematoporphyrinuria."
Sometimes sulfonal or the allied drugs, tetronal and trional, had been taken for variable periods
prior to the onset ofsymptoms. Other cases had no obvious relationship to drugs and, presumably,
were precipitated by other unknown causes. When barbiturates were introduced into medicine in
1903, it was not long until a repon of an acute porphyric attack, precipitated by diethyl barbituric
acid, was reponed. 59

Drugs and Chemical Porphyria
The earliest evidence that we have for the drug-related development of porphyria occurred when

the drug sulfonal induced the first published example of an attack of acute porphyria by Stokvis.56

The ability ofcenain compounds to increase porphyrin synthesis in experimental animals has been
used as a means of examining the processes of haem biosynthesis.6o Experimentation with animals
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added much to this area of knowledge but confusingly, some drugs produced different patterns of
porphyrin excretion in different species due to differences in response and susceptibility. Some in
vestigators maintained that drugs merely precipitated attacks in patients already suffering from ge
netic acute porphyria, whilst others disputed this.

Allyl Compounds
Schmid and Schwanz61 (1952) found that the hypnotic compound Sedormid (allylisopropyl

acetylurea) could produce a porphyria in laboratoty rodents which was akin to acute intermittent
porphyria in humans. Allylisopropylacetamide (AIA), a strucrural analogue of Sedormid was soon
found to be equally effective porphyrinogenic agents62 (Fig. 6).

DDC
A chance observation by Solomon and Figge63 (1959) revealed that the substituted

dihydropyridine, 3,5-dietho~carbonyl-l,4 dihydro collidine (DDC) caused an experimental por
phyria. Tephly et al (1981), 4 De Matteis and Marks (1983)65 and others studied the chemical
events following experimental administration ofthe porphyrinogenic drug, D DC. It has been shown
that the N-alkylated protoporphyrins are the immediate inhibitors of ferrochelatase and that they
originate from the haem of the cytochrome P450, DDC being the methyl donor.

Fungicides
Hexachlorobenzene, has also been shown to cause experimental porphyria in humans. An out

break of cutaneous porphyria in Turkey66 was related to the ingestion of seed-wheat treated with
hexachlorobenzene as a fungicide, which initiated the work, which continues to the present into the
effects of polyhalogenated hydrocarbons on haem biosynthesis.67.68 Another therapeutic fungicide,
griseofulvin, was also shown to be porphyrinogenic.69

The means by which each of these compounds, AlA, DDC, and hexachlorobenzene, influence
the biosynthetic pathway are of interest since they provide a useful pointer to the diversity of influ
ence ofchemical compounds upon the processes ofcontrol of haem synthesis and provide the rario
nale for development of the lists ofdrugs contraindicated for use in acute porphyria.

Classification of Porphyrias
In his papers of 1911 and 1922, Giinthe~9.70 was the first to classify the diseases of porphyrin

metabolism. In the first of these he quoted 14 cases from the literature in which acute symptoms of
porphyria arose spontaneously, "haematoporphyria acura," and 56 cases of"haematoporphyria acuta
toxica," in which the symptoms were associated with the ingestion of sulfonal, trional, or veronal.
He also defined and named, for the first time, the very rare condition, congenital porphyria,
"haematoporphyria congenital" in which the predominating symptoms were due to skin photosen
sitivity. In Glasgow in 1898, McCall-Anderson71 had described two brothers, both of whom had
solar sensitivity and excreted "haematoporphyrin" in the urine. Meyer-Betz72 was the first ofFischer's
coworkers. He injected 200 mg ofhaematoporphyrin into his own veins in 1913. Knowing the
marked photodynamic effect ofthis substance on mice, paramecia, and erythrocytes, from the stud
ies of Hausmann,73.74 he intended to remain indoors and expose himself very cautiously to light.
However, he was a practicing physician and soon afrer the injection he received an urgent message
from a sick patient and he felt obligated to make a house call. It was a sunny day and though he
strove to avoid direct exposure to the sun, he was unsuccessful. Shortly thereafrer, he developed an
extteme solar urticaria of the hands and face. This experiment revealed the potent photosensitizing
influence of this particular porphyrin.

In Giinther's second work in 1922,70 he elaborated on his first thesis, quoting further cases. He
noted the possibility that acute haematoporphyria might be hereditary and suggested that people liable
to develop acute or congenital haematoporphyria had a "porphyrism" with certain notable physical
and mental characteristics-neurosis, insomnia, dark hair, and pigmented skin. In a survey of the
clinical features of acute haematoporphyria he described a triad ofsymptoms which were commonly
present, namely abdominal pain, constipation, and vomiting.
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Figure 6. Sam Schwanz (courtesyofSrudio Minne
apolis).

Figure 7. Cecil Watson (courtesy of Dublin Pro
ducrions).

Hepatic and Erythropoietic Classification
Waldenstrom (I 937f5 made a clinical survey of 103 cases of acute porphyria found in Sweden.

He reviewed some previously published cases of chronic haematoporphyria (Gunther's classifica
tion) in which light sensitivity occurred some years after birth, at times associated with abdominal
pain. For these cases, he substituted the name "porphyria cutanea tarda". This classification was
further extended by Watson76 in 1960, Goldberg and Rimingron in 196262 and Eales77 in 1979
(Figs. 7-9).

Classification into Acute and Nonacute Porphyria
The general aim in most classifications was to provide a clinical basis consistent with the known

biochemical features. The full elucidation had however, to await the complete description ofeach of
these diseases as a specific enzymic disorder ofthe haem biosynthetic pathway, a process that evolved
over the years between 1955 and 1980.

The clinical manifestations ofthe porphyrias vary enormously. The traditional classification of the
diseases as either hepatic or erythropoietic, dependent upon the primary site (or what was thought to
be the primary site) ofoverproduction of the porphyrins, is inadequate. For that reason the classifica
tion into the acute and nonacute types ofporphyria based upon the main clinical presemation, offers a
more satisfactoty means of subdivision of this group of diseases.

The major feature of these diseases is that they may be provoked into an acute arrack with a
neuropsychiatric or neurovisceral syndrome associated with increases in production and urinary
excretion of the porphyrin precursors AlA and PBG. The reasons for these changes have been
sought in a number of theories which presently have settled upon an excess of AlA, a deficiency of
haem, or a combination of these two.78 The neuropsychiatric or neurovisceral syndrome is not
present in the nonacute porphyrias, which consist of congenital erythropoietic porphyria, erythro
poietic protoporphyria, and PCT. The primaty presenting feature in the nonacute porphyrias is skin
photosensitivity.
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Figure 8. Abe Goldberg.

Tetrapyrroles: Birth, Life and Death

Figure 9. Len Eales.

Enzymes
With the description of the pathway sequence, the time was ripe for the elucidation of the

catalytic steps-the enzymic description of the biosynthetic pathway.
Thereafter, each of the stages of the pathway was exhaustively examined. The most important

point in this sequence is the first one, the formation ofAlA by AlA synthase. Granick provided the
evidence from his studies that this was indeed the control point of the biosynthetic pathwal9 (Fig.
10). The last enzyme ofthe sequence to be described was protoporphyrinogen oxidase.80 It was clear
however, that additional control points would have to be sought in the biosynthetic sequence. One
such enzymic control point was demonstrated at porphobilinogen deaminase (PBG_D).67.81 It was
ar this site in the pathway that the formation of uroporphyrinogen III was eventually elucidated by
Jordan82 and Bartersby et al.83

Enzymic Classification
The most important feature of current levels of understanding of the porphyrias is that the

metabolic disorder can, in all cases, be localized to one specific enzyme within the haem biosynthetic
pathway.81,84

Thus, in the acute porphyrias the expression is largely hepatic. In acute intermirtent porphyria,
the defect has been shown to lie at the level of porphobilinogen deaminase (EC 4.3.1.8). In heredi
tary coproporphyria the defect lies at the level of coproporphyrinogen oxidase (EC 1.3.3.3), in
variegate porphyria at protoporphyrinogen oxidase (EC 1.3.3.4), and in the exceptionally rare
"plumboporphyria" at ALA dehydratase (EC 4.2.1.24). The resultant overproduction of
coproporphyrinogen and protoporphyrin respectively in these diseases can account for their
photocutaneous manifestations.

In the nonacute porphyrias, the expression is both hepatic and erythropoietic. The deficient
enzymes are in congenital erythropoietic porphyria, uroporphyrinogen cosynthetase (EC 4.2.1.75),
erythropoietic protoporphyria, ferrochelatase (EC 4.99.1.1); and PCT, uroporphyrinogen decar
boxylase (EC 4.1.1.37). A classification based upon these enzymic lesions may have merit but
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Figure 10. Sam Granick (courtesy ofS. Sassa). Figure 11. Claude Rimington (courtesy of Greta
Rimington) .

there are logistical problems in the application ofsuch a classification, not the least of which is the
difficulty in reproducible measurement of enzyme activities and the nonavailability of biopsy
material upon which the estimations might be carried out.

Molecular Genetics
Molecular genetics have allowed a more fundamental recognition of the narure of the genetic

defects in these diseases. The early concept that was shown to be true for Staphylococcus aureus was
that the genes would all lie on one chromosome and be corransducible; that is unfortunately not so.
In humans the early investigations in this sphere have shown clearly that they are not clustered in the
human genome, but dispersed among different chromosomes. From the work thus established,
cDNA probes have been synthesized for these proteins, which are facilitating further investigation of
the molecular defect and of the familial association of these diseases.

Acute Porphyria
Waldenstrom's studies in Sweden were greatly aided by the presence in his patients' urines of

porphobilinogen, which forms a red color with Ehrlich's aldehyde reagent (an acidic solution of
paradimethyl-amino-benzaldehyde). As early as 1890, Harley had noted that the urine of a case of
sulfonal-induced acute porphyria contained a chromogen which, when oxidized, became a red pig
ment. Such a substance in the urine ofa patient with acute porphyria gave a red coloration insoluble
in chloroform, with Ehrlich's aldehyde reagent, and which was therefore not urobilinogen (Sachs,
1931). Waldenstrom (1937) showed that this was not only excreted in the urine ofeveryone of his
patients with acute porphyria, but that some apparently healthy relatives of these patients also ex
creted it. The idea of a "latent porphyria" was thus conceived. Later, Waldenstrom and Vahlquist
(1939) considered that the Ehrlich-reacting chromogen, which they named porphobilinogen and
partly purified, was a dipyrromethane.
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The liver and kidney of fatal cases ofacute porphyria contained porphobilinogen85.86 which was
isolated from the urine of a patient with acute porphyria in University College Hospital in Lon
don,53 Cookson and Rimingron54 showed it to be a monopyrrole and Haeger87 found that two-thirds
of patients with latent or manifest acute intermittent porphyria excreted excess 5-aminolevulinic
acid (ALA) in addition to increased porphobilinogen (Fig. 11).

Concurrent Porphyria
Concurrent porphyria has been defined as two differing types ofporphyria occurring in the same

individual.88 A large kindred in Chester have been described, with excretion and enzymic patterns of
both acute intermittent porphyria and variegate porphyria (both PBG-deaminase and
protoporphyrinogen oxidase with low activity). In another study, Day et al89 repotted 25 patients
with a variant ofvariegate porphyria combined with porphyria cutanea tarda which they called «dual
porphyria.» Studies performed in six of these dual porphyria patients by Meissner et al90 showed
that erythrocyte uroporphyrinogen decarboxylase activity was reduced as was proroporphyrinogen
oxidase activity. Such parallel inheritance need not imply thar there is further genetic disadvantage
since the effects of multiple enzyme inhibition in the pathway are not necessarily additive, as is
shown by the example oflead poisoning.91 This is not the case for homozygous porphyrias in which
the dermatological and other features are usually severe.92

Neuropathy
The acute porphyrias have in common the features ofacute abdominal pain, limb weakness, and

neuropsychiatric presentation. This symptomatology can be explained on a neurogenic basis. De
spite advances in genetics and biochemistty, the link between these biochemical abnormalities and
the neuropathological and clinical manifestations remains unclear. The earliest case ofacute porphy
ria examined pathologically was that of Campbell93 in 1898 who failed to find any nervous system
abnormality. However, in 1903, Erbsloh94 described features ofaxonal demyelination in the femoral
nerve from a porphyric patient who had died after treatment with sulfonal. Mason95 and coworkers
(1933) showed that the most characreristic lesions were seen in the nervous system and affected
peripheral nerves and sympathetic ganglia.

Psychiatric Aspects
The acute atrack may reveal a variety of psychiatric manifestations, including anxiety, depres

sion, and frank psychosis. The literature on the psychiatric features is sparse. The earliest cases were
described by Copeman96 in 1891 and b~ Campbell in 1898. It is clear that a frequent misdiagnosis
of hysteria is made, although Brugsch9 recognized it as a distinct psychosis in his review of the
literature. The available data show that the psychopathology is related to affective neurotic, rather
than psychotic, features and a truly schizophreniform presentation has not been observed.84 Tishler98

and coworkers in 1985 in 3867 psychiatric inpatients found that 0.2% (8 patients) who experienced
episodic psychosis and depression had confirmed acute intermittent porphyria. In general terms, the
psychiatric phenomena may be expected in up to 70% ofacute attacks.

Monopyrroles in Porphyria and Other Disorders
It is intriguing that disturbances of porphyrin metabolism have been observed in schizophrenics

and that excesses of a monopyrrole-hydroxyhaemopyrrole lactam are present in urine of patients
with acute porphyria and some psychiatric disorders.95.96.97.99.100.101 Prior to its discovety in the
urine of porphyric patients an association between «mauve factor" excretion and psychiatric illness
had been made. Typically the factor was shown to be present in up to 50% ofendogenous psychoses
and 70% of acute schiwphrenia.

Mauve factor was identified using a chromatographic method that suggested it was an alkyl
pyrrole. Mass spectrometric analysis ofa single component showed a molecular ion that was sugges
tive of a mono-ethyl dimethyl pyrrole that led to the hypothesis that the «mauve factor" was essen
tially due to kryptopyrrole. Subsequent studies by Graham et al showed the identification to be
incorrect and in fact due to the heterologous pyrrole, haemopyrrole in its lactam form. IOl,102
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Nonacute Porphyrias

Congenital Porpbyrill
Congenital porphyria is one of the rarest of the porphyrias, but was the first recorded case of

porphyria in the literature, probably because of the severity and dramatic nature of its symptoms.
The case was described by Schultz in 1874. His patient was a 33 year-old weaver who had suffered
from photosensitivity of the skin from the age of three months. His urine was wine red and con
tained pigments which resembled Hoppe-Seyler's acid haematoporphyrin. At autopsy, his bones
were found to be dark brown in color. Further case repons were made by other authors.71.103,104
Gilnthe~9 named the disease haematoporphyria congenital in 1911.

In subsequent autopsies of two cases ofcongenital porphyria, the porphyrins were found to be
concentrated in the bone marrow rather than in the liver. Congenital porphyria was therefore
renamed "porphyria erthyropoietica". In subsequent patients examined two different types of
normoblast were found, an abnormal type which exhibited marked porphyrin fluorescence, ap
parently in the nuclei (fluorocytes), and other normal normoblasts without such fluorescence. It
was then thought that these abnormal normoblasts which carried the trait representing the inborn
error of metabolism. 105

Porphyria Cutanea Tardo.
Porphyria cutanea tarda (PCT) is the most common form of porphyria. Patients present with

cutaneous photosensitivity but do not experience attacks ofneurovisceral dysfunction. PCT differs
from the other porphyrias in that there is no clear pattern of inheritance in the majority of cases
although in some, familial transmission can clearly be established. WaldenstromlO6 introduced the
term "porphyria cutanea tarda" (PCT) in 1957.

PCT is usually classified into two main types based on the relative impottance of inherited and
acquired factors. 107 The majority of patients may be classified as sporadic. These patients have no
family history of the disorder and its development appears largely related to chronic alcohol inges
tion or the use of the contraceptive pill. Erythrocyte URO-D activity is normal in these patients
although hepatic URO-D activity is depressed. In the sporadic or toxic disease polyhalogenated
hydrocarbons have been shown to be the etiological agent in some cases. The most common precipi
tant is however, alcohol ingestion, which is known to disturb porphyrin metabolism in normal
subjects. I08 Orten et a1 109 studied the urinary excretion of porphyrins and precursors in chronic
alcoholics and noted increased coproporphyrin excretion but no significant increase in excretion of
uroporphyrin, AlA. or PBG.

Toxic Porphyria
Ifone excludes the porphyria caused by sulfonal, toxic porphyria in humans only became clearly

established afrer 1957 when there was a disastrous outbreak of porphyria among Turkish peasants
who had inadvertently ingested the fungicide, hexachlorobenzene, with their wheat and bread.66.IIO
In this Turkish population, Gunther's postulate of "toxic porphyria" in his early classification was
fully substantiated.

Hepatoerythropoietic Porphyria
Hepatoerythropoietic porphyria is a homozygous form of familial PCT first reported by

Pinol-Aguadelll in 1969. This topic is well reviewed by Smith (1986).112 All have exhibited severe
mutilating photosensitivity from birth. In addition, there are hepatic changes and there is usually a
mild normochromic normocytic anemia. URO-D activity examined in erythrocytes and fibroblasts
is markedly reduced to less than 10% of normal.

All the above forms of PCT present with a similar clinical picture ofcutaneous photosensitivity
and an identical porphyrin excretion pattern due to reduced hepatic URO-D activity. However the
mechanism of the enzyme defect appears to vary, genetic factors being most important in the famil
ial type and acquired factors in the sporadic or toxic type.
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Erythropoietic Protoporpbyria
Erythropoietic protoporphyria is principally characterized by acute solar photosensitivity. The

nature of the disease was first clearly established in 1961 by Magnus et al l13 and Langhof et all14

although there had been earlier repons. IIS Despite its late description this is a relatively common
condition although its prevalence has not been precisely calculated. Onset may occasionally be
much later and not necessarily include many of the described features of this disease. I16

Porphyria in Animals

Hepatic Porphyria
Since acute intermittent porphyria is the most common ofthe porphyrias affecting humans, one

might expect that cases of this condition would have been encountered in animals but, up to the
present, no clear example ofacute intermittent porphyria in animals has been reponed. This might
be explained by the difficulties in diagnosis of the disease, should it occur in animals.

Congenital Porphyria in Cattle
Several repons described the findinl; of chocolate or brown-colored bones in abattoir carcasses.

The first such repon was by Brouwierl in 1884, followed a year later by one from Tappeinerl18 of
red-brown bones in swine. Mosselman and Hebrant l19 were convinced that it was formed from
haemoglobin, while Ingier120 thought it to be melanin associated with another pigment derived
from cWorophyl1. The similari']; between this condition in animals and human congenital porphy
ria was recognized by Schroey,I 1 who proposed for it the name "osteohaemochromatosis" instead of
the misleading "ochronosis" with which it had previously been known. That the pigment in the
bone was a porphyrin seems to have been first clearly realized by Moller-Sorensen122 in 1920. Credit
for the suggestion of its hereditary nature should probably go to Witte. 123

Studies in South Africa
In 1936, a herd ofgrade shon horn cartle was discovered in South Mrica in which no fewer than

13 cases ofcongenital porphyria were seen. 124 Excessive quantities of uroporphyrin I and copropor
phyrin I were found in the organs and body fluids and there was definite evidence ofphotosensitiza
tion. The urine was wine red in color and was rich in uroporphyrin and coproporphyrin; the faeces,
erythrocytes, and plasma were also rich in coproporphrin I. The entire skeleton was deep brown in
color and afforded large quantities of uroporphyrin I. 2The inheritance was relatively easy to trace
as autosomal recessive.

Porphyria in Pigs
As with cattle, dark-colored bones had been noticed in pig carcasses long before living cases of

congenital porphyria were diagnosed.118,120,121,12S The first living cases were observed in New Zealand
and reponed by Clare and Stephens.126 In Denmark, what appeared to be congenital porphyria in pigs
appeared in the Thisted district during 1951 and 1954.127 Affected animals had discolored teeth dis
playing pinkish-red fluorescence in ultraviolet light. A closer srudy of the teeth showed that the por
phyrin was not evenly distributed, but was mainly located in the dentine layer just below the enamel.128

Cats and Dogs
In 1964, a repon appeared ofa young kitten whose deciduous teeth were brownish with red fluo

rescence in ultraviolet light and whose urine had been blood-colored since the cat was two months old;
it was otherwise normal. When the permanent teeth erupted they were lighter in color and devoid of
fluorescence. A littermate and some kittens from a former litter ofthe mother also had discolored teeth,
suggesting a dominant inheritance.I29 The absence ofskin photosensitivity, dominant inheritance, and
decrease of porphyrin deposition with age is similar to the porphyria found in pigs.

In studies in Cape Town it has been shown that many dogs have abnormally high excretion of
coproporphyrin in urine, which may relate to their carnivorous, rather than omnivorous, eating
patterns. Owenl30 et al (1962) described a young dog with permanent teeth showing a transient
pink color in ultraviolet light, but both disappeared after several months.
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Porphyrin Synthesis in the Animal Kingdom
Free porphyrins in varying amounts are found in widely, alrhough somewhat erratically, distrib

uted in most living organisms. Microbial porphyrins represent a useful source of material for rhe
examination of porphyrin synrhesis, 131 for example Rhodobacter sphaeroides was used by Lascelles l32

in her studies of rhe control of porphyrin synrhesis.
Among rhe mammals, a few genera appear to produce much more porphyrin than others; rhese

belong to rhe family of rodents. The rat produces a relatively large quantity of protoporphyrin, by
synthesis in the harderian glands. Squirrels also produce much porphyrin and their bones have a
pale-brown color due to deposition of uroporphyrin and fluoresce pale red in ultraviolet light. This
is most marked in the American fox s~uirrel, Sciurus niger. 133 Only Tamias striatus has this in com
mon wirh S. nigerl34 Levin and Flyger 35 found reduced activity of rhe enzyme uroporphyrinogen
III cosynthetase in haemolysates and tissue extracts from fox squirrels as compared with grey squir
rels. The animals appear in every way normal without untoward symptoms accompanying rheir
high porphyrin production and must therefore, be regarded as physiological examples of excess
porphyrin ~nthesis. Analogous to rhis are the molluscs rhat deposit quantities of uroporphyrin in
their shells, 36 or among orher higher forms ofanimal life, the group ofbirds known as the touracos,
or plantain eaters, who utilize the copper com~lex ofuroporphyrin III, called turacin, for the deep-red
areas ofpigmentation in their flight feathers. 2 .137.138 Porphyrins are used in the coloration ofeggs,139

probably by deposition within the oviduct. 140

The Harderian Gland
Johann Jakob Harder (1656-1711) found and named rhe retro-orbital gland in the deer, which

he named glandula nova lachrymalis in his publication of 1694.141 Since then, many investigators
have found that this gland is present not only in some mammals but also in amphibians, reptiles and
birds. The precise purpose of the gland remains an enigma and has probably not been studied in
greater depth because of its absence in primates. 142

The gland has a remarkable capacity to synthesis porphyrins. 140 In particular, the presence of
many of the porphyrins of the latter pan of the biosynthetic pathway are found in the gland in
rodents in such quantities that intermediates such as tri-carboxylic haemoporphyrin can be isolated
and characterised in the gland. 143.144.145 Numerous studies have shown that porphyrin production
in the gland is profoundly influenced by the presence of steroids. 146.147

The harderian gland in the golden hamster is an extremely rich source of porphyrins. 148 It has
been extensively studied in this rodent. Although the female gland is arguably the richest natural
source of porphyrins known, the male gland contains little porphyrin, possibly because the
rate-limiting enzyme, 5-aminolevulinic acid (AlA) synthase is more active in the female than the
male. 149 All of these, including the role ofhormone replacement, 144 emphasize the role that steroids
play in porphyrin synthesis and the activities of the enzymes of the biosynthetic pathway.

Phototherapy and Cancer
The early foundation of photochemotherapy may be sou~t in the work of the 1903 Nobel

laureate Neils Finsen. Thereafter, Hausmann in 1908 and 1911 3.74 showed that haematoporphyrin
photosensitized both paramecia and mice. Normal human tissue also reacts in a pathological fashion
when saturated with porphyrins and exposed to light, as was so clearly demonstrated by Meyer-Betz
in 1913.72 It is a simple step to conclude that this photoreaction might be usefully employed in the
destruction ofpathological tissue. This was aided by the early description in 1924 by Policard. 150 of
the preferential uptake by rat sarcoma ofhaematoporphyrin. That injected po~hyrins accumulated
in tumors were observed by Korbler. 151 The work in 1955 of both SchwartzI and coworkers and
Rassmussen-Taxdal et al 153 is of interest since it pointed the way for future work in humans.

Haematoporphyrin Derivative
The foundation ofthe present use ofhaematoporphyrin derivative is based on the work ofLipson

et al l54 who showed that some components of haematoporphyrin derivative (HPD) were better
localized in malignant tissue than "crude" haematoporphyrin and in the development oflasers. Such
chemical treatment of the haematoporphyrin produces a complex mixture of substances, such as
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mono- and diacetates ofhaematoporp.hyrin, protoporphyrin, deuteroporphyrin, and, in particular,
a dihaematoporphyrin ether or ester. 55.156.157

5 Aminolevulinate
In the second half of the twentieth century it became obvious that 5 Aminolevulinate (AlA)

could be converted to porphyrins. In his early study in 1955 Scott l58 showed that, when given to
humans, a dose ofAlA gave rise to a transient but marked photosensitivity with erythema of the
exposed skin resembling mild sunburn reaching a maximum between 9 and 12 hours. The transient
nature of the AlA induced photoreaction meant that it too was considered as a potential candidate
for use in phototherapy. By bypassing the rate limiting stage in haem biosythesis, through the use of
AlA with consequent overproduction of porphyrins 'in situ', would allow such tissues to become
photosensitized and subject to photodestruction, given the appropriate dose ofphotoactivating light.
As a consequence of this, AlA based photodynamic therapy has taken its place in the treatment of
cancer with considerable successes in the succeeding years.159.160

Mechanism ofEffect
The fundamental principle behind this therapy is that since tumor tissue will preferentially accu

mulate porphyrins, these may be used for both identification and therapy of neoplastic tissue. Un
fortunately, other metabolically active tissue, such as liver and kidney, also accumulate porphyrins,
but being remote from light sources these are relatively safe from the photodestructive effects of
therapy. The red fluorescence seen in ultraviolet light of tumors after injection of various porphy
rins, has proved of help to the surgeon in the localization of neoplasms during an operation. A
serious side effect of therapy is continued light photosensitivity of exposed skin for a considerable
time after treatment.

This area of study is one of which work continues to seek better localizers and/or sensitizers,
based either on specific synthesis of porphyrin derivatives or through the use of other naturally
occurring porphyrins or synthetic porphyrins and in the development ofberter light sources. At the
present time, the clinical interest in this subject has been stimulated by technological developments.
These relate principally to the development ofbetter laser light sources such as gold vapor lasers and
other forms of tunable lasers and endoseopic probes.

Retrospective Diagnoses

Royal Malady
The history of the porphyrias is naturally only truly reliable from the time at which there was

concurrent medical observation and scientific mensuration. Any studies prior to the well-documented
works at the end of the last century are, therefore, liable to be steeped in anecdotal inaccuracy. It is
however, ofinterest to consider the hypothesis pro-pounded by MacAlpine and Hunter in 1964 that
porphyria, possibly varierte porphyria, was present in the Royal Houses of Stuart and Hanover in
the United Kingdom. 16 The ability to carry out such investigations depended not only on the
inevitable extensive documentation of royalty, but also on the very precise descriptions conveyed to
us over time by their physicians.

Of these, one of the more remarkable is that of Sir Theodore Turquet de Mayerne, physician to
James, VI and I. He described one acute episode, following a hunting trip:

"On his return hepassedbloodredurine.... He also toldmethathequitefrequentlypassedwater,
red like Alicante wine but without atterltumtpain.... "

Mary Queen of Scots had suffered similarly to her son from acute attacks of abdominal colic,
described as

"...he labored under painful colic from flatus (an affliction from which his mother also
suffered)... "

The history ofthe "Royal Malady" took a further intriguing turn following the studies ofRohl,
Warren and Huntl62 in 1998. These authors pursued a scientific/medical detective investigation,
as a consequence of which, they discovered the bones of Princess Feodora of Reuss in Poland.
Following exhumation, bone samples were obtained for DNA analysis. The authors were similarly
able to obtain skeletal samples from Theodora's mother, Princess Charlotte of Saxe-Meiningen.
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Mitochondrial DNA can be used to establish family relationships provided that there is a continu
ous maternal line of descent. Czarina Alexandra and Princess Charlotte were first cousins and
importantly both were daughters ofQueen Victoria's daughters, Princess Alice and Princess Victoria
respectively. All should consequentially have inherited the same mitochondrial DNA from Queen
Victoria. Such analysis proved that the bones from Princess Feodora's grave did not derive from
the Romanov line. However those from Princess Charlotte's grave did derive from that line. As a
consequence of the DNA analysis the workers were able to show that there was a novel
protoporphyrinogen oxidase gene in Princess Charlotte's bones. Finally the workers found that
there was convincing evidence that Prince William of Gloucester had variegate porphyria. Prince
William was tragically killed in an aircraft accident in 1972 and in consequence DNA evaluation
has never been possible, but the clinical evidence was sufficiently robust to convince Sir Abraham
Goldberg and Dr Geoffrey Dean of its merit.

The historical implications of these observations are profound and, if true could imply that the
loss by Britain of the American Colonies could be ascribed to a genetic disease l63 and, potentially
that Kaiser Wilhelm, whose mother was Princess Victoria could have suffered from the psychiatric
features ofVariegate Porphyria. 164

Vincent ~n Gogh
Retrospective diagnosis of porphyria continues to be a matter of interest to many workers

throughout the world. Wilfred Arnold l65 studied the history ofVincent van Gogh in some detail,
his descent into psychiatric illness and the reasons for its causation. Many of the features he
exhibited were consistent with acute porphyria precipitated by chemicals such as the solvents and
alcohol to which he was exposed. No objective evidence of acute porphyria in his family has yet
been discovered. However the subjective evidence is highly suggestive of this condition.

Werewolves
A bizarre suggestion has been that persons with congenital porphyria or hepatoeryrhropoietic

porphyria or other of the homozygous porphyrias were the werewolves or vampires of legend. Ly
canthropy (magical transformation ofhuman to wolf) cettainly did not take place, but the subjects'
skin mutilation, ~ettrichosis, and desire to eschew light exposure may have led the superstitious to
this conclusion. I The medieval descriptions of werewolves included: "pale yellowish excoriated
skin"-explicable by haemolyric anemia and pruritis; reddish teeth--eryrhrodontia; and "habita
tion in isolated regions, such as Central European valleys"-familial association and inbreeding in
such areas. It is not easy ro explain either fear of garlic or lust for blood. The effects ofgarlic might
have related to the oxidative metabolism of diallyl disulfide. In this the needs of the patient should
be considered. The press hysteria in the United States following these disclosures, established an
inaccurate and unjustified perception ofporphyria in the public mind and did considerable harm to
the porphyric patient. 167

Ephemera: Porphyrinurias
The heterogeneous group of diseases best described as porphyrinurias are those in which the

disturbances of porphyrin metabolism have been brought about by endogenous and exogenous
facrors other than the genetic ones linked ro the porphyrias. The porphyrin normally excreted in
excess is coproporphyrin. This catep,0ry includes lead poisoning, hereditary ryrosinemia,168 ethanol
abuse, I08 myocardial infarction,169o 0and the effects ofdrugs like carbamazepine171 and many other
compounds such as polyhalogenated hydrocarbons. 172 Coproporphyrinuria has also been reported
in a number of conditions such as liver disease and hepatocellular carcinoma.370m Porph~rins are
probably hepatotoxic and may even be associated with the development of neoplasms. I 4 When
Lithner and WetterbergJ75 carried out a retrospective study of 20 years of the relationship between
hepatocellular carcinoma and acute intermittent porphyria, they found this to be significant.

In addition to those porphyrinurias, there are changes in the pattern of porphyrin isomer
excretion in the hyperbilirubinemias of the Dubin-Johnson syndrome and in the Rotor SytI

drome. In these two conditions the quantity ofporphytin synthesized and excreted is not necessarily
in excess of normal upper limits, but they are associated with excess production of series I isomer
porphyrin. 176·178 A key worker in this area was Peniti Koskelo (Fig. 12).



22 Tetrapyrroles: Birth, Lift and Death

Figure 12. Peniti Koskelo.

LetUl
The connection between lead and porphy

rin biosynthesis is reputed to have been first made
by Binnendjik (cited by Stokvis, 1895), but the
connection between this metal and anemia had
been made very much earlier by Lannaecl79 in
1831. This was confirmed by Garrod in 189233

who observed abnormal porphyrin excretion in
the urine of a patient with lead poisoning and
then in 1895 by Stokvis31 who found that
lead-poisoned tabbits excreted excess urinary
potphyrins. Othet effects of lead on the
haemopoietic system were reported before the
end ofthe century by Behrend,180 who observed
stippled basophils in the blood ofa patient with
lead poisoning.

Lead Porphyrinemia
and Porphyrinwia

The crude compound that Garrod identi
fied as haematoporphyrin was shown to be co
proporphyrin III by Duesberg. 181 liebigl82 had

suggested that it was produced by the action oflead on the bone marrow. By 1932 Grotepass. 183 had
demonstrated elevated coproporphyrin in urine in lead poisoning.

The increased concentration of a free porphyrin in blood was identified by Hijmans van den
Bergh et all84 in 1932 as protoporphyrin IX located in the erythrocyres ofsubjects dosed with lead.
In 1958, finally, diminution ofALA dehydratase activiry (ALA-D) was identified as a means oHead
assessment. 185

Arsenic
In 1%0, studies of hair taken from Napoleon Bonaparte by the Universiry of Glasgow showed

that his hair contained considerable concentrations of this metal. Subsequent activation analysis has
also found increased arsenic in his hair and would potentially confirm this diagnosis.

Ofgreatest interest here is arsenic's impact on haem biosynthesis and in particular upon uropor
phyrin decarboxylase, especially when one juxtaposes this information against the recent findings by
Warren (personal communication) that George III had substantial levels ofarsenic in his hair (l00
times background). The reasons for such high levels could be sought in the use of arsenic both as a
medicine and as a hair fowder.

Woods and Fowlerl 6 showed haem biosynthetic changes associated with arsenic and subsequent
studies have confirmed that not only is there increased excretion of porphyrins l87 with decreased
activiVs of uroporphyrinogen decarboxylase which might be used as a biomarker of arsenic expo
sure.1 8.189 Concordant with the hypothesis that As could have contributed to exacerbation ofacute
porphyria in George III is the finding of precipitation of variegate porphyria in a patient from
southern USA who consumed "moonshine" contaminated with lead and arsenic. 190

Pseudoporphyria
Poh-Fitzpatrickl91 pointed out in 1986 that the term "pseudoporphyria" had been used to

describe a bullous dermatosis associated with a number of dermatological conditions that bear
some resemblance to porphyria, ofren induced by many drugs but which were not porphyrias!
The term "pseudoporphyria" should not be used to describe them, but only to describe conditions
in which alterations of porphyrin metabolism can be found, such as the bullous dermatosis of
haemodialysis. l92
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Mycosis Porphyria
In addition to hereditary porphyria in came, an acquired form has been described, attributable

to a fungal infection. 193 Similar to this was the case reponed by Lim et al194 of a 24 year-old man
who had increased faecal porphyrin excretion, resembling that seen in variegate porphyria. The
abnormal faecal porphyrins were shown to be the result of excessive consumption of brewer's yeast,
which was shown to have a high porphyrin content.
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CHAPTER 2

Biosynthesis of 5-Aminolevulinic Acid
Dieter Jahn* and Dirk W. Heinz

Abstract

5-Aminolevulinic acid (AlA) is the general precursor of all known tetrapyrroles. Currently,
two different biosynthetic routes for AlA formation are known. Humans, animals, fungi
and the a-group ofthe proteobacteria employ the one-step-eondensation ofsuccinyl-coenzyme A

and glycine catalyzed by pyridoxal 5'-phosphate-dependentAlA synthase. In plants, algae, m:haea and
all other bacteria AlA is formed by two enzymes. The initial substrate glutarnyl-tRNA is synthesized by
glutarnyl-tRNA synthetase and supplied both to protein and to tetrapyrrole biosynthesis. During the
first committed step of AlA synthesis a NADPH-dependent glutarnyl-tRNA reductase reduces
glutamyl-tRNA to form glutamate-l-semialdehyde. The aldehyde is subsequently transaminated by
glutarnate-l-semialdehyde-2, l-arninomutase to yield AlA. Evidence for metabolic channeling of the
reactive aldehyde between glurarnyl-tRNA reductase and the aminomutase is outlined based on the
structures of both enzymes. The enzymatic mechanisms deduced from biochemical investigations and
recently solved crystal structures are described for all participating enzymes.

Introduction
Tetrapyrroles, such as hemes, chIorophyUs, vitamin B12 and coenzyme F430 are essential metabolites

for almost all living organisms. The common precursor for all these tetrapyrroles is 5-aminolevulinic
acid (AlA). In nature it is synthesized by two alternative, unrelated biosynthetic routes: Mammals,
fungi and the a-group of the proteobacteria use the so-called 'Shemin pathway', the condensation of
succinyl coenzyme A and glycine catalyzed by 5-aminolevulinic acid synthase (ALAS) for AlA forma
tion. 1 In plants, archaea and most bacteria AlA formation starts from the C5-skeleton ofglutamate.2

This y-pathway involves two enzymes. NADPH-dependent glutamyl-tRNA reductase (GluTR) cata
lyzes the reduction ofglutamyl-tRNA to glutarnate-l-semialdehyde (GSA). In the subsequent reaction
pyridoxamine 5'-phosphate (PMP)-dependent glurarnate-l-seminaldehyde-2, I-aminomutase (GSAM)
transaminates GSA to form ALA.3 This chapter focuses on the structure and function ofthe enzymes
belonging to both pathways.

Condensation ofSuccinyl-CoA and Glycine into Aminolevulinic Acid

5-Aminolevulinic Acid Synthase (AlAS)
5-Aminolevulinic acid synthase (ALAS) (EC 2.3.1.37) catalyzes the condensation of glycine

and succinyl coenzyme A to produce ALA, carbon dioxide and free coenzyme A (Fig. 1). The
enzyme is found in nonplant eukaryotes such as humans, animals and fungi. The a-group of the
proteobacteria including Rhodobacter, Agrobacterium, Rhizobium and Rickettsia species are the
only prokaryotic representatives carrying ALAS. Phylogenetically, mitochondria also belong into
this bacterial group. 4
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ALAS requires pyridoxal 5'-phosphate (PLP) as cofactor. The enzyme belongs to the a-oxoamine
synthase subfamily ofPLP-dependent enzymes which typically catalyze the condensation ofan amino
acid and a carboxylic acid coenzyme A thioester in combination with the decarboxylation ofthe amino
acid. ALAS was simultaneously described in 1958 by Neuberger and coworkers for avian preparations
and Shernin and his group for bacterial cell free extracts.S.6 Over the years ALAS has been purified from
various bacterial and eukaryotic sources? Mammals carry rwo ALAS isoforms which are encoded by
rwo different genes localized on rwo distinct chromosomes. One gene encodes the housekeeping isoform
(ALAS1/ALAS-H), the other gene the erythroid-specific enzyme (ALAS2/ALAS-E). The latter is re
quired to sustain the extra need for heme during hemoglobin formation in the erythrozytes.4•7 Unlike
mammals, most a-proteobacteria use only one form ofALAS. The only known exception is Rhotiobaeter
sphaeroides which also contains rwo isoforms ofALAS encoded by hemA and hemT.8 ALAS is a func
tional homodimer in which residues from both subunits contribute to the active site. Based on the
solved crystal structure ofthe closely related E. coli 8-arnino-7-oxononanoate synthase a model for the
structure of R sphaeroides ALAS was recendy proposed.9

Catalytic Mechanism
The mechanistic and steric course of the ALAS reaction has been intensively investigated by

various groups (Fig. 1). Elegant radiolabeling studies using R sphaeroides ALAS provided the basis
for a model ofthe catalytic mechanism.4•

7 This model was continually improved by using stopped-flow
and quenched-flow kinetic analyses. 10 Catalysis begins, as in other PLP-dependent enzymes, with a
transaldimination reaction berween the substrate glycine and the internal aldimine formed berween
the aldehyde group of PLP and an active site lysine residue (Fig. 1). After formation of the external
aldimine, the pro-R proton of glycine gets removed. The resulting transient quinonoid form is
formed in the presence of the second substrate. I \,12 During reaction of this quinonoid intermediate
with succinyl coenzyme A the coenzyme A group is cleaved off and an aldimine to
a-amino-13-ketoadipate is formed. The quinonoid form is then stabilized by the cleavage of the
Ca-carboxylate bond. Protonation at the C-5 position of the aldimine leads to the formation and
dissociation of AlA from the active site of AlAS. 12 In the intensively investigated murine AlAS
Lys3I3 forms the Schiff base linkage with the PLP cofactor.4 The same residue is proposed to func
tion as the catalytic base for proton abstraction from the external aldimine during quinonoid inter
mediate formation. I I Arg439 was found to be important for glycine binding. 13 A glycine-rich loop
comprising GlyI42 and GlyI44 as well as Tyr 124 were proposed to be involved in PLP cofactor
binding.13•14 Asp279 was charaterized as an enhancer of the electron withdrawing capaciry of PLP
via the stabilization of protonated form of the pyridinium ring nitrogen. 14

Transfer RNA-Dependent Aminolevulinic Acid Formation
The precursor of the Cs-pathway for AlA formation is glutamyl-tRNA (Fig. 2). The same

glutamyl-tRNA simultaneously participates in protein and tetrapyrrole biosynthesis.3 To reflect the
importance of gluramyl-tRNA formation to the biosynthetic pathway of AlA, some properties of
glutamyl-tRNA synthetase (GluRS) and its substrate tRNAGlu are briefly described below.

tRNAGlu

The investigation of barley chloroplast, Chlamydomonas reinhardtii and Chumlla extracts indi
cated that a tRNA-like molecule is essential for the synthesis ofAlA from glutamate. IS Sequence
analysis of the active RNA species from barley identified the compound as tRNAGlu. 16 The se
quenced barley tRNAGlu contained a total of ten modified nucleotides and an UUC anticodon. For
C. reinhardtii and Synechocystis the same tRNAGlu was demonstrated to support tetrapyrrole and
protein biosynthesis.3

A variery of in vitro and in vivo approaches established a set of nucleotides, so called identity
elements, of Escherichia coli tRNAGlu required for the recognition by its cognate glutamyl-tRNA
synthetase (Fig. 3A). These identity elements consist ofU34, U35, C36 and A37 in the anticodon
loop, G1:Cn, U2:A71 and C4:G69 in the acceptor stem, Ul1:A24, U13:G22::A46 and
C12:G23::C9 in the augmented D helix formed of the D-stem helix with several neighbouring
residues and the variable loop (N:N and N::N denote secondary and tertiary nucleotide base pairings).
Moreover, A46 and the absence ofnucleotide 47 (D47) in the short variable loop were found to stabilize
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Figure 2. A) The C5-pathway for 5-aminolevulinic acid (ALA) synthesis: NADPH-dependent
glutamyl-tRNA-reducrase (GluTR) reduces tRNA-bound glutamate to glutamate-l-semialdehyde (GSA).
Glutamate-2,1-semialdehyde aminomutase (GSAM) then transaminates GSA to ALA. B) The inhibitor
gluramycin is an analogue of the 3'-end of aminoacylated tRNAGlu.

U13:G22::A46, a tertiary base pairing essential for tRNA-GluRS interactiony,18 The imponance of
the 2-thio groups in methJ.laminomethyl-2-thiouridine (mnm5s2U) in the wobble position U34 for
the recognition of tRNA u by E coli GluRS in vitro was challenged by in vivo experiments with
hypomodified tRNAGlu. 19,20

The identity elements ofglutamyl-tRNA for GluTR were mainly subject to theoretical consider
ations. The isolation of an Euglena gracilis plastidic tRNAGlu gene mutant impaired in chlorophyll
biosynthesis but capable of protein biosynthesis revealed the only verified glutamyl-tRNA identity
element in position C56.21

Glutamyl-tRNA Synthetase
Glutamyl-tRNA synthetase (GluRS, glutamic acid:tRNAGlu ligase, EC 6.1.1.17) esterifies

glutamate with the 2'-terminal hydroxy group oftRNA (Fig. 4A). A two step mechanism including
the activation of the amino acid by ATP and its subsequent transfer to the tRNA is generally ac
cepted22 (Fig. 4A):

1. GluRS + Glu + ATP (+ tRNAGlu) ~ GluRS + Glu-AMP + PP j (+ tRNAGlu)
2. GluRS + Glu-AMP + tRNAGlu ~ GluRS + Glu-tRNAGlu + AMP

GluRS is one out of ten class I aminoacyl-tRNA synthetases (Fig. 3A). Its ATP-binding domain
bears a variation (HVGG) of the characteristic HIGH moti£ GluRS is closely related to
glutaminyl-tRNA synthetase.22 Some bacteria, most archaea and organelles lack glutaminyl-tRNA
synthetase. In these cases GluRS glutamylates both tRNAGlu and tRNAGIn, and the misacylated
Glu-tRNAGIn is convened to the required Gln-tRNAGin (glutaminyl-tRNA) by an amidotransferase.23

Biochemical ana Structural Characterization ofGluRS
GluRS has been purified from various bacteria, green algae, plants and mammalian cells.

Bacterial and green algal enzymes were found to be active as monomers with a M, of ~50,OOO.E
coli and B. subtilis GluRS forms a complex with adenylosuccinate AMP-lyase (EC 4.3.2.2.). This
complex protects GluRS against heat denaturation, increases its affinity for glutamate and ATP
and coordinates purine metabolism and protein biosynthesis. Chloroplast, mitochondrial and
wheat cytoplasmic GluRSs are dimeric. The KM of GluRS for ATP is in the range of 10-4 and
10-5 M, for glutamate about 10-5 M, and for tRNAGlu about 10-7 M. As observed for other
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aminoacyl-tRNA synthetases, GluRS activity is Mg2
+-dependent. Furthermore, the E. coli en

zyme is Zn2
+-dependent. On~ bacterial and plastidic enzymes provide the appropriate precursor

for tetrapyrrole biosynthesis. 2

The crystal structure of monomeric Thermus thermof,hilus GluRS has been solved for both the
uncomplexed protein24 and in complex with tRNAGJu. 5 The enzyme consists of five distinct do
mains arranged to form an elongated, slightly curved molecule (Fig. 3A). The Rossmann-type
nucleotide-binding fold ofdomain 1 is conserved in all class-I tRNA synthetases. It contains the two
characteristic ATP-binding motifs, HIGH (here HVGG) and KMSKS. The adjacent regions of
domains 2 and 3 are also structurally conserved. Located on either side of the ATP-binding pocket
of domain 1, they create a conspicuous groove that accommodates the tRNA acceptor arm. The
remaining conserved a-helices of domain 3 interact with both the D-stem region at the concave
elbow angle ofthe tRNA as well as the anticodon stem. Structural features unique to each synthetase
are the major determinants ofspecificiry. Regions belonging to domains 2 and 3 create the glutamate
recognition pocket. Domains 4 and 5 are structurally unique to GluRS in their entirery. They are
reserved for tRNAG1u-anticodon recognition and discrimination. Only U35 is recognized by a pla
nar main-chain segment (Thr444-0 and Pro445-N). Arg417 and Arg435 are crucial for anticodon
recognition. They bind the phosphate and base of C34, respectively. Arg358 hydrogen bonds C36
in a Watson-Crick-like panern.

Glutamyl-tRNA Reductase
The discovery that tRNAGlu is involved in the biosynthesis ofAlA prompted the formulation of

a novel two-step-pathway (Fig. 1): In the first step, tRNAGJu-bound glutamate is reduced to GSA,
which is transaminated to AlA in a second step. The enzymes catalyzing these first committed steps
of tetrapyrrole formation are glutamyl-tRNA reductase (GluTR) and glutamate-l-aldehyde
1,2-aminomutase (GSAM).3

tRNAGlu tRNAGlu

GluTR

Figure 3. A ribbon diagram of the complexes of (A) tRNAGlu/glutamyl-tRNA synthetase (B) tRNAGlu/
GluTR monomer (modeled). The complexes have been oriented to provide the equivalent view of the
tRNAGlu. Individual domains are numbered. as, acceptor stern of tRNAGlu; ac, anticodon; acs, anticodon
stern; d, D-stem; g, glutamycin; n, NADPH (modeled); s, spinal helix. Note the similarity in binding modes
in both proteins. Generated usingMOLSCRIPT(Kraulis, 1991) rendered withPOV7?AY(www.povray.org)
as implemented in GL_RENDER (www.hhmi.swmed.edu/external/Doc/Gl_render).
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Biochemical and Structural Characterization ofGluTR
Initial characterizations of bacterial and plant GluTRs resulted in controversy regarding their

relative molecular masses, cofactor requirements, and potential catalytic.26,27 In retrospect, the ex
tended structure of GluTR28.29 solubility problems due to aggregation and nonspecific disulfide
bridge formation may partly explain these discrepancies.3o

Finally, the biochemical and ctystallographic investigation of recombinant GluTR from the ex
treme thermophilic archaeon Methanopyrus kandleri and E. coli established the catalytic mechanism
and its structural basis.28·3o Spectroscopic and biochemical analysis of both GluTRs demonstrated
that neither heme, £lavins, nor metal ions are required for catalysis. Treatment ofM. kandJeri and E.
coli GluTR with iodoacetamide and 5S-dithiobis(2-nitrobenzoic acid} abolished enzyme activity
indicating the involvement ofa nucleophilic cysteine in catalysis. All cysteines ofboth GluTRs were
individually replaced by serines. Only mutants C48S (M kandien) and C50S (E. colt) were com
pletely inactive indicating that these cysteines represent the active site nucleophiles. These residues
correspond to the only cysteines conserved throughout all known GluTRs. Interestingly, both en
zymes efficiently turn over glutamyl-tRNA in the absence of NADPH, liberating glutamate. The
rate of this esterase activity is comparable to GluTR reductase activity in the presence ofNADPH.
Similar esterase activities are also observed for other enzymes such as GAPDH, thiol proteinases and
aldehyde dehydrogenases that form a covalent acyl-enzyme intermediate involving an active site
cysteinyl residue. Corresponding GluTR mutants C48S/C50S did not possess any esterase activity.
Based on these observations a catalytic mechanism for GluTR was proposed (Fig. 4B). The sulfhy
dryl group ofCys48 (Cys50 in E. colt) nucleophilically attacks the a-carbonyl group of tRNA-bound
glutamate forming an enzyme-bound thioester intermediate with the concomitant release of £RNAGlu

(Fig. 6). The thioester reaction intermediate was isolated and visualized for E. coli GluTR30 Hydride
transfer from NADPH to the thioester-bound glutamate produces glutamate-l-semialdehyde while in
the absence ofNADPH, a water molecule takes its place, hydrolyzing the reactive thioester bond to
release free glutamate.28-3o

The reduction and inhibition capabilities of various NADPH analogues were also investigated.
NADH, lacking the 2'-phosphoryl group, does not substitute for NADPH, nor does it inhibit M.
kandleri GluTR Interestingly, reduced f}-nicotinamide mononucleotide corresponding to removal
of the adenosine phosphate moiety does, by contrast, inhibit NADPH-binding. Removal of the
adenine amino group (reduced nicotinamide hypoxanthine dinucleotide phosphate) resulted in the
inhibirion ofGluTR Surprisingly, both 2'-NADPH and 3'-NADPH are equally active. Thus all the
major determinants of NADPH are required for efficient recognition and utilization by GluTR28

The crysral structure of M. kandleri GluTR revealed an extended V-shaped dime~9 (Fig. 5).
Each monomer consists ofthree distiner domains arranged along an extended curved 'spinal' a-helix.
The N-terminal domain consists of two subdomains: a small f}af}f}aaf} and a larger subdomain
containing three a-helices. These three helices roughly align with the spinal helix to form a 4-helix
bundle. This first domain is linked via a short loop to a second carrying a classical NAD(P}H-binding
fold. Domain 2 is followed by the llO-A spinal helix of 18 a-helical turns. At the N-terminus this
spinal helix reinforces the loop between domain 1 and 2, then passes domain 1, and C-terminally
extends into and forms part of the dimerization domain. This third domain consists ofa symmetric,
six-helix bundle, three helices deriving from each of two interacting monomers. The crystal struc
ture ofGluTR was solved in complex with glutamycin28,29 (Fig. 5). The ester bond linking the 3'
end of tRNAGlu and glutamate is by necessity labile. To generate a stable substrate analogue repre
senting the last adenosine residue ofthe tRNA the bridging oxygen was replaced by an imino group.
This analogue was synthesized from the structurally related puromycin aminonucleoside and named
glutamycin. M kandleri and E. coli GluTR are competitively inhibited by glutamycin.28,30 The
inhibitor binds within a deep pocket between the subdomains ofdomain 1 and is specifically recog
nized by an array ofstrictly conserved amino acids (Figs. 2B,4,5). The bidentate salt-bridge between
the carboxylate group of glutamycin and Arg50 at the bottom of the pocket represents the most
discriminating interaction. This resembles the carboxylate-recognition mode ofaspartyl-tRNA syn
thetase and presumably ofglutamyl-tRNA synthetases.25 GluTR specifically recognizes the a-amino
group and less specifically the ribose moiety of the inhibitor.

The observed structure ofthe enzyme-inhibitor complex supports the proposed catalytic mecha
nism for the enzyme28 (Figs. 4,5). To obtain crystals ofGluTR the oxidation-sensitive Cys48 had
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Figure 4. The chemical reactions catalyzed by (A) glutamyl-tRNA synthetase (GluRS), (B) GluTR and (C)
GSAM. A) GluRS specifically binds ATP and glutamate, allowing the amino acid carboxyl oxygen of
glutamate to displace pyrophosphate from ATP. In a second step the 2'/3'-OH ofg1utamll-tRNA attacks
the carbonyl carbon ofglutamate-AMP displacing AMP and generating glutamyI-tRNA lu. B) The thiol
group of the catalytic cysteine 48 of GluTR initiates a nucleophilic attack at the tRNA-bound carbonyl
carbon ofglutamyl-tRNA, covalently binding glutamate to the enzyme and displacing glutamyl-tRNA. In
a second step hydride transfer from NADPH releases glutamate-l-semialdehyde (GSA) from GluTR,
testoring the latter. In the absence ofNADPH, GluTR functions as an esterase, transferring a hydroxyl
group from water, producing glutamate. C) GSA from GluTR is transferred to GSAM. Here the
pyridoxamine-5-phosphate (PMP) binds the aldehyde of GSA forming an aldimine. Proton transfer and
Schiff' base formation producing the 5-pyridoxyl phosphate form of GSAM, releases the intermediate
4,5-diaminovalerate (DAVA). A1dimine formation at the former amino group ofGSA, proton transfer and
release of PMP produces the final product ALA.
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s 1

Figure 5. Aschematic diagram ofthe Methanopyrus kandleri GluTR dimer viewed (A) perpendicular to and
(B) along the 2-fold-axis. GluTR is composed ofa catalytic domain (1), an NADPH-binding domain (2)
and a dimerization domain (3) linked by a 'spinal' a-helix (s). Glutamycin (black) is recognized by the
catalytic domain. Abbreviations and sofrware as in Figure 2, excepr rendering by RASTER3D (Merrit and
Murphy, 1994).

to be replaced by serine resulting in an inactivate enzyme.29 In the crystal structure Ser48 (Cys48)
is located at the edge of the glutamate-binding pocket. Its hydroxyl (sulfhydryl) group is in close
proximiry to the a-carbonyl carbon atom ofglutamycin ready to nucleophilically attack the acti
vated a-carboxylate of glutamyl-tRNA. This attack would lead to the observed covalent thioacyl
intermediate and release of tRNAGlu. In a second step the thioaeyl intermediate would be reduced
to the product GSA by hydride transfer from NADPH. The canonical NADPH-binding site in
domain 2 is not occupied in the crystal structure. However, a reliable position for NADPH may
be inferred from structurally related NAD(P)H-binding domains. The resulting distance between
the nicotinamide moiery and the glutamate-binding pocket of 21 Aindicates that domain 2 must
rotate around the end of the spinal helix to close the active site and to place NADPH close to the
thioacyl-bound glutamate for hydride transfer to occur. The currently observed open structure of
GluTR may therefore be described as a 'preactive' state. To what extent the individual steps of
glutamyl-tRNA binding, tipping of domain 2, opening of the NADPH binding pocket and
NADPH-binding occur in concert or consecutively is presently not clear.

The glutamate-binding pocket ofGluTRclearly establishes the location ofthe 3'-terminal nucle
otide ofthe glutamyl-tRNA substrate. Placing the acceptor arm of the E. coli glutamyl-tRNA struc
ture25 close to the active site pocket using glutamycin as a guide leads to a striking shape
complementarity between the concave elbow region ofthe tRNA and the catalytic domain ofGluTR
In this enzyme-substrate model glutamyl-tRNA may thus be moved immediately adjacent to the
GluTR, placing the acceptor arm into the cleft between the catalytic and the NADPH-binding
domains (Fig. 3B). The elbow region of the tRNA and in panicular the D-stem would interact with
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Figure 6. Catalytic mechanism ofGluTR. Conserved residues responsible for specific substrate recognition
through an intricate hydrogen-bonding network are indicated. The reactive cysteine residue nucleophili
cally attacks the arninoacyl bond of €utamyl-tRNA (1). An enzyme-localized thioester intermediate is
formed with the release of free tRNA lu (2). The thioester is reduced by hydride transfer from NADPH
leading to GSA (3).

the catalytic domain, while the anticodon would come close to the a-helical dimerization domain.
Overall this hypothetical enzyme-substrate model reveals a large degree of surface complementarity
between tRNA and GluTR Surprisingly the regions of the tRNA interacting with the reductase are
similar to those of the GluRS-tRNA complex: the acceptor arm lies within a large furrow between
domains 1 and 2, allowing a multitude ofspecific interactions. The elbow region and the anticodon
stem interact with domain 2 (domain 3 in GluRS). The anticodon itself appears to interact with
domain 3, possibly allowing its specific recognition. Interestingly in both GluRS and GluTR, the
(proposed) anticodon-recognition region contains a high number ofarginines, though these are not
highly conserved. For GluRS the tRNA complex was required to finally establish which arginines
are responsible for anticodon recognition.25

The gene for GluTR, hemA, was cloned from various bacteria.3 Its expression was intensively
studied in E. coli, S. typhimurium and P. aeruginosa. The level oftranscriptional regulation is low and
influenced by oxygen tension, cellular heme concentration and the presence of alternative electron
acceptors for anaerobic growth like nitrate. 31 •32 Changes in cellular GluTR concentration were ex
plained by heme-induced proteolytic degradation of the enzyme.33 The N-terminal region of S.
typhimurium GluTR was found to bind heme causing structural rearrangements and leading to
proteolytic turnover. 34 In plants two genes encoding GluTR, HEMAl and HEMA2, have been
cloned from Arabidopsis thaliana,35 cucumber36 and soybean.3? Expression ofA. thaliana HEMAl is
light-regulated through phytochrome photoreceptors. HEMAl, expressed only in the roots ofseed
lings, is not regulated by light.38 In cucumber HEMAl transcription is similarly independent of
light. Transcription, however, occurs in all tissues.36 Barley contains at least three HEMA genes.39

Two HEMA genes are light-regulated, one follows circadian growth conditions.39 This is discussed
in more detail in Chapter 15.

Glutamate-l-Semialdehyde-2,1-Aminomutase
The two-step synthesis of ALA from g1utamyl-tRNA requires the exchange of amino and oxo

function alities between carbon I and 2 of GSA. This reaction is catalyzed by glutamate-l
semialdehyde-2,I-aminomurase (GSAM, EC 5.4.3.8). The reaction differs from a classical ami
notransferase reaction by its intramolecular nature. Nevertheless, GSAM represents a typical ami
notransferase in structure and catalysis.
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Biochemistry and Structure ofGSAM
GSAM has been purified from various bacterial, green algal, and plant sources and was mainly

found to be mainly dimeric. Two principle catalytic routes are thinkable. Reaction of the pyridoxal
5'-phosphate (PLP) form of GSAM results in the formation of a dioxovalerate intermediate. The
pyridoxamine 5'-phosphate (PMP) gives rise to diaminovalerate (DAVA) as a reaction intermediate.
Recombinant GSAMs from E. coli, Synechococcus sp. and other sources were found to catalyze both
reactions.4

0,41 Kinetic invest~ationsofSynechococcus sp. and pea GSAM eventually identified DAVA
as the true intermediate.4O,4 ,43 The active site lysine responsible for Schiff's base formation with
PMP was identified for various GSAMs.41,44 The half-reactions ofthe PMP-dependent amino transfer
are outlined in Figure 4C. Spectroscopic analpes, including stop flow experiments, identified the
various proposed reaction intermediates.41 .45- 7 GSAM catalyzes an anomalous enantiomeric reac
tion discriminating between (S)-GSA and (R)-GSA. Interestingly, (R)-GSA is a substrate for the
first half-reaction but the resulting (R)-DAVA is either inactive or a poor substrate for the second
half-reaction.43.45 GSAMs are subject to inhibition by gabaculine, an inhibitor of GABA transami
nase and other aminotransferases. Other inhibitors, 4-aminohex-5-ynoate, 4-aminohex-5-enoate
and enantiomers of diaminopropyl sulfate have been synthesized.48

GSAM is a member of a large family of structurally related, PLP-dependent proteins that include
aminotransferases, racemases, decarboxylases, synthetases and mutases. GSAM shares the prototypical
aspartate aminotransferase fold and is structurally particularly similar to dialkylglycine decarboxylase
and 4-aminobutyrate aminotransferase. Mechanistically GSAM differs from aminotransferases in that
it exchanges amino and oxo functionalities within a single substrate molecule. It is a dimeric protein
with an overall ellipsoidal shape when viewed along the dimer axis (Fig. 7).49 The monomers interact
through a large, convoluted interface. Morphologically distinct domains are not apparent. Instead,
three domains may be rationalized based on three ~-sheets: a three-stranded, antiparallel ~-sheet in
domain 1, a seven-stranded, parallel ~-sheet (one strand is antiparallel) in domain 2, and a four-stranded,
antiparallel ~-sheet in domain 3. All domains, as well as interdomain connections, additionally include
a-helices and long loops of/ow secondary structure content. Both cofactor and substrate are bound at
the monomer-monomer interface. Domain 2 of one monomer accommodates the PLP/PMP head
group, while the phosphate is additionally coordinated by a loop belonging to domain 2 ofthe second
monomer. Loops from all three domains participate in lining the substrate pocket. In the crystal struc
ture, the GSAM dimer is observed to be imperfectly symmetric. A loop consisting ofresidues 159-172

Figure 7. Ribbon diagram of dimeric GSAM.49 One monomer is depicted in white the second in gray.
Cofacrors (PMP) and inhibitor (gabaculine) are shown as black ball and stick representations.
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Figure 8. The proposed ternary complex of GluRSItRNAGlu/GSAM viewed (A) perpendicular to the
common two-fold axis and (B) along this axis from the dimerization domain of GluTR (opposite
direction to Fig. 4A). The ribbon depiction ofGluTR is rendered in shades of green. tRNAGlu is repre
sented as a backbone model (purple), while GSAM is shown by a transparent surface covering a gray and
white ribbon diagram. (Produced as Fig. 2 with the addition ofusing GRASP. Cofactor labels: n, NADPH;
g, glutamycin; p, PMP; i, gabaculin (inhibitor). A color version of this figure is available online at
www.eurekah.com.

and laterally covering the substrate pocket is partly disordered in one monomer, while it is well struc
tured in the second. This loop is essential for proper enzyme function. 50 Presumably, GSAM oscillates
between two conformational states in which one monomer is in the dosed, active state (with ordered
active-site lid), while the second is in a relaxed state, allowing product and substrate to diffuse out ofand
into the active site, respectively.

GSAMs are encoded by hemL in bacteria and by gsa in plants.51
-53 The plant gsa genes are

light-regulated.52•54 with the involvement ofheterotrimeric G-protein, phospholipase C-catalyzed InsP3
formation, ci+-release and ci+/CaM-dependent protein kinase activation ofdownstream signaling in
C reinhardtii. 55.56 Transcription of hemL from pathogenic P aeruginosa and the soil bacterium B.
subtilis is oxygen stress regulated.32•53.57
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Metabolic Channeling ofGlutamate-l-SemialJehytle
The tRNA-dependent fotmation of ALA found in plants and most bacteria tequites the con

certed action of the two enzymes GluTR and GSAM. Metabolically they ate linked by the
semialdehyde GSA (Fig. 2). The expected high chemical reactivity of GSA in the cellular medium
mandates for a direct transfer ofthe aldehyde from GluTR to GSAM ensuring efficient formation of
ALA. The three-dimensional shape ofboth GluTRand GSAM suggests an attractive solution to this
metabolic problem. Placing the structure ofthe GSAM dimer from Synechococcus sp.49 alongside the
extended and similarly dimeric GluTR utilizing exactly the same symmetty axis immediately sug
gests that the open space delimited by the GluTR monomers could comfortably accommodate'
GSAM. The resulting model complex (Fig. 8) displays a striking degree ofsurface complementarity
between both enzymes. The most important result of the proposed GluTRlGSAM complex is that
the putative active site entrance of each GSAM monomer49 is positioned opposite a depression in
domain 1 of GluTR located opposite to the active site pocket. This depression and the gluramate
recognition pocket are separated only by Arg50 and guarded by the conserved His84. The proposed
complex may thus indicate that the GluTR-product GSA leaves the enzyme via this 'back door' of
the glutamate recognition pocket and directly channels to the active site of GSAM, a distance of
about 26 A, without being exposed to the aqueous environment.

Both tRNAGlu (see above) and GSAM can thus independently be docked onto GluTR, each in a
single &lausible position. Though separately docked, the model of the ternary complex of GluTR,
tRNA lu and GSAM does not lead to steric clashes between GSAM and tRNAG1u, instead GSAM
could laterally extend the interaction surface of GluTR for the tRNA.

The proposed complex thus supports notions that major metabolic pathways in the cell might be
organized as 'metabolons', where the respective enzymes closely interact with each other in an orga
nized manner to ensure rapid and efficient synthesis of important metabolites.26,27,29
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CHAPTER 3

5-Aminolaevulinic Acid Dehydratase,
Porphobilinogen Deaminase and
Uroporphyrinogen III Synthase
Heidi L. Schubert, Peter T. Erskine and Jonathan B. Cooper*

Abstract

T he three enzymes 5-aminolaevulinic acid dehydratase (ALAD, E.C.4.2.1.24; some
times referred to as porphobilinogen synthase), porphobilinogen deaminase (EC 4.3.1.8;
also known as hydroxymethylbilane synthase) and uroporphyrinogen III synthase (U3S;

E.C.4.2.I.75) together convert 5-aminolaevulinic acid (ALA) into uroporphyrinogen III, from which
all tetrapyrroles are synthesized. The X-ray structures ofseveral ALADs have been determined show
ing that the enzyme forms a large homo-octameric structure with all eight active sites on the outer
surface. Each subunit adopts the TIM barrel fold with an N-terminal arm which forms extensive
inter-subunit interactions. The active site ofeach subunit is located in a pronounced cavity formed by
loops at the Cterminal ends ofthe strands forming the TIM barrel. Current proposals for the catalytic
mechanism involve the binding of both substrate moieties by formation of Schiff bases with cwo
invariant active site lysine residues. Structural studies ofporphobilinogen dearninase have shown that
the enzyme has three domains, cwo of which show a strong structural resemblance to a number of
periplasmic binding proteins. The reaction catalysed by uroporphyrinogen III synthase involves cy
dization and ring inversion, predicted to proceed through a spirocydic intermediate. X-ray structures
of the enzyme from humans and a thermophilic bacterium have enabled models of the catalyric pro
cess to be proposed.

5-Aminolaevulinic Acid Dehydratase

Introduction
5-Aminolaevulinic acid dehydratase (ALAD, E.C.4.2.1.24), also referred to as porphobilinogen

synthase, catalyzes one of the initial steps in the biosynthesis of tetrapyrroles involving the conden
sation ofcwo 5-aminolaevulinic acid (ALA) molecules to form the pyrrole porphobilinogen (PBG) 1-5

(Fig. 1). The enzyme plays an essential role in tetrapyrrole biosynthesis by catalysing the formation
of the pyrrole porphobilinogen from cwo molecules of 5-aminolaevulinic acid. Four porphobilino
gen molecules are subsequently condensed in a reaction catalyzed by porphobilinogen deaminase to

form the linear tetrapyrrole, preuroporphyrinogen (or I-hydroxymethylbilane), which is cydized
and rearranged by uroporphyrinogen III synthase to give uroporphyrinogen III, the first macrocy
die tetrapyrrole in the pathway. 1-5 The three steps from ALA to uroporphyrinogen III are common
to the biosynthesis of haem, chlorophyll, cobalamins and all other tetrapyrroles.
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Figure 1. The Knorr-type condensation reaction catalyzed by 5-aminolevulinic acid dehydratase (MAD)
indicating the A- and P-sides of the product porphobilinogen.

Single turnover experiments have shown that the first substrate molecule ro bind to the enzyme
ultimately forms the 'propionate' half of the product PBG, whilst the second substrate molecule
forms the 'acetate' half of PBG.6 This has led to the widely used terminology of the 'P' and 'PI.
binding sites in the enzyme which bind the substrates forming the propionate and acetate halves of
the product, respectively (see Fig. 1).

ALADs have been purified from a variety of sources including bovine liver,? human erythro
cytes,s bacteria such as E. co/zl:) and plants such as spinach. lO. ll There are differences between the
ALAD enzymes in terms oftheir metal requirements, kinetic parameters, pH dependence, inactiva
tion by inhibirors and susceptibility to oxidation. There is evidence that all ALADs require a metal
ion for activity with animal enzymes using zinc but with plant enzymes requiring magnesium. Rep
resentatives of both classes exist in bacteria.

In humans, clinically significant deficiencies in ALAD activity arise from genetic mutations and
from inhibition of the enzyme as a result oflead poisoning or type I tyrosinaemia. 12-16

Whilst the human and bovine ALAD enzymes have been purified in high yield from blood and
liver where the enzyme is present in high abundance'?'s the majority of recent studies have involved
the production of recombinant enzyme in E. coli. 17 The enzyme activity can be assayed spectropho
rometrically by the use of Ehrlich's reagentlS which forms a colored adduct with the product por
phobilinogen. The absorbance of this adduct is measured at 555 nm where its molar absorption
coefficient is 6.02 x 104 M·1cm·1.

Gel-filtration studies have shown the majority ofALAD enzymes ro be octameric although there
are early repons that the plant enzyme is hexameric. I Further evidence that the enzyme forms octamers
was provided by EM and solution scattering studiesl9.20 and was finally confirmed by X-ray struc
tural studies.21 The sequences are now available for ALADs from dozens ofspecies. All ALADs share
a high degree ofamino acid sequence identity and contain about 350 residues per subunit, although
the plant enzymes are extended by about 100 residues at the N-terminus ro form the transit peptide
for targeting the enzyme ro chloroplasts. I

-5 Studies on bovine and human ALAD showed that ca
talysis proceeds by the formation of a Schiff base link at the P-site between the 4-keto-group of
substrate and an invariant lysine residue equivalent to Lys 247 in E. coli ALAD,z2 Later structural
studies established the importance of a second invariant lysine residue (195 in E. coli ALAD).21
Comparison ofALAD primary sequences reveals a sttong degree ofsimilarity which is most notable
in the vicinity of these two active site lysine residues. Another conserved region of the ALAD se
quence has been implicated in metal ion binding at the active site.23

The nature of the metal ligands in bovine ALAD has been studied using EXAFS which sug
gested that one of the enzyme's zinc ions has 4 cysteine ligands whereas the other is coordinated
by more polar ligands.24 Subsequent structural studies established that the catalytic zinc ion is
coordinated tetrahedrally by only three cysteines allowing one ligand position ro be occupied by a
solvent molecule that is likely to be displaced by bound substrate during the reactionY

Most of the zinc-dependent ALADs can bind 2 zinc ions per subunit and these sites have been
classified variously as A and B or (l and ~9,24.25 where the metal at the (l site is essential for catalytic
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activiry and the metal at the ~ site is thought to have more ofa structural role. The catalytic a-site is
now known to consist of three conserved zinc-binding cysteine residues. In contrast, ALADs from
plants and some prokaryotes lack several of these characteristic cysteines and have a requirement for
magnesium ions. For example, two of the conserved cysteines are replaced by aspartates, which are
more appropriate for coordination of the essential Mg"+ ions.23 Accordingly the magnesium depen
dent enzymes are less sensitive to oxidation than the zinc dependent AlAOs.

X-RAy Structure
A number of high resolution X-ray crystal structures have been determined recentlYI.26-27 (e.g.,

POBcodes Iaw5, I b4e, 1b4k) confirming that the subunits ofthe enzyme associate to form com~act

octamers. Recently, evidence for hexameric quaternary forms of some AlAOs has been found. 8-29

The monomers of the ALAD octamer are organized with 422 or 04 point group symmetry with
their active sites oriented towards the solvent region. The octamer of E. coli enzyme (POB code
Ib4e), which will be treated as the archetypal AlAO for the remainder of this chapter, has overall
dimensions of 104 x 104 x 83 A3 consistent with those deduced from EM and solution scattering
studies of the bovine enzyme. I9-20 Each subunit adopts the (a/~)g or TIM-barrel fold with an
N-terminal arm approximately 30 residues in length which forms extensive intersubunit interac
tions. The TIM-barrel fold is shared by a number ofaldolases, a class ofenzymes that are functionally
related to AlAO. In AlAO the most extensive of the quaternary contacts are those between pairs of
monomers which associate with their arms wrapped around each other to form compact dimers.
These dimers further associate to form the octamer which possesses a solvent filled channel of 15-20
Adiameter passing through the centre.

Structure of the Monomer
The first 30 amino acids of E. coli Al.AD form an extended arm-like structure pointing away

from the compact a/~ domain (Fig. 2A). The arm, which is of variable length in different AlAOs,
includes a region of distorted 310-helix (residues 8-12) followed by an a-helix (residues 15-21) de
noted a1. The remaining tettiary structure of the ALAO monomer is dominated by the (a/f3)g or
TIM-barrel formed by an 8-membered cylindrical f3-sheet surrounded by 8 a-helices. In all enzymes
adopting the (a/f3)8 fold, the active site is located in an opening formed by the loops connecting the
C-terminal ends of the parallel ~-strands in the barrel with their ensuing a-helical segments.30 In E.
coli AlAO the TIM-barrel is formed from the following elements ofsecondary structure from N - to
C-terminus: 131, a2, 134, a3, 135, a4, 136, a5, 137, a6, 138, a7, 139, a9, ~1O and alO as shown in Figure
2A.26 The loop regions between these a and 13 segments are elaborated extensively at the active site
end of the barrel where the regular alternation of helices and strands is broken by the insettion of
several extra secondary structure elements. One example of this is the ~-hairpin which lies between
131 and a2. Here the hydrogen bonds made by the strands of this hairpin (132 and ~3) mean that they
are patt of the main f3-sheet of the molecule and provide an extension to it at the active site end of
the barrel. Another elaboration on the basic TIM-barrel fold is the loop covering the active site
(197-220) which includes a region of a-helix involving residues 202-208 (in E. colt) denoted a.cr'

There was very little electron densiry for this region of the yeast AlAO molecule when crystallized
in the absence of inhibito~l but it is very well defined in the E. coli ALAO structure with the
competitive inhibitor laevulinic acid bound. Finally, there is also a helix (a8) that lies between ~9

and a9 in the primary sequence. This helix is important for quaternary interactions about a 2-fold
axis within the dimer and will be discussed later.

The longest stretches ofconserved sequence in ALADs are all involved in maintaining the struc
ture of the active site which is formed mainly by the loop regions at the exposed end of the f3-barrel.
Several of these loops make quaternary contacts with neighboring subunits, implying that they may
playa role in transmitting conformational change throughout the octamer. The residues in the loop
covering the active site (197-220 in E. coli AlAO) are also very strongly conserved indicating that
they have an important role in substrate binding during catalysis.

Structure of the Dimer
The N-terminal arm of AlAD (residues 1-30 in E. colt) adopts a conformation in which it

partly wraps around the (a/~)8 barrel domain ofa neighboring monomer to form a dimer (Fig. 2B).
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Figure 2A. This shows a ribbon diagram ofthe fold ofthe E. coliALAD monomer (PDBcode 1b4e). The
dominant feature of the tertiary structure is the closed (aIMs or TIM-barrel with the active site located
in apronouncedcavity (facing reader). The active site flap (197-220) is shaded and the enzyme's N-terminal
arm region (residues 1-30), which forms extensive quaternary contacts, is shown above the barrel. The
two adjacent lysines implicated in catalysis (195 and 247) are shown in dark grey. Lys 247 forms a Schiff
base link with P-site ALA. Grey spheres indicate the locations of the zinc binding sites. The active site
zinc ion held by three cysteines can be seen close to the two lysines in the centre ofthe TIM-barrel. The
zinc ion on the right hand side (~-site) is involved in inter-subunit contacts and that on the lower left is
involved in crystal contacts.

These interactions occur between monomers related by an intervening 2-fold axis so as to generate
dirners resembling the number 69. The (aIMs domains ofeach monomer interact extensively about
the 2-fold axis so that the two active sites are pointing approximately perpendicular to one another.
This interaction is common to all MADs which have been analyzed structurally and is in accord
with cross-linking studies ofbovine ALAD20 which suggested that the strongest oligomeric interac
tion between MAD monomers is dimer formation. The N-terminus of the arm region of each
monomer interacts with helices a4 and a5 ofthe second subunit in the dimer. The arm region itself
adopts helical conformations between residues 8-12 and 15-21 (in E. coliALAD) and these regions
interact with helix a6 of the adjacent subunit in the dimer.

The principal barrel-barrel contacts in the dimer involve the helical segments a7, a8 and a9.
Helix a8 is approximately perpendicular to the 2-fold axis of the dimer and pairs in an antiparallel
manner with the equivalent helix in the neighboring monomer. Helix a8 appears to be an elabora
tion of the classical (a/~)8 barrel, as mentioned above, perhaps to allow extensive nonpolar
inter-subunit contacts within the ALAD dimers. Helix a7 interacts with the equivalent helix in the
neighboring monomer in a parallel manner as they are roughly aligned with the intervening 2-fold
axis. Residues in helix a7 and a9 form several intra- and inter-molecular electrostatic interactions
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Figure 2B. Shows the formation of E. coli ALAD
dimers. The two monomers (shaded differently)
associate extensively about an intervening 2-fold
axis and their arm regions wrap around the
TIM-barrel domain of the neighboring subunit.

involving conserved or invariant residues indi
cating that these largely buried ionic interactions
may be important for conserving the quaternary
structures of all ALADs.

Structure of the Oetamer
The dimers in the ALAD octamer have the

gross appearance ofellipsoids with their long axes
inclined slightly with respect co the 4-fold sym
metry axis. The overall appearance ofthe octamer
is shown in Figure 2C, where the dimers are col
ored separately. All dimers within the octamer
interact with each other in an identical manner
and these interactions are mediated principally
by the arm regions that are on the surface ofeach
dimer. In the dimer-dimer contacts, the two he
lical segments in the arm region (residues 8-12
and 15-21 in E. coli ALAD) associate with one
end ofa II-barrel in the neighboring dimer. This
end of the II-barrel is essentially 'capped' by the
arm region of the neighboring subunit leaving
the other end of the barrel, which forms the ac
tive site, exposed on the surface of the octamer.

The Active Site
The loops at the exposed end of the II-barrel form a pronounced cavity, the base of which is

dominated by fWO spatially adjacent lysine side chains numbered 195 and 247 in E. coli ALAD (Fig.
3). Both ofthese residues occur at the C-terminal ends ofadjacent II-strands in the barrel, namely 117
and liB. The side chains of these fWO Iysines emerge from a hydrophobic pocket formed by the side
chains of several tycosines and other highly conserved residues. The active site also contains a num
ber of invariant polar residues such as Glu 123, Ser 273, Asp 118 and Ser 165 whose putative roles
in substrate binding and catalysis are discussed later. Lys 247, which is known to form a Schiff base
to the P-site substrate molecule, has a more hydrophobic environment than its neighbor (Lys 195).

The substrate binding cleft in ALAD has a number of aromatic residues which are predomi
nantly tyrosines whose hydroxyl groups point towards the active site; these aromatic groups are
almost totally invariant. The fWO phenylalanine side chains at positions 36 and 79 appear co form a
hydrophobic patch against which nonpolar residues in the helical segment (a.c,) of the loop covering
the active site are packed. The hydroxyl groups of ryrosines 270 and 312 are in hydrogen-bonding
contact and are close to the side chain -NH2 group of Lys 247. As will be discussed later, these
tyrosine residues are likely to have an important role in substrate binding since they interact with the
inhibitor, laevulinic acid, covalently bound to Lys 247. The -NH2 group of the other lysine, Lys
195, is approximately 5A ftom a well defined zinc ion which is held by 3 cysteine side chains and a
solvent molecule.

The Active Site Metal Ion (a-site)
The cysteine residues numbered 120, 122 and 130 in E. coli ALAD are located in the loop

connecting 115 and a4 (Fig. lA). This region of the molecule was previously identified as a potential
metal binding region from primary sequence comparisons, since it possesses a number oflikely zinc
binding cysteine residues which are absent in the magnesium binding plant ALADs.23 Two of the
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Figure 2C. Shows the organisation of the E. coli ALAD octamer. The dimers (shaded differently) are
oriented with their long axes slightly inclined with respect to the centtal 4-fold axis of the octamer
(vertical). Interactions between adjacent dimers are mediated principally by the arm regions. This figure
was prepared using the program BOBSCRIPT.68

above three cysteine residues (122 and 130) are replaced by aspartate in plant MADs and Cys 120
becomes Ala. The three cysteine side chains in E. coli MAD along with a water molecule coordinate
the zinc ion with tetrahedral geometry (see Fig. 3). There is good electron densiry for this solvent
ligand which lies between the metal ion and the two active site lysines. The zinc ion is close to the
side chain ofthe invariant Ser 165 which itselfhydrogen-bonds to the carboxyl group ofan invariant
aspartate (Asp 118). These two residues interact indirectly with the zinc ion through a network of
hydrogen bonded water molecules. The proximiry of these interacting groups to the Schiff base
lysine indicates that they most probably participate in substrate binding or catalysis. It is very un
usual to find an active site zinc ion coordinated by three cysteine ligands since zinc shows a prepon
derance of imidazole and carboxyl ligands at the active sites of other enzymes such as the function
ally related metalloaldolases.

The structure of magnesium-dependent MAD from the pathogenic bacterium Pseudomonos
aeruginosa has been solved with laevulinic acid bound27 (POB code 1b4k) revealing that this octameric
enzyme effectively consists of four dimers. The monomers of each dimer differ from each other by
having 'open' and 'closed' active site pockets. In the 'closed' subunit the active site is shielded by the
active site loop which is in a well-defined conformation covering the bound laevulinic acid residue.
In the 'open' subunit, the active site loop is partially disordered although laevulinic acid appears to

be bound. The most surprising finding is that no metal ions could be detected in the active site of
either subunit. However a hydrated magnesium ion was found at the second metal-binding site
(fl-site) of the 'closed' subunit, which is not a conserved feature ofMADs (see below). In the 'open'
subunit, conformational differences in the side chains of amino acids preclude magnesium from
binding to the fl-site.
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Figure 3. A stereo-view of the active site ofE. coli ALAD showing the two lysines implicated in catalysis
(247 and 195) in the top centre. Lysine 247 has formed a Schiffbase link to the inhibitor laevulinic acid
(LA) which is hydrogen bonded to Ser 273 and Tyr 312 (centre left). The zinc binding site consists of
cysteines 120, 122 and 130 and a solvent molecule which coordinate the metal ion (shown on the right).
The 2Fo-Fc electron density at 2.0 A resolution (contoured at 1.2a) is shown for selected residues as grey
lines. Phe 204 (shown below the levulinic acid moiety) is notable since it was disordered in the native yeast
ALAD structure, i.e., its interaction with the inhibitor may contribute to ordering of the active site flap
(197-220). The feature ofelectron density containing two solvent molecules just above Ser 165 and in
front of Lys 195 may originate from a disordered laevulinic acid residue at the A-site. This figure was
prepared using the program BOBSCRlPT.68

The Allosteric Metal Binding Site (~-site)

Adjacent to the side chain of Lys 195 in E. coli ALAD is a water-filled pocket which lies
between the TIM-barrel domain and the N-terminal arm ofthe neighboring subunit in the dimer.
This pocket contains a zinc ion which is coordinated octahedrally by one side chain oxygen ofGlu
232 (in helix U6) and five solvent molecules, presumed to be waters (Fig. 4). These water mol
ecules are hydrogen-bonded to surrounding side chain atoms of Asp 169, Gin 171 and Asp 236.
There have been many studies of the metal ion requirements of ALAD and there is experimental
evidence for the enzyme having at least two distinct metal binding sites which contribute to its
catalytic function. z4•Z5 While the closest side chain atom ofLys 195 is less than 8 A from this zinc
ion, the lysine's e-NHz group is over 11 A from the metal ion. Hence, it is difficult to envisage a
direct catalytic role for this metal site. Nonetheless, it would be expected to contribute signifi
cantly to the stability of the octamer since the arm residue Arg 12 (from the neighboring subunit)
forms a salt-bridge with the residue coordinating the metal ion (Glu 232). This would appear to
be the most likely site at which Mgz

+ could bind to this enzyme. The apparent activating proper
ties of magnesium on E. coli ALAD may therefore stem from an effect on the active site flap which
passes close to this metal ion or an effect on the enzyme structure close to the active site. In E. coli
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Figure 4. The allosteric metal binding site (fl-site) ofE. coliALAD occupied by a penta-hydrated zinc ion
bound to Glu 232. This glutamate side chain and five water molecules coordinate a zinc ion with
approximate octahedral geometry. This site is at the subunit interface in the octamer. The shaded arginine
and proline side chains (bottom left) originate from the N-terminal arm region ofthe adjacent monomer.
The 2F0- Fe electron density at 2.0 Aresolution (contoured at 1.20) is shown for selected residues as grey
lines. This figure was prepared using the program BOBSCRIPT.68

ALAD it has been shown that magnesium activates the enzyme even at optimal zinc concentra
tions.9•1? However this effect is not observed with yeast ALAD and in the latter enzyme the II-site
is disrupted by an arginine side chain (Arg 251) which forms a five-membered salt-bridge interac
tion involving Asp 180, Arg 185, Arg 251, Asp 252 and Asp 183. In E. coli ALAD several of these
residues are replaced by smaller side chains thereby creating space for the second metal-binding
site. The absence of this site (II-site) in yeast ALAD may account for the failure of magnesium ions
to activate ALAD from this species at optimal zinc ion concentrations. I? It is difficult to rational
ize this intriguing difference berween ALAD enzymes.

In the P. aeruginosa enzyme, the subunits within each dimer differ significantly at the catalytic
and metal binding sites (27). Only in the 'closed' monomer is magnesium bound to the enzyme at
the II-site. The hydrated magnesium ion at this site interacts with an arginine side chain (Arg 181).
In contrast, in the 'open' subunit, the absence of bound magnesium causes this arginine to adopt a
different conformarion in which it points towards the catalytic site and forms a salt-bridge with one
of the putative active site metal ligands, Asp 139, thereby pulling the side chain of this residue away
from the active site. Thus it is proposed that the side chain of Arg 181 acts as a conformational
switch coupling the rwo metal binding sites. When the II-site is occupied by a metal ion, Arg 181
will be in a position that allows Asp 139 to fulfill its putative metal-binding role at the catalytic
a-site. Thus occupation of the II-site leads to an increase in enzyme activity. However, it should be
emphasized that the role of a metal ion at the active site of the P. aeruginosa enzyme has been
questioned since EPR and NMR experiments usin~ Mn2

+ and 13e-labelled PBG appear to exclude
the involvement ofa metal ion in substrate binding. I Similarly the structure ofthe plant-like ALAD
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from C. vibrioforme shows that it lacks a magnesium at the catalytic site32 and there is evidence that
some ALAOs are completely metal independent.28

Substrate Binding

Definition of the P-Site
The X-ray structure of the competitive inhibitor laevulinic acid bound to the P-site of the en

zyme has been analyzed for ALAOs from a number ofspecies. The inhibitor makes a Schiff-base to
Lys 247 and its carboxyl group forms three hydrogen bonds, one with the side chain ofTyt 312 and
two with Ser 273 involving its hydroxyl and main chain nitrogen (Fig. 3). These two residues are
invariant in ALADs as are most of the residues which interact with the hydrophobic moiety of the
laevulinic acid. One imponant aromatic residue belonging to the loop covering the active site is Phe
204. This residue packs against the laevulinic acid methylene groups and shields them from solvent.
The active site loop was completely invisible in the native yeast ALAO structure, presumably due to
its flexibility in the absence of substrate or inhibitor. Hence the hydrophobic interaction between
P-site laevulinic acid or ALA and Phe 204 may be crucially imponant for ordering the remaining
loop residues so that they can function in binding the second substrate.

The structures ofyeast ALAO complexed with substrate (ALA) and three inhibitors: laevulinic
acid, succinylacetone (SA) and 4-keto-5-aminolaevulinic acid (KAH) (Fig. 5), have been solved at
high resolution33 (POB codes Ih7o, Ih7n, Ih7r and Ih7p, respectively). The structure of the
complex with ALA was solved with data from crystals of the enzyme which had been purified
solely by ammonium sulphate fracrionation. Thus it would appear that ALA remains bound to
the enzyme during initial extraction and purification and it was speculated that the bound ALA
would normally be lost during the later stages of enzyme purification, most probably during
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Figure 5. The formulae of substrate ALA together with various inhibitors ofALAD.
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gel-filtration. All ofthese ligands form a Schiff base link with lysine 263 (equivalent to Lys 247 in
E. colt) at the catalytic centre with the exception ofKAH which appears to be linked covalently to
the lysine but has become trapped as a carbinolamine intermediate.33

The substrate ALA differs from the inhibitor laevulinic acid by possession ofa C-5 amino group
which interacts with the side chains ofAsp 131 and Ser 179 in the complex with yeast ALAD. These
residues, which are equivalent to Asp 118 and Ser 165 in E. coliALAD, are invariant, implying that
they have an important role in catalysis. Both ALA and laevulinic acid bind to yeast ALAD in two
slightly different conformations33 but they interact with the same set of residues in each case.

All ofthe inhibitors induce a significant ordering ofthe flap covering the active site. Succinylacetone
appears to be unique by inducing a number ofconformational changes in loops covering the active
site which may be important for understanding the cooperative properties ofALAD enzymes. The
part of the active site flap most affected by conformational change upon SA binding is in the region
ofamino acids 225-235. These residues come close to the side chain ofLys 210 (Lys 195 in E. colt)
at the catalytic centre of the enzyme. The tip ofthis side chain appeared to move about 2 Afrom its
position in the native enzyme upon SA binding but was largely unaffected by the binding of the
other ligands. Thus it has been suggested that the large conformational changes in the active site flap
which occur upon SA binding are a knock-on effect of a very local conformational change in Lys
210 caused by SA binding to Lys 263. The active site flap is also in contact with residues in the
N-terminal arm region of a neighboring monomer. These residues are sandwiched between the
active site flap and the base ofa TIM barrel within an adjacent dimer. This suggests that conforma
tional change in an active site in one dimer can be communicated to neighboring dimers via this
contact point. The effects these conformational changes would have on the active sites of neighbor
ing subunits are difficult to predict since the active sites in ALAD are far apart. It is reasonable to

expect that changes in the conformation of the active site flap due to substrate binding in one
subunit could transmit a conformational change to neighboring monomers via the subunit contacts
described above. Subtle changes in relative subunit orientation may affect the flexibility or confor
mation of the active site flap since it forms part of the subunit interface. Thus substrate or inhibitor
binding to one subunit may affect the catalytic turnover of neighboring monomers.

An intriguing result was obtained with 4-keto-5-amino-hexanoic acid which seems to form a stable
carbinolamine intermediate with Lys 263.33 It appears to define the sttucture of an intermediate of
Schiff base formation which the substrate forms upon binding to the P-site of the enzyme. The inter
mediate seems to be held by hydrogen bonds between its 5-amino group and the side chains ofTyr 207
andAsp 131, and between its carbinolamine -OH group and the side chain ofLys 210.

Definition of the A-Site
Kinetic studies ofALAD have suggested that the KM of the P-site is lower than that of the A-site

(4.6 J.lM as against 66 J.lM for the E. coli enzyme).34-35 This correlates with the finding that many
substrate analogues studied up till now bind predominantly in the P-site and the adjacent A-site
appears to be occupied only by water molecules, and a number of the side chains forming this site
are disordered. ALADs typically have turnover numbers (kc.J of around 1.0 per second at their
optimal pH values which are usually in the pH range of8.0 to 9.0.17

The interactions that an ALA molecule could make at the A-site of the enzyme can be predicted
with reasonable confidence from the laevulinic acid complexes analyzed so far (Fig. 3). Adjacent to the
P-site laevulinic acid is a solvent-filled pocket lined by the following highly conserved residues: Asp
118, Ser 165, Lys 195, Arg 205, Arg 216, Gin 220 and the zinc-binding cluster involving eysteines
120, 122 and 130 (E. coli numbering). There is good electron density for a solvent molecule bound
datively to the zinc ion and this is within H -bonding distance ofthe amino group ofP-side ALA. It has
been suggested that this water molecule may be a zinc-bound hydroxide which abstracts a proton from
C-3 of A-side ALA during formation of the C-C bond which eventually links both substrates. In
addition, an electrostatic link may exist between the C-5 amino group of P-side substrate and the
zinc-bound hydroxide. This putative hydroxide forms an H-bond with Ser 165 and forms an indirect
H-bond with Asp 118 via a water molecule. Both ofthese residues have been implicated in the mecha
nism by site-directed mutagenesis studies36 and their proximity to the C-5 amino group ofP-side ALA
indicates that they have a role in the catalytic mechanism. Further evidence that this may be the A-site
ofthe enzyme is provided by the presence ofan unusual elongated feature ofelectron density in the E.
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coli structure which might represent an additionallaevulinic acid molecule bound with low occupancy
(Fig. 3).

It was suggested that dicarboxylic acids of appropriate length may be able to cross-link the car
boxylic acid binding groups associated with the A and P substrate binding sites.37

-
38 The structures

ofALAD from E. coli and yeast have been analyzed in complex with the 10 carbon chain irreversible
dicarboxylic acid inhibirors 4-oxosebacic acid and 4,7-dioxosebacic acid39-40 (formulae are shown in
Fig. 5) (POB codes li8j, 1I6s, 1I6y, leb3, Igjp). Both inhibitors bind by forming a Schiff base link
with Lys 247 (E. coli numbering) at the active site. The most intriguing result of these studies is the
novel finding that 4,7-dioxosebacic acid forms a second Schiff base with the enzyme involving Lys
195. It has been known for many years that P-side substrate forms a Schiff base (with Lys 247) but
prior to work on the dicarboxylic acid inhibitors there has been no evidence that binding ofA-side
substrate involves formation of a Schiff base with the enzyme.

In the 4,7-dioxosebacic acid complexes analyzed it is notable that hydrogen bonds are formed
between the A-site carboxyl group and the side chain of Gin 220 as well as the guanidinium
groups ofArg 205 and Arg 216 (in E. coli numbering) (Fig. 6). Hence these arginine residues are
very likely to form a salt bridge with the carboxylate of A-side substrate. These arginines (along
with Gin 220) are strongly conserved residues. Interestingly, 4,7-dioxosebacic acid was found to
have higher potency for the zinc-requiring ALAOs than for the magnesium requiring enzymes.41

The structure ofthe substrate analogue 5-fluorolaevulinic acid bound to a mutant ofP. aeruginosa
ALAD has been determined at high resolution42 (POB code Igzg). The mutation 0139N converts
one of the putative metal ligands into an asparagine residue that is less likely to coordinate metal
ions. The same residue has been implicated in coupling the two metal binding sites (catalytic and
allosteric; see above). In this remarkable complex, two inhibitor moieties are bound to the enzyme
via Schiff base linkages with the two invariant Iysines (K205 and K260) and a metal ion (probably
sodium) is coordinated by the C-5 fluoro-groups of the two inhibitor molecules. Intriguingly, the

Figure 6. The refined electron density map for the inhibitor 4,7-dioxosebacic acid bound to yeast ALAD
solved at 1.75 A resolution and contoured at 1.5 rrns. The P-site is on the right-hand side and the
zinc-binding cysteines as well as the conserved ar~inines, which form the A-site, are on the left. This figure
was prepared using the program BOBSCRlPT. 8
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other putative metal ligand Asp 131 is involved in binding the metal ion as are the invariant Ser 175
(165 inE. colz) and Asp 127 (118 in E. colz) residues. These findings are consistent with the idea that
whilst the native enzyme may not bind a metal ion at the active site, a metal binding site is formed
when the substrates bind. These findings may be applicable to all the plant-like ALAD enzymes and
in vivo the metal ion involved is more likely to be potassium than sodium.

Catalytic Mechanism
The synthesis ofPBG from two molecules of ALA requires the formation ofa CoN bond and a

C-C bond with the loss of two water molecules. Single-turnover experiments established that the
substrate moiety to bind first forms a Schiff base link with the enzyme at the P-site.6 It has been
suggested that the enzyme may function by forming an additional Schiff base linking the A-site
substrate to the enzyme.38 This was proposed prior to determination of the X-ray sttucture which
showed that the side chain of the Schiffbase lysine (Lys 247) is spatially adjacent to the side chain of
another invariant lysine (Lys 195). Further evidence for a double Schiffbase mechanism comes from
recent structural studies in which both of the invariant active site lysines have been observed form
ing Schiff bases with bound inhibitor molecule(s).39-42

In addition to the Schiffbase(s) formed between the enzyme and substrate, another Schiff base is
formed between the two substrate moieties. This involves the C-4 atom ofthe A-side substrate and the
amino group ofthe P-side substrate, eventually forming the C-N bond linking both ALA molecules in
the product. The C-C bond formed between the substrates results from nucleophilic attack by a stabi
lized carbanion at the C-3 position ofthe A-side substrate, on the carbonyl carbon of P-side substrate.
The latter would be rendered highly electropositive by its Schiff base link to the enzyme.

The E-NH2group ofLys 247 would have to be neutral for it to act as a nucleophile and condense
with the first ALA molecule to bind to the enzyme. Of the two lysines at the active site, Lys 195 is
more likely to be positively charged since its environment is more polar than that of Lys 247. A
positive charge on Lys 195 would serve to lower the pK. of Lys 247 and make it a more effective
nucleophile for Schiffbase formation with P-side ALA. The Schiffbase formed by Lys 247 and ALA
could then become protonated and act in a similar way on the pKa ofLys 195 allowing it to nucleo
philically attack the A-side ALA molecule. The central region of the A-side ALA would be in a
position to interact with the zinc ion and its associated water molecule or hydroxide ion. These
groups could facilitate the deprotonation reactions and assist stabilisation ofthe C-3 carbanion prior
to the aldol condensation which forms the C-C bond linking the two ALA molecules. The CoN
bond results from formation of an inter-substrate Schiff base.

The major issue ofdiscussion in the field has been the order in which the bonds linking the two
ALA molecules are formed, i.e., whether C-C bond formation occurs before or afrer CoN bond
formation. The formation of a Schiff base between the A-side ALA moiety and Lys 195 would
further help to labilize the C-3 hydrogen atoms of A-side ALA yielding a bound enamine (see Fig.
7). This could lead to nucleophilic attack ofthe enamine in the A-site on the C-4 ofP-side ALA thus
forming the first C-C bond linking the substrates. The inter-substrate CoN bond could then form.
Whilst it is possible that the CoN bond could form first, thus yielding a Schiff base linking both
substrates, this would imply that the Schiffbase between A-side ALA and Lys 195 observed in recent
studies39-42 has no role in the mechanism other than perhaps to anchor the A-side substrate prior to
catalysis. If instead it is assumed that the Schiff base linking A-side ALA with Lys 195 has a catalytic
function (rather than just a passive binding role), then it is likely that inter-substrate C-C bond
formation would occur before the CoN bond formation, as shown in Figure 7.

The final deprotonation shown in Figure 7 involves the C-5 ofP-side ALA. This step, which has
been shown to be stereospecific for thepro-R hydrogen,43 could be catalyzed by Lys 247 in view ofits
proximity. In the reaction a base (B2 in Fig. 7) assists the deprotonation of the N-5 ofP-side ALA.
It is possible that the two proximal active site residues Asp 118 and Ser 165 may be involved in this
process and site-directed mutagenesis36 implicates both of these residues in the mechanism.

Recently, the structure of a putative intermediate resembling covalently bound product has also
been determined by cocrystallising the yeast enzyme in the presence of added substrate ALA.44 This
pytrole-like intermediate is covalently bound to the P-side lysine residue and its A-side amino group is
datively bound to the active site zinc ion (Fig. 8). The P- and A-side carboxyl groups make essentially
the same interactions as those of 4,7 dioxosebacic acid and other inhibitors, thus confirming the
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Figure 7. A proposed reaction mechanism ofALAD catalysis. Note that both ALA molecules are bound
to the enzyme by Schiff bases to lysines 195 and 247 (E. coli ALAD numbering).

physiological relevance of these earlier inhibitor srudies. It is likely that this intermediate (which is
indicated in the proposed reaction pathway by an asterisk in Figure 7 represents a stable form of
bound product that is awaiting displacement from the active site by an incoming substrate moiery or
a conformational change within the octamer.

Human AlaJ l'llriants, Inhibitors and Porphyria
The hereditarydeficiencyoffunctional dehydratase in humans is associatedwith the genetic disease Doss

or ALA dehydratase porphyria.12 This is a rare homozygous disease with severe neurological symptoms that
are thought to be due to the accumulation of 5-aminolaevulinate which structurally resembles the neu
rotransmitter GABA, and may have pharmacologically significant properties. The disease is inherited as an
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autosomal recessive trait and results in a hugely increased excretion ofMA and copropotphyrin III in the
urine.45-48 A more detailed consideration ofpotphyrias is given in Chapter 5.

Interestingly, it has been shown that the population has a very wide range ofAlAD activity with
2% ofindividuals having less than 50% ofthe normal level.45 The human AlAD gene consists of 12
exons and resides on chromosome 9q34. It has two promoter regions which generate different tran
scripts in erythroid and nonerythroid cells by alternative splicing, although the e~me produced in
both tissues is identical. Determination of the eDNA sequence of human ALAD 9 allowed several
natural variants to be identified one of which, K59N, is estimated to be present in 10% of the
population.50 The lysine residue altered in this mutation is close to the carboxyl ofAsp 52 i.e., could
form a salt bridge with it in the wild-type enzyme. The absence of this lysine in MADs from other
species indicates that the loss of this ionic interaction in the K59N human AlAD mutant may not
prevent the enzyme folding or functioning which is consistent with the natural abundance of this
variant. The mutated residue occurs at the active site end of the TIM barrel at a point where the
regular a/j3 alternation of the secondary structure is interrupted by a j3-haitpin. The haitpin extends
into the active site cavity and hence the K59N mutation may have indirect effects on ligand binding
in the human enzyme.

Five other variants (F12L, G133R, R240W; A274T and V275M) associated with MAD por
phyria have been detected51-53 and from the enzyme's structure it is apparent that these mutations
probably have indirect structural effects on the AlAD molecule rather than direct effects on the
catalytic apparatus. Glycine 133 is an invariant residue in ALADs and adopts a remarkably extended
conformation with its <p and lj! angles almost exactly 180 degrees. This conformation causes some
steric hindrance for all amino acids, except glycine. The substitution of Gly 133 with an arginine in
human ALAD could substantially disrupt the local structure of the molecule particularly since the
glycine appears to reside in a tight hydrophobic pocket. In the primary sequence this glycine is
adjacent to one of the residues which form the best defined zinc binding site (Cys 132 in human
ALAD) and so disrupting this region of the molecule may alter its metal binding competence and
catalytic activity.

The other two potphyria related mutations (A274T and V275M) occur in one of the j3-strands
(139) forming the closed (j3/a)g barrel and are situated towards the end that is buried by quaternary
interactions. Both residues are in tightly packed hydrophobic environments. The side chain of resi
due 274 points into the central hydrophobic core ofthe barrel where ALAD, like all enzymes adopt
ing this fold, has an abundance ofsmall hydrophobic amino acids such as Leu, lIe and Val. Substitu
tion of this residue with the more polar j3-branched amino acid threonine may disrupt this region of
the molecule. This part of the MAD molecule is close to the cavity at the base of the TIM barrel
which interacts with the arm region of an adjacent subunit by the capping interaction described
above. Therefore the A274T substitution may also effect the quaternary interactions of the mutant
ALAD enzyme. Accordingly, expression of the mutant allele in chinese hamster ovary cells resulted
in unstable enzyme although its catalytic activity was around 50% ofthat ofthe wild-type enzyme.51

The V275M human MAD mutation affects a residue that resides in the toroidal hydrophobic
milieu between the strands and helices of the barrel. A methionine residue substituted at position
275 in human MAD could therefore be sterically disruptive to the local structure of the enzyme.

The mutation R240W was found in the other allele of the A274T patient and resulted in inac
tive enzyme when this allele was expressed in chinese hamster ovary celIs.51 Arg 240 occurs at a
position where it can make an intra-molecular salt bridge to an invariant aspartate (172 in human
ALAD). This ion-pair is buried beneath the arm region of the adjacent subunit in the vicinity of
residues 16-18 which are conserved in many ALADs. The R240W mutation may therefore destabilise
the human ALAD oligomer due to the loss of this buried ion-pair at the subunit interface. However
the arginine is not strongly conserved in MADs and is frequently replaced by both polar and non
polar amino acids although tryptophan never occurs here presumably because it would sterically
disrupt inter-subunit contacts with the neighbouring monomer as may occur in the R240W
mutant. However, heterolo~ous expression of the mutant allele resulted in an inactive enzyme with
apparently normal stability. I Interestingly this mutation occurs at what is the j3-metal binding site
in ALADs activated by magnesium. Recently a mutation in the N-terminal arm region of the mol
ecule has been identified53 which probably affects the extensive quaternary interactions made by this
part of the molecule.
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Figure 8. The electron densiry at 1.6 Aresolution ofa putative reaction intermediate bound to yeastALAD
when the enzyme is cocrystallised with substrate ALA. The intermediate is covalently bound to the P-site
lysine residue (Lys 263) on the right-hand side and the A-site with the bound zinc ion is shown on the left.

Elevated levels ofALA are also associated with the hereditary disease type I tyrosinaemia14-16 which
is thought to stem from the accumulation ofsuccinylacetone, a breakdown product of tyrosine and a
potent inhibitor of ALAD. Hereditary tyrosinaernia type I is a rare and lethal disease which affects
sufferers in early life. The disease is characterized principally by raised plasma tyrosine, liver cirrhosis
and renal tubule problems. The course of tyrosinaemia type I can vary from fulminating liver failure
within a few months of birth to a more slowly developing form with larer onset which progresses to
liver malignancy within the first decades oflife. Patients suffer from neurological crises and it has been
found that peripheral axons oflong nerves are subject to degeneration and secondary demyelination.
Large amounts of succinylacetoacetate and succinylacetone are excreted by patients wirh type I
tyrosinaernia. Succinylacerone is an effective inhibitor ofALAD having a K; of0.8 mM for the E coli
enzyme l

? and it is thought to be responsible for many of the symptoms of this disease.
Inhibition of ALAD by lead ions is one of the major manifestations of acute lead poisoning

which often leads to neurological and psychotic disturbances. Anaemia is one ofthe main symptoms
of lead poisoning and can be attributed to the inhibition of several enzymes in the tetrapyrrole
biosynthetic pathway including ALAD. It has been shown that human ALAD binds lead tightly
with a sub-picomolar inhibition constane54 and the structure of the yeast enzyme complexed with
lead shows that Pb2

+ ions bind at the triple-cysteine site, displacing the catalytically essential zinc
ion. 21 ,55-56 In addition it has been shown that the same site also binds mercury and rlatinum ions
which may have implications for the pathology of poisoning by these heavy metals. 5
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Porphobilinogen Deaminase
The enzyme porphobilinogen deaminase (widely referred to as hydroxymethylbilane synthase or

HMBS; EC 4.3.1.8) catalyses the third step of the haem biosynthesis pathway in which four mol
ecules of the monopyrrole porphobilinogen are condensed to form a linear tetrapyrrole,
preuroporphyrinogen (l-hydroxymethylbilane; see Fig. 9). One ofthe most common ofthe heredi
tary porphyrias is due to genetic lesions in the gene for this enzyme which give rise to the disease
acute interminent porphyria (AIP)I.3 (see Chapter 5 for more details).

Purification of porphobilinogen deaminase (PBGD) from various species confirms that it is
monomeric with an M, in the range 34 to 44 kD. 1.3The PBGD enzymes from most sources exhibit
high thermal stability, pH optima in the range 8.0 - 8.5 and isoelectric points in the range 4.0 - 4.5.
Isotopic labelling and single turnover studies showed that the pyrrole forming ring A (Fig. 9) is the
first to bind to the enzyme followed by rings B, C and finally D.

Studies of the E. coli PBGD enzyme showed that it possessed a dipyrromethane cofactor (Fig.
10) which is linked to the enzyme by a thioether linkage to an invariant cysteine residue (Cys 242 in
E. coli numbering).57 This cofactor can be derived from two molecules of the normal substrate
porphobilinogen or from cleavage of the product, preuroporphyrinogen.58 The cofactor acts as a
primer to which four porphobilinogen molecules are anached sequentially prior to cleavage of the
link between the cofactor and the first substrate molecule on completion of the reaction. Thus the
cofactor remains anached to the enzyme when the product is released.

The X-ray structure of the E. coli enzyme has been solved at 2.0 Aresolution.59 The polypeptide
of 313 amino acids is folded into three domains each of approximately the same size (Fig. 11).
Pan-way through the N-terminal domain (domain I) the polypeptide leaves to form domain II and
then returns to complete the last strand of domain I. The two shon connecting regions between
these domains could act as hinge points. The general architecture ofdomains 1and II shows a strong
resemblance to a number of periplasmic binding proteins.

The dipyrromethane cofactor is attached to a loop on domain III and positioned at the mouth
ofa deep active site clefr formed between domains I and II. The propionate and acetate groups of
the cofactor rings are involved in ion-pair interactions with a number of conserved arginine side
chains, some of which have been shown to be mutated in carriers and sufferers ofAlP. The cofac
tor ring furthest from the attachment point (outer pyrrole) can adopt two conformations depend
ing on its oxidation state. Most of the interactions between the cofactor and enzyme side chains
involve residues from domain II. In contrast, both pyrrole nitrogens form hydrogen bonds with a
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Figure 9. The reaction catalysed by porphobilinogen deaminase. Four molecules ofthe pyrrole porpho
bilinogen are condensed to form the linear tetrapyrrole preuroporphyrinogen (hydroxymethylbilane).
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attached to the enzyme by a thioether bond with a cysteine residue. Four substrates are added in sequence
giving ES, ES2, ES3 and ES4. Finally hydrolysis of the linkage between the substrate and the cofactor
releases the product.
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Figure 11. The X-ray structure of porphobili
nogen deaminase showing the dipyrromethane
cofactor located between domains 1 and 2.
The cofactor is covalently attached to a con
served cysteine which resides in domain 3.This
figure was prepared using the program
BOBSCRIPT.68

domain I residue, Asp 84, which is invari
ant. This aspartate is clearly an important
residue in catalysis. Accordingly the enzyme
activity drops dramatically when this residue
is mutated to glutamate. The X-ray struc
ture of this mutant shows that the hydrogen
bond normally formed between Asp 84 and
the outer pyrrole nitrogen is disrupted. Asp
84 is thought to function in catalysis by
deaminating porphobilinogen once it has
bound to the cofactor yielding a reactive
azafulvene intermediate which can condense
with the next substrate molecule. Evidence

Domain I that the conformation of PBGD changes
during the tetrapolymerisation comes from
the observation that the enzyme becomes in
creasingly susceptible to inactivation by

N-ethylmaleimide (NEM) during the reaction. The susceptible cysteine is between domains 2 and
3. It may be that these conformational changes are due to the enzyme 'pulling' the chain ofpyrroles
through the active site cleft to allow each added pyrrole access to Asp 84 for subsequent condensa
tion with the next substrate. Alternatively these conformational changes may be due to reorganisation
ofthe polypyrrole as it is assembled allowing each newly incorporated pyrrole access to the enzyme's
catalytic apparatus. The same catalytic machinery could also facilitate the final cleavage ofthe bond
linking ring A with the cofactor thereby releasing the tetrapyrrole product. It is not clear at present
how the enzyme manoeuvres the growing intermediates during assembly of the tetrapyrrole prod
uct. The sidechains of the conserved arginines appear to be involved since mutagenesis of these
residues leads to loss ofactivity and the accumulation ofdifferent intermediates (ESJ, ES2, ES3 and
ES4) in different proportions depending on the nature of the mutation.6o

The gene for human PBGD has been located on the long arm ofchromosome 11 and it consists
of 15 exons interrupted by 14 introns.61

-
66 The gene encodes two isozymes whose expression is

tissue-specific and controlled by alternate splicing. A housekeeping isozyme (44 kD, 361 residues) is
expressed in all cells and its promoter lies in the 5' flanking region of the DNA. The transcript is
made of exon 1 and exons 3-15. A promoter that is active only in erythroid cells resides wirhin
intron 1 and produces a transcript containing exons 2-15. The corresponding protein is 344 amino
acids in length (42 kD) i.e., 17 residues shorter than the housekeeping gene at the N-terminus.

The sequences ofhuman and E. coli PBGD are ~46% identical but more than 70% ofthe amino
acids are similar. The residues which are identical in both enzymes are those that make up the active
site cleft, the hydrophobic core of the domains and loop regions with strict conformational con
straints e.g., tight turns involving conserved glycines. The human housekeeping enzyme is slightly
longer at the N-terminal end and both forms of the human enzyme contain an insertion of 20
residues in domain III. The structure ofthe E. coli enzyme shows that the intron-exon boundaries of
the human gene correspond to loop regions in the tertiary structure ofPBGD.

Acute Intermittent Porphyria
The hereditary deficiency in activity of PBGD (usually by 50%) gives rise to the inducible dis

ease acute intermittent porphyria (AlP) which ranks among the most common forms of porphyria
with an incidence of 1-2 per 10,000.62-66 Numerous different mutations affecting the erythroid
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PBGD have been identified in AIP sufferers varying from single base changes to insertions and
delerions which destroy the reading frame, as well as truncations and exon deletions.67 In contrast,
only around 8 different mutations affecting only the nonerythroid or housekeeping PBGD have
been found in AIP sufferers.

X-ray crystallography of the E. coli enzyme has shown that many of the mutations affect crucial
arginine residues which bind the side chain carboxylates ofthe cofactor andJor substrate. Some ofthese
mutations are associated with the CRIM positive phenotype. Engineering equivalent mutations into
the E. coli gene can lead to enzyme which either is unable to assemble the cofactor, is unable to bind
substrate or accumulates intermediates of the tetrapyrrole assembly process: ES, ES2 and ES3.60

Uroporphyrinogen III Synthase
Uroporphyrinogen III (uro'gen III) is the last common precursor in the biosynthesis of all the

tetrapyrrole cofactors, the so called pigments of life, heme, cWorophyll, cobalamin, siroheme and
coenzyme F430. 1,2,69-72 Conversion of individual pyrrole rings into the asymmetric cyclic tetrapyr
role involves two enzymes, porphobilinogen (PBG) deaminase and uro'gen III synthase (U3S), their
coupling is so significant that U3S was once referred to as cosynthase. Despite the fact that U3S was
first purified almost 50 years ago,?3 and that there has been substantial interest in the mechanism of
cyclic tetrapyrrole formation, the product of porphobilinogen deaminase, and consequently the
substrate for U3S, was not identified until 1979 with the identification of a hydroxylated linear
tetrapyrrole, hydroxymethylbilane (HMB)?4-77 Originally, over twenty-five different mechanisms
proposing the catalytic action of U3S were debated, but in 1961 Mathewson and Cotwin proposed
a mechanism that has been continually supported by experimental data ever since?8 U3S is the
second fastest enzyme in the heme biosynthetic pathway,79 and competes effectively with the
uncatalyzed autocyclization that occurs at one tenth the rate of uro'gen III formation?7

Catalytic Mechanism
HMB is predicted to bind to the enzyme in a circular conformation. Due to sp3-hybridized

bridge carbons between each pyrrole ring, both the linear tetrapyrrole substrate and the cyclic tet
rapyrrole product are puckered molecules where the direction of pyrrole nitrogens can be described
as up or down, with respect to the pseudo-plane of the final tetrapyrrole ring. The proposed mecha
nism suggests that the pyrrole nitrogens of the A, C and 0 rings will point towards a central point,
while the orientation of the B ring is less restrained.8o In order to facilitate the rearrangement ofring
0, the enzyme must position it such that the covalent connection to ring C is close in space to the
carbon containing the hydroxyl moiety on ring A.

Catalysis begins with rearrangement of ring A resulting in a positive charge on the pyrrole nitro
gen, loss of the hydroxyl moiety as water, and formation of the first azafuIvene intermediate (Fig.
12)?8,80-82 Subsequent bond rearrangements on ring 0 facilitate attack by the A ring azafuIvene on
the substituted a position ofthe O-ring pyrrole forrning a spirocyclic pyrrolenine intermediate that is
predicted to be the transition state. Collapse of the spiro intermediate occurs by breaking the bond
between the 0- and C-ring leaving a second azafuIvene on ring C. At this point, the enzyme must
alter the orientation of the O-ring such that the free a-position is in close proximity to the C-ring
azafuIvene. The final cyclic tetrapyrrole is formed through attack on the O-ring by the C-ring azafuIvene
with subsequent bond rearrangements returning the pyrrole rings to their minimum energy state.

The inherent symmetry of the mechanism containing two azafulvenes is attractive. The attack
on ring 0 by ring A in the second step is repeated mechanistically by the attack on ring 0 by ring C
in the fourth step. The mechanism also takes advantage of the inherent polarizablility ofthe pyrrole
nitrogens on all three rings involved. The current proposal higWights the possibility that a single
catalytic residue positioned near the pyrrole nitrogens ofall three pyrrole rings (A, C and D) may be
able to facilitate the reaction.

Support for this complex mechanism has been built uf, over the last thirty years and is summa
rized herein. Pioneering 13C-NMR studies by Bartersby 4,83 revealed that during cyclization the
C15-C16 bond is broken and that the C16-C20 and C19-C15 bonds are formed (Fig. 12). His
torically, the tetrapyrrole ring numbering starts with ring A carbon, such that the bridge carbons
are considered carbons 5, 10, 15, and 20. The bond breakage and bond formation must happen
sequentially since the free 0 ring pyrrole has never been isolated as an intermediate nor does it
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Figure 12. The enzymatic mechanism of uroporphyrinogen III synthase proposed for the catalytic forma
tion of uro'gen III versus the nonenzymatic cyclization to uro'gen 1. A spirocyclic intermediate has been
proposed as the uansition state, a hypothesis that is supported by the inhibitory effects of a synthetic
spirolactarn.74.78 Filled and empry circles on ring carbons reflect early l3C labeled NMR experiments and
highlight the bond changes of the proposed mechanism.7°.79 A ; CH2C02', P ; CH2CH2C02'.

function as a substrate.75 Interestingly, the linear asymmettic tetrapyrrole containing a 0 ring
that has the acetate and propionate side chains reversed still functions as a substrate for the en
zyme.84 The enzyme presumably functions along the normal catalytic trajectory and flips the 0
ring of this asymmetric substrate to produce the symmetric tetrapyrrole uro'gen 1. The result not
only reduces the mechanistic importance of the 0 ring side chains, but also confirms that the
asymmetric linear tetrapyrrole is not a normal catalytic intermediate.84

The existence ofan azafulvene intermediate was shown by trapping an aminomethylbilane prod
ucr by runnin~ the U3S reaction under cryogenic conditions in the presence of 200 mM ammo
nium chloride. 1The aminomethylbilane is postulated to form by reaction ofthe first azafulvene on
ring A with the free ammonium ion. Unfortunately, no amino-modified or reduced intermediate of
ring C has been trapped to support the existence of the second azafulvene. This may indicate that
either this portion of the catalytic reaction occurs deep inside an inaccessible enzyme active site, or
that the reaction proceeds through an alternative mechanism.8l

Early objections to the formation ofa spirocyclic intermediate focused on the potential instabil
ity of the cyclic compound. To test this h!e0thesis rwo spirocyclic intermediates were synthesized, a
spirolactam and a dinitrile pyrrolenine.8 The structure of the dinitrile pyrrolenine was determined
by X-ray crystallography confirming the viability and integrity of the proposed intermediate as well
as its highly puckered conformation (Fig. 13).85 Both compounds were isolated and tested as inhibi
tors ofU3S. The spirolactam (Fig. 12), differs from the proposed spirocyclic intermediate by con
taining an amide in place ofan imine and functions as a potent inhibitor of the enzyme with a K; of
1-2 IlM.80.82,86 This value is approximately equal to the Km for the HMB substrate,87 and supports
the theory that the spirolactam is mimicking the transition state intermediate.

The restrictions on pyrrole nitrogen and side chain modifications have been probed by testing
the activity ofU3S against a series ofmodified bilanes. The enzyme remains active against substrates
that have the acetate and propionate groups switched on either the C or 0 ring.84 The acetate and
propionate side chains on ring 0 can also be replaced by a methyl and ethyl groups, respectively,84,88
suggesting that the carboxylate moieties do not form specific contacts with the enzyme or playa role
in the electrostatics of the mechanism. In contrast, reversal of the side chains of either the A or B
rings result in a modified bilane that is no longer a substrate for U3S.88 It has been suggested that the



5-Aminolaevulinic Acid Dehydratase, Porphobilinogen Deaminase 63

Figure 13. The structure of a dinitrile pyrrolenine
determined by X-ray crystallography confirms the
viability and integrity ofthe proposed intermediate
ofuroporphyrinogen III synthase as well as thehighly
puckeredconformation ofthe intermediate (Fig. 12).

position and eleerron withdrawing potential of
the acetate moiety on ring A may influence the
rate and direction ofthe reaction.80 Indeed it has
been suggested that the direction in which the
spirocyclic intermediate breaks down may be fa
vored by the greater electron withdrawing effect
on the acetate moiety proximate to the C ring
rather than the weaker ~olarization ofthe propi
onate near the A ring. 0 In addition to poten
tially participating in the catalytic mechanism,
these side chains may form specific interactions

with the enzyme. Finally, methyl groups attached to the pyrrole nitrogens of the C and D rings also
inhibit catalysis supporting the need for a polarizable nitrogen in those positions.89

Coupled Enzymatic Assay
The understanding of the coupling between PBG deaminase and U3S prompted the develop

ment of a quick and efficient coupled enzymatic assay to replace earlier thin layer chromatography
separation of coproporphyrin products.87.90 The assay relies on the fact that the enzyme catalyzed
reaction to form uro'gen III is significantly faster than the uncatalyzed autocyclization of HMB to
form uro'gen I. The use of proper controls permits the subtraction of background uro'gen I forma
tion and eliminates the need for HPLC separation of the I and III isomers.91 The original assays
were analyzed spectrophotometrically by absorbance (~05) or fluorescence ("ex 399-404 nm; Aem
615-618 nm) to eliminate the need for the time consuming HPLC assays.87 Modern assays once
again incorporate HPLC analysis for quantitative determination of the I and III isomer ratios.9l

Briefly, purified PBG deaminase is mixed with wild-type or mutant U3S and preincubated 1-2
minures prior to the addition ofporphobilinogen. The reaction is allowed to proceed for 1-2 minutes at
3TC in Tris buffer at pH 8.2. Production of uro'gen III is terminated by the addition of strong acid
(either I2/TCA or HCl). When using the I2/TCA mixture the~roduer is further oxidized with metabisulfite
and acidified with HCl prior to absorbance measurements. Alternatively, the acidified mixture can be
oxidized by UV irradiation and monitored by HPLC analysis.93 HPLC analysis provides direct quantitation
of the I and III isomers, while the absorbance assay depends on a control experiment without U3S to
estimate background levels of uro'gen I formation.

Structure
The tertiary structure ofmammalian uro'gen III synthase has been determined by X-ray crystal

lography to 1.85 Aresolution (pdb code I]R2).93 The protein folds into two a~a sandwich domains
connected by a long two-stranded ~-sheet (Fig. 14A). The N-terminal two strands and one helix
combine with the C-terminal three strands and four helices to form domain I. The central portion
of the polypeptide creates domain 2 composed of a four stranded ~-sheet surrounded by four pri
mary and three minor a-helices. In each domain the l3-sheets are parallel and point towards the cleft
in the center of the molecule between the two domains.

The conserved residues cluster at the cleft between the two domains.93 U3S is the most diverse
enzyme in the heme biosynthetic pathway with species variation ranging from 77% identical be
tween human and mouse, to as low as 21% between human and Fusobacterium nucleatum. In con
trast, the mouse and human uro'gen decarboxylase enzymes are 92% identical. Aligning 34 different
U3S sequences reveals 12 residues that are identical in at least 33/34 sequences, Thr62, Ser63,
Thrl03, Glu127, Gly144, Gly159, Tyr168, Ser197, Pro198, Lys220, Gly225 and Thr228. These
residues primarily occupy two clusters, one on each side of the central cleft (Fig. 14A). The distance
between the two clusters is -15-20 A, but the size of the known structure of the dinitrile
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spiropyrrolenine is approximately 3-5 Ax ~ 12-14 A, suggesting that a significant conformational
change is required to form specific interactions with the substrate and catalyze ring closure.93

In support of a necessary conformational change, the recent crystal structure of U3S from an
extremely thermophilic bacterium, Thermus thermophilus (Tt) Hb8, reveals a "closed" conforma
tion94 (Fig. 14C). Three independent molecules of the T. thermophilus U3S from two crystal forms
exhibit two examples of"closed" enzymes. The most "closed" structure, from PDBcode lW07 can
be aligned with the human U3S using domain 2, residues 39-170, with RMS deviation values of2.5
A. An amazing rotation ofdomain 1 is apparant such that equivalent residues within the two struc
tures can be separated up to 24 Aapart. The rotation is not generated by the two domains clamping
down on each other like a jaw, but rather a 600 clockwise rotation of domain 1 with respect to
domain 2 (Fig. 14).

Aside from a few invariant residues involved in the hydrophobic core of the molecule, the only
two invariant potentially catalytic residues are Tyr168 and Thr228 (Figs. 14 and 15, human num
bering). These two residues are 4 and 9 Adistance from their Tt counterpart, but are separated from
each other by a distance of 19 A in the "open" human structure and only 13.8 A in the "closed" Tt
structure. This closure does not fully eliminate the gap between the two domains, but does reduce
the separation such that now side chains from the two domains can physically interact with each
other (Fig. 14). The addition of this "closed" conformation to the U3S story helps us appreciate the
flexibiliry of the U3S enzyme, but a substrate/product/inhibitor-bound complex is still needed to
provide the details of how the invariant residues might cooperate in the catalytic mechanism.

Human T.thermophilus
Front Side

Figure 14. The structure of human U3S in comparison to T. thermophilus U3S. The two structures are
aligned based on residues within domain 2; a large conformational change is observed in domain 1.
Conserved residues, hYI68(TtYI63) and hT228 (TtT225) are positioned on either side of the main cleft.
They are considerable closer to each other in the "closed" Tt crystal structure. A and E) Front view ofhU3S
in cartoon and surfaceshowing the locations ofhY168 and hT228 in small spheres and in black, respectively.
B and F) side view ofhU3S. C and G) Front view ofTtU3S. 0 and H) TtU3S side view.
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Figure 15. Alignment ofseveral diverse U3S sequences highlighring invariant residues hYI68 and hT228.
Secondary structure elements ofthe human U3S (PDBcode 1]R2) and the T thermophilus U3S (PDBcode
IWD7) are also shown.

Site-specific point mutations have been made in several of the conserved residues and mutant
enzymes were tested for their ability to catalyze the formation or uro'gen III (Table 1). Two different
groups have reponed mutational analysis on the human (h) and Anaeystis nidulam (an) enzyme
respectively, and though their results are strikingly different, the conclusions are similar.92,93 The
most controversial of mutations involves the hTyr168/anTyr166 mutations to Phe. The activity of
the human mutation is reduced to 50% of wild-type, while the reponed activity of the A.nidulas
mutation is -1%. While this seems like a disparate result, the results compare two different species
and use slightly different methodology. Both mutations were among the most severe of those tested
and strongly suggest a role in catalysis for this tyrosine. Human T1 03, equivalent with anT1 00, were
also mutared to Ala and shown to reduce the catalytic activity to 63 and - 25% of wild type respec
tively, The only other significant disruption of catalysis occurred in the hThr228 to Ala mutation
that only retained 32% ofcatalytic activity. Despite their conservation, many additional residues did
not show significant loss of activity when mutated (Table 1).

In lieu ofa ligand-bound crystal suucture, the exact details of this complicated catalytic mecha
nism remain mysterious. The location ofconserved residues, deleterious mutations and the known
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Table 1. The effects ofsite-specific mutations in uroporphyrinogen III synthase

Mutant

R15Q
T62A
S63A
S68A
R65A
Tl00A
Tl03A
Dl12G
E127A
Y166F
Y168F
S197A
K220A
T227A
T228A

Species

Anidulans
Human
Human
Anidulans
Human
Anidulans
Human
Anidulans
Human
A.nidulans
Human
Human
Human
Human
Human

Relative Activity (%)

100
97.8 ± 3.2
97.1±7.2
100
74.1 ± 3.4
25
63.5 ± 1.1
50
100.6 ± 10.6
<1
49.1 ± 1.3
101.1 ± 3.7
109.3 ± 4.3
115.2 ± 9.3
32.2 ± 3.1

Grouped mutations represent the analogous residue in the two species, human89 and A nidulans.88

structure of potential inhibitors all suggest that the two structural domains must close upon the
active site during catalysis to impose a rigid framework within which the enzyme could specifically
facilitate catalysis. Whether the reaction is catalyzed by a specific general acid or general base re
mains to be seen.

Disease
Deficiency in U3S results in congenital erythropoietic porphyria (CEP; Chapter 20) a disease

causin~ severe photosensitivity due to the accumulation of photocatalytic porphyrins in the tis
sues.9 -115 To date at least 36 diffetent genomic mutations have been identified in patients exhib
iting CEp, 4 mutations in the 5'untranslated region of the erythroid specific transcript, 21 mis
sense mutations and 11 other mutations including splice defects, shifts in reading frame, and
multiple nucleotide deletions (Table 2) (reviewed in ref. 96). The location of the missense muta
tions can be mapped to the structure of the enzyme.93 Since the publication of that report, eight
additional mutations have been reported10I and the predicted structural effect ofall the described
mutations is reported in Table 2.

Conclusion
The three enzymes described in this chapter catalyse the conversion of 5-aminolaevulinic acid

(ALA) to a cyclic tetrapyrrole: uroporphyrinogen III; the final step involving tetrapytrole ring clo
sure and a remarkable stereochemical reartangement of the D pyrrole ring. The first enzyme, ALA
dehydratase, is predominantly an octameric protein but the intriguing findings of hexameric forms
of this enzyme and the suggestions that marked changes in the alternative quaternaty structutes
provide a means of regulating the activicy29 are worthy of much further study. Other fascinating
aspects, such as the metal ion dependency of the enzyme from different species and the recent
findings that some appear to be completely metal-independenr8 along with the variable occurrence
ofan allosteric site, raise many questions for further research. Likewise, studies ofsubstrate binding
and the role of domain movements in both porphobilinogen deaminase and uroporphyrinogen III
synthase will be important to define the conformational manoeuvring that takes place both in the
enzyme and the substrate during catalysis.
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CHAPTER 4

Transformation of Uroporphyrinogen III
into Protohaem
Johanna E. Cornah and Alison G. Smith*

Abstract

Haem is an essential cofactor for virtually all organisms. It is made from the common
tetrapyrrole progenitor, uroporphyrinogen III, by four sequential enzymes:
uroporphyrinogen III decarboxylase, coproporphyrinogen III oxidase, protoporphyrinogen

IX oxidase, and ferrochelatase. Each of the enzymes catalyses a remarkable reaction, with the first
three required to carry out the same reaction at multiple sites on the substrate molecule. Now that
the crystal structures are available for each of the proteins, the mechanisms of these essential en
zymes are beginning to be elucidated. Despite the universality ofhaem synthesis however, there are
differences between organisms. Firstly in many bacteria there are anaerobic forms of the two oxi
dases, which appear to have completely different origins from the aerobic forms found in eukary
ores. Secondly, in certain bacteria some or all of these enzymes are missing completely; either they
are pathogenic and can take up haem from their host, or there are alternative, as yet uncharacterized,
enzymes. Finally, within the eukaryotes, the subcellular distribution of the enzymes differs depend
ing on the organism, which has ramifications for the regulation of the biosynthetic pathway.

Introduction
Uroporphyrinogen III (Fig. 1) is the first cyclic tetrapyrrole and the backbone for all the bio

logically active tetrapyrrole-derived molecules in living systems. The insertion of divalent metal
ions and elaboration of the side chains of this macrocycle generate some of the most biologically
important and widespread molecules on earth (Chapter 1). The most abundant is chlorophyll
(and bacteriochlorophyll), characteristic of photosynthetic organisms. Haem is synthesized by the
vast majority of all eukaryotes and prokaryotes, although there are some notable exceptions in
cluding certain obligate pathogens such as Haemophilus influenzae, I and the nematode worm
Caenorhabditis elegans.2 Further metabolism of haem leads to the production of bilins, linear
tetrapyrroles that act as light-harvesting pigments or sensors in photosynthetic organisms (Chap
ters 12 and 13), and may playa signaling role in animals. All these molecules are derived from
protoporphyrin IX, synthesized from uroporphyrinogen III by oxidation and decarboxylation
reacrions. Alternatively, uroporphyrinogen III is methylared for direction into the synthesis of
sirohaem, and the corrins, coenzyme F430 and vitamin BI2 (Chapters 18,19 and 20).

This chapter considers recent advances in our understanding of the universal part of the path
way that converts uroporphyrinogen III into protohaem. This conversion is achieved by the action
of four enzymes: uroporphyrinogen III decarboxylase (UROD), coproporphyrinogen III oxidase
(CPO) (or CP dehydrogenase in some bacteria), protoporphyrinogen IX oxidase (PPO) and
ferrochelatase (Fig. 1). The first two of these enzymes catalyse oxidative decarboxylations of the
substituents of the porphyrin rings, PPO then oxidizes the colourless protoporphyrinogen IX to
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the fully conjugated protoporphyrin IX, and finally the insertion of ferrous iron is catalysed by
ferrochelatase. These enzymes are remarkable in the reactions that they catalyse, and in the exquis
ite regulation that they must be under to avoid the uncontrolled accumulation of the pathway
intermediates, which are toxic. Studies of the enzymes from four disparate groups of organisms
have each provided a unique perspective on the pathway. Budding yeast (Saccharomyces cerevisiae)
can respire anaerobically, and so mutants defective in haem synthesis, and therefore devoid of
mitochondrial cyrochromes, can be teadily generated. These have provided a valuable resource for
cloning ofgenes by functional complementation, not just ofthe endogenous yeast genes,3 but also
those &om other organisms, and for testing that genes identified by genome sequencing are indeed
functional.4•5 The study of these enzymes in mammals has been driven in part by the importance
of haem synthesis in erythrocytes, and by the fact that defects in the enzymes lead to the diseases
known as porphyrias (Chapter 5). In plants, haem synthesis must take place concomitantly with
that for chlorophyll, with the two chelatases competing for the protoporphytin IX macroeycle as
substrate. The subcellular location and organization of the enzymes in the plant cell may well play

UROPORPHYRINOGEN III

COlll

UROD

COPROPORPHYRINOGEN III

COOH

COOH COOH COOH COOH

~~y2
CPO (HemF)
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H3C

PPO 6Y
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\ ..
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( (
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Figure 1. Interconversion ofuroporphyrinogen III to haem, carried our by four enzymes. In eukaryotes these
are uroporphyrinogen III decarboxylase (UROD), coproporphyrinogen III oxidase (CPO; encoded by
hemp), protoporphyrinogen IX oxidase (PPO), and ferrochelatase. In many bacteria the second step is
catalysed under anaerobic condition by an unrelated enzyme called CP dehydrogenase (encoded by hemN).
There is also an anaerobic form of the third enzyme, which has not been well-characterised.
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a role in the regulation of this branchpoint (Chapter 15). Lastly, the ability ofsome bacteria ro live
anaerobically means that the oxidation of coproporphryinogen III and protoporphyrinogen IX
must be carried out by enzymes that do not require molecular oxygen. In fact it is becoming clear
that there is much more variation in haem synthesis enzymes in prokaryotes than had previously
been thought (reviewed by reE 1).

All four enzymes have been purified from a variety ofsources, and the genes encoding them have
been cloned. Despite some differences in the pathways between organisms, the sequences of these
enzymes show that there is a high level of functional conservation in bacteria, yeast, mammals and
plants. Figure 2 shows the phylogenetic relationships between the enzymes from different sources,
discussed in more detail in the sections on individual enzymes. However, it is possible to discern a
common theme, namely that the enzymes form animals and yeast form a clade, as do the plant and
algal enzymes, whereas those from bacteria are more variable. As well as generating sequence infor
mation, cloning of the genes has allowed overexpression of recombinant proteins, providing the
opponunity to investigate the kinetic characteristics and the reaction mechanisms in some detail.
This has been enhanced spectacularly in recent years by the publication of the crystal structures of
each of the enzymes. At the same time, studies of the enzymes in vivo are beginning to provide an
insight into the organisation and regulation of the pathway as a whole.

Uroporphyrinogen III Decarboxylase
Uroporphyrinogen III decarboxylase (UROD, EC 4.1.1.37), reviewed in detail by

Shoolingin-Jordan,6catalyses the decarboxylation ofthe four acetate side chains ofuroporphyrinogen
III to generate coproporphyrinogen III (Fig. 1). In plants, bacteria and yeast, this enzyme must
compete for uroporphyrinogen III with uroporphyrinogen III methylase, the first enzyme on the
pathway to sirohaem and corrin biosynthesis (Chapters 18, 19 and 20), but lime or nothing is
known about the regulation of this branchpoint in any organism. UROD has been purified from
many species including bacteria, yeast and humans, and the genes cloned. Sequence similarity be
tween UROOs from different organisms is of the order of 10% identity and 33% similarity, with a
region at the N-terminus where 8 out of 10 residues are invariant. Phylogenetic analysis (Fig. 2A)
shows that human, mouse, Drosophila melanogasterand yeast (5. cerevisiae) URODs cluster together
with those from the eubacteria E. coli and Bradyrhizobium japonicum, whereas the plant enzymes
form a distinct clade with that from the photosynthetic cyanobacterium Synechocystis, suggesting
that the plant enzyme was derived from the endosyrnbiont that gave rise to chloroplasts. In the
higher plant Arabidopsis thaliana, a second gene for URO0 is present that does not cluster with the
enzyme from tobacco and Synechocystis, suggesting that it evolved separately, or alternatively is a
pseudogene. This laner suggestion is rendered more likely by the observation that in the completed
genome sequence of rice, Oryza sativa, there is only a single gene for UROD.

The crystal structures of both the human? and tobacco enzymes8have been solved and found to
be dimeric, as was the recombinant human protein, although that purified from yeast was reponedly
monomeric.9 Each protomer is a single domain containing a (~a)8 barrel, with an active site clefr
containing a number of invariant polar residues. These include several arginines and a histidine,
likely to be involved in binding the carboxyl groups ofthe substrate, and aspartate-86 and tyrosine-164
(human numbering) that may function in catalysis.

UROD is the only known decarboxylase without a requirement for prosthetic groups or cofac
tors. The reaction proceeds through intermediate porphyrinogens with 3, 2 and 1 acetate groups.
Although under conditions ofsubstrate excess the decarboxylations are found to occur in a random
order, at physiological substrate concentrations the reaction occurs in an ordered fashion staning
with the acetate on ring 0 followed by rings A, B and finally C.10 The absence of repetitive motifs in
the sequence ofUROD, together with the fact that the chirality ofeach ofthe four acetate a-carbons
is the same and conserved during the decarboxylation reactions,6 provides evidence that there is a
single active site on each subunit. The substrate and each of the three intermediates are quite differ
ent from one another, so it is remarkable that all four decarboxylations should be catalysed by one
enzyme. Funhermore, to position ring A at the same active site as that for the decarboxylation of
ring 0, the first reaction intermediate would have to flip by 180". One possible explanation for the
reaction mechanism draws on the fact that the two funnel-shaped monomers are in head-to-head
orientation, such that the two active sites are at the interface. This creates a single extended cleft that
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is more protected from the solvent, and could accommodate two substrate molecules. On the basis
of this, it was proposed that ring D decarboxylation occurs on one monomer, then moves to the
active site of the second for decarboxylation of ring A, without the need for flipping.8 An alternative
proposal has come from the crystal structure of human UROD in complex with the product
coproporphyrinogen III.II In this structure the tetrapyrrole is moulded into a highly nonplanar
domed conformation, such that the central NH groups of the pyrrole rings are precisely orientated
to hydrogen bond with the 001 atom of the invariant Asp86. The authors propose a catalyric
mechanism in which protonation of a en atom of the pyrrole ring is stabilized by Asp86, the only
negatively charged side chain in the active site. This protonated pyrrole ring would then act as an
electron sink allowing decarboxylation to occur, in a manner analogous to pyridoxal phosphate
dependent decarboxylases. There is little specific coordination of the peripheral substituents, and
the propionate groups are partially exposed to solvent. The central binding ofAsp86 with the pyr
role NH groups would thus allow identical interactions to be made with protein as the substrate and
the intermediates bind and rebind afrer rotating 90" about the contact point with Asp86. II

Prokaryotic UROD is encoded by the hemE, which in many gram positive bacteria, such as B.
subtilis, is in an operon with genes for protoporphyrinogen IX oxidase (hem}') and ferrochelatase
(HemI-f).12 The hemE gene, with considerable similarity to its eukaryotic homologue, is present in
most prokaryotic genomes thus far sequenced, with notable exceptions being a number ofpathogenic
bacteria, where some, or all, of the haem biosynthesis genes are missing. I This presumably reflects the
loss of many biosynthetic genes from these so-called degenerate genomes during their evolution into
the pathogenic lifestyle. Haem is either taken up from the host, as in Haemophilus injluenzae, or dis
pensed with altogether as in the spirochaete Borrelia burgdorferi. Interestingly many archaea do not
have a recognizable hemE gene (nor indeed genes for the other three enzymes to haem), and yet they
possess haem-dependent proteins. I It is unlikely given the ecological niches ofthese extremophiles that
they have an available source ofexogenous haem for uptake, and thus presumably have an alternative,
as yet uncharacterized, route for haem biosynthesis. Indeed evidence for such an alternative comes
from radiolabelled feeding studies with the sulphur-reducing bacterium Desulfovibrio vulgaris, which
identified the conversion of uroporphyrinogen III into coproporphyrinogen via precorrin 2, an inter
mediate of the corrinlsirohaem pathwayl3 (see Chapter 18).

Coproporphyrinogen III Oxidase/Dehydrogenase
The next step in the sequence catalyses the oxidative decarboxylation of ring A and B propionate

groups to vinyl groups to generate protoporphyrinogen IX (Fig. 1), (reviewed in detail by Akhtar reE
14). As for UROD, the enzyme thus carries out the same reaction at more than one site on the
substrate, so any reaction mechanism must provide an explanation for this. In eukaryotes, the reac
tion is catalysed by CPO, requiring molecular oxygen to act as an electron acceptor and results in the
release of 2 molecules of carbon dioxide per molecule of coproporphyringen III oxidized (CPO
oxygen-dependent, EC 1.3.3.3). However, in anaerobic and facultatively-anaerobic bacteria there is
another enzyme that converts coproporphyrinogen III to protoporphyrinogen IX, encoded by hemN,
that does not require oxygen. The two forms ofthe enzyme share no sequence identity, indicating rhat
they evolved independently ofone another. In prokaryotes, the oxygen-dependent CPO (encoded by
hem}) is restricted to contain subclasses of the Proteobacteria and cyanobacteria, I and the
oxygen-independent form, HemN, represents the more common form of the enzyme. Since HemN
does not use molecular oxygen, a more appropriate name for the enzyme is coproporphyrinogen III
dehydrogenase (EC 1.3.99.22). In facultative bacteria like E. coli both genes are present, and the
expression ofthe hemNgene is induced by oxygen limitation. HemN from E. coli has been overexpressed
and purified under strict anaerobic conditions. 15 Maximal activity required SAM, NAD(P)H and
cytoplasmic extracts of E. coli, and little or no activity was measurable without the extract, so it is
likely that this provided the electron donors/acceptors for the reaction. The enzyme was a monomer
of 52 kDa, and contained an oxygen-sensitive 4Fe-4S cluster that was essential for enzyme activity.
Sequence similarity to other Fe.S proteins suggested that the enzyme was a member of the radical
S-adenosyl methionine (SAM) family. In the reduced state, the Fe.S cluster ofthese enzymes transfers
an electron to SAM, causing cleavage to produce a highly reactive 5'deoxyadenosyl radical. This can
then abstract a hydrogen from the substrate. The crystal structure of E. coli HemN with SAM bound
provided the first structural indication ofthe mechanism of radical SAM enzymes.16 The protein has
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two domains, the largest one (residues 36-364) being a curved (j3a)6 barrel enclosing the aerive sire
pocket, which bears some structural similarity to (~a)8 (TIM) barrels. The 4Fe.4S cluster is locared
here, coordinated by three cysteines, and the fourth Fe is coordinated by a juxtaposed SAM molecule.
Intriguingly a second SAM is bound close by, and modeling the subsrrate coproporphyrinogen III
into the structure led to speculation that this may be involved in oxidation ofthe second propionate
side-chain, but further work is necessary to resolve this question.

Our understanding ofthe oxygen-dependent CPO is also incomplete, although we have consid
erable information about the protein and the expression ofthe gene in animals (see Chapter 7). The
eukaryotic enzyme is a homodimer ofsubunits ofabout 35 kDa in yeast and plants,5 and 50 kDa in
humans. I? Both the plant and mammalian enzymes are synthesized initially as precursor proteins
with N-terminal extensions to direct import of the protein into the chloroplast and mitochondrion
respectively (see seerion 6.!), but the mammalian enzyme has an additional 100 or so residues at the
N-terminus of the mature protein. There is considerable sequence similarity throughout the pro
tein, but particularly at the C-terminus, where there is a stretch of 35 amino acids ofwhich 24 are
identical between animals, bacteria, yeast and plants. Phylogenetic analysis (Fig. 2B) reveals a virru
ally congruent tree to that for URaD except that this time the cyanobacterial enzyme is quite
dissimilar to CPO from all other organisms. In this case, plant CPO was presumably derived from
the eukaryotic host nucleus rather than the chloroplast progenitor.
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Figure 2. Phylogenetic trees for proteins for each of URaD, CPO, PPO and FC from representative
organisms with complete genome sequences, together with some sequences mentioned in the text.
H. sapiens; human; M. musculus; mouse; D. melanogaster; fruit fly; S. cerevisiae ; budding yeast;
B. japonicum ; Bradyrhizobium japonicum (soil bacterium); N. tabacum ; tobacco; A. thaliana ;
Arabidopsis; O. sativa; rice; G. max; soybean; S. oleracea ; spinach; C. reinhardtii; Chlamydomonas
reinhardtii (green alga); B. subtilis ; Bacillus subtilis; C. sativum ; cucumber. Note that that the only
bacterial species to encode PPO is B. subtilis. Amino acid sequences were aligned using CLUSTALW
(http://clustalw.genome.jp/). The sequences were trimmed to remove all insertions so that the se
quences for each enzyme were the same length, and then used to draw Neighbor-joining trees.
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The enzyme has an absolute requirement for molecular oxygen for activity, which led to the
proposal of a metal ion involved in catalysis. Recombinant mouse CPO was reponed to contain
bound Cu2

+ ions, IS whereas purified HemF from E. coli was found to have 0.2 - 0.6 mol of manga
nese/ mol of protein, and the enzyme was stimulated by exogenous manganese. I9 Mutant forms in
which highly conserved histidine residues were altered to leucine were inactive, and for two of these
(Hisl06Leu and His96Leu) the amount of manganese bound was reduced or abolished. However,
the crystal structures of both the yeasro CPO, solved to 2 A, and that from human, solved to
1.58A,17 show no evidence for a bound metal ion. Indeed even when crystals of the human enzyme
were grown in the presence of transition metals Fe, Zn, Mn or Cu, none were found in the X-ray
data. Moreover, the conserved histidines are too far apm (14-22 A) in the structure to serve as
metal-ion ligands.

The CPO protein from both yeast and humans is dimeric and adopts a novel 7-stranded antipar
allel sheet flanked by helices, with a deep active site clefr, lined with conserved residues. In one
crystal form of the yeast enzyme, the cleft is closed to bulk solvent by movement of a helix over the
entrance. The enclosed cavity has the dimensions of the substrate, which could be modeled into the
space, although the resolution of the current structure was insufficient to establish which residues
are involved in substrate recognition. In the human enzyme, solved to higher resolution, a citrate
molecule was identified bound in the active site, allowing residues Ser244, His258, Asn260, Arg262,
Arg282 and Arg 332 to be assigned roles in substrate binding and decarboxylation. Furthermore
His258 is positioned appropriately to be involved in catalysis, as previously predicted from muta
tion studies on mouse CPO. IS No other cofactors appear to be required for CPO, and the reaction
mechanism for the two oxidative decarboxylations is completely unknown, although information
from the crystal structures has been used to propose schemes involving proton abstraction from the
porphyrin ring, and direct reaction of the substrate with molecular oxygen. 17.21

Nevenheless, it has been demonstrated conclusively that the decarboxylations ofthe propionates
proceed in strict order, with the A ring proprionate first, followed by that on ring B. The propionate
groups on rings C and D are not substrates, but they do appear to influence enzyme activity,22
providing evidence for a model of the active site involving recognition ofthe proprionate on ring C.
Above a cenain threshold, increasing amounts ofeither the natural substrate or analogues where the
propionates on rings C and D were modified resulted in a reduction in enzyme activity. This was
found to be due to inhibition by the product protoporphyrinogen IX,23 suggesting that this may be
a means of regulation ofCPO in vivo. Interestingly, over-expression ofthe oxygen-dependent CPO
from E. coli and mouse can mediate the conversion ofprotoporphyrinogen IX to protoporphyrin IX
in an E. coli hemGmutant defective in PPO activity.24 This suggests that the enzyme is able to accept
either copro- or protoporphyrinogen as substrate, but is presumably prohibited from doing so by
strict substrate allocation within the cell (see below).

Protoporphyrinogen IX Oxidase
The penultimate step ofprotohaem synthesis is the conversion ofthe colourless protoporphyrinogen

IX to the highly conjugated protoporphyrin IX (Fig. 1). This reaction can occur spontaneously in the
light in the presence ofoxygen, but is catalysed in vivo by the enzyme protoporphyrinogen IX oxidase
(PPO; oxygen-dependent, EC 1.3.3.4), (reviewed in derail by Akhtar re(14).

The teaction requites the removal of6 electrons, and in eukaryotes and some bacteria, such as B.
subtilis, molecular oxygen acts as the electron acceptor, and three hydrogen peroxide molecules are
released per protoporphyrinogen IX oxidised. PPO requires a flavin cofactor for activity, and must
be extracted from the membranous fraction of the cell using detergent; its activity in vitro is stimu
lated by the addition of farty acids or phospholipids. It is a dimer of subunits ofabout 50 kDa, and
when purified contains FAD, associated with a highly conserved dinucleotide-binding motif, found
also in monoamine oxidases and phytoene desaturase.25 The enzyme from different organisms shares
limited overall sequence similarity, but a clear flavin-binding domain is conserved in all. Higher
plants have two isoforms of the enzyme, found in chloroplasts and mitochondria respectively (see
below),26 with the chloroplast isoform clustering with the enzyme ftom the green alga Chlamydomo
nas reinhardtii (Fig. 2C). Interestingly, the two higher plant forms are as dissimilar to one another as
they are to the animals/yeast clade, suggesting that they diverged from one another early on in the
plant lineage.
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In eukaryotes PPO is on the outer surface of the inner mitochondrial membrane, and in plant
chloroplasts it is associated with both the thylakoid and envelope membranes.27 However, the pri
mary amino acid sequence of the enzyme from all sources reveals no obvious membrane spanning
regions of the protein, leading to the proposal that membrane anchoring might be mediated by
acylation of PPO with a farry acid.28 Further understanding of its association with the membrane
has come from the recent crystal structure of the mitochondrial isoform PPO-II from tobacco,
complexed with a phenyl-pyrazol inhibitor.29 The structure reveals a dimer, with each protomer
made up of three domains: an FAD-binding domain, a substrate-binding domain enclosing a nar
row caviry, and finally an alpha-helical domain that encompasses most of the dimer interface, and is
likely to constitute the membrane anchor. Helices (l4, (l5 and (lII contain apolar residues that would
face the lipid part of the membrane, and would insert monotypically, essentially spanning just one
half of the bilayer. Modeling the substrate into the active site demonstrated that the methylene
bridge C20 between rings A and 0 is orientated towards the reactive N 5 atom of FAD. The narrow
caviry precludes rotation of the substrate, so the authors propose that the other hydride abstractions
occur from C20, afrer imine-enamine tautomerisations. Beneath the active site there is aU-shaped
channel leading into the membrane bilayer, which the authors suggest might provide a means to
deliver the product, protoporphyrin IX, to the next enzyme ferrochelatase. It was possible to dock
the structure of tobacco PPO-II with that of ferrochelatase from humans, such that there were
considerable interactions between residues in the two enzymes.29

The location of the enzyme on a membrane has implications not just for the regulation of tet
rapyrrole synthesis within cells (see below), but also for the mechanism ofaction ofthe light-dependent
peroxidising herbicides, tetrahydrophthalimides, and diphenyl ethers such as acifluorfen. These in
hibit PPO at nanomolar levels by competing with protoporphyrinogen IX at the substrate binding
site.30 The result is the accumulation of the product of PPO, protoporphyrin IX, which rapidly
partitions into the plasma membrane causing lipid peroxidation. The explanation for this apparent
contradiction is that inhibition of PPO leads to a build-up of its substrate protoporphyrinogen IX,
which then accumulates in the cytosol.31 Here it can be rapidly oxidized either nonenzymically or by
a nonspecific oxidase in the plasma membrane or ER32 and the protoporphyrin IX that results is
then not accessible to ferrochelatase or Mg-chelatase.31 The implication of this observation is that
PPO has a role to play in the transport ofprotoporphyrin(ogen) IX into the matrix of the mitochon
drion, where the active site of ferrochelatase is located (see below). These herbicides have their effect
only in the light, because this is required for the lipid peroxidising effects of protoporphyrin IX.
Nevertheless, oxygen-dependent PPO from all organisms is sensitive to these compounds, and this
properry has been used to probe the active site ofPPO from yeast and human, and to test candidate
drugs for the photodynamic therapy ofcancer.33

As is the case for CPO, an oxygen-independent PPO, apparently unrelated to the
oxygen-dependent enzyme, exists for the generation of haem and/or bacteriocWorofhyll in many
bacteria, but unlike CPO, only a single form of PPO is present in anyone cell.3 Whereas the
gram-positive B. subtilis has a eukaryotic PPO, E. coli encodes no genes with sequence similariry to
this enzyme. Instead, the so-called hemG mutant of E. coli, which had no measurable PPO activiry,
was rescued by a gene that encodes a protein of 21 kDa.35 However, the overexpressed HemG
protein did not have PPO enzyme activiry, suggesting that this protein is a subunit of a larger
complex. This may well be because of the need for the coupling of the oxygen-independent
protoporphyrinogen oxidation to the respiratory chain. It has been shown that any compound that
can serve as a terminal oxygen-acceptor will allow protoporphyrinogen oxidation,34 in a reaction
unaffected by herbicides such as acifluorfen. Interestingly, the E. coli hemG mutant can be comple
mented with clones encoding the oxygen-dependent PPO from tobacco and mouse,26,36 revealing
functional, if not sequence, conservation.

In a search for orthologues ofhemGor hemY (the bacterial gene encoding oxygen-dependent PPO)
in genomes of prokaryotes that contain all the other genes of haem synthesis, only 14 of 28 genera
examined contained a recognisable PPO gene. I As the authors conclude, this represents a major gap in
our understanding ofhaem biosynthetic pathway in prokaryotic systems. Althour the reaction catalysed
by PPO can proceed nonenzymically in vitro, PPO mutants in E.col? and B. subtiliP are
haem-defective, illustrating an absolute requirement for PPO activiry. It is likely that either there is an
unidentified PPO in prokaryotes, or another protein has PPO activiry, as is clearly the case in higher
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plants treated with the PPO-inhibiting herbicides.30.32Alternatively, as explained above, it may be that
this reaction can be catalysed by CPO when present in excess.37

Ferrochelatase
The terminal enzyme ofprotohaem synthesis, ferrochelatase (EC 4.99.1.1), reviewed in detail by

Oailey,38,39 is by far the most well-characterized of the haem-synthesis enzymes. It catalyses the
incorporation of ferrous iron into protoporphyrin IX to generate protohaem, and ferrochelatases
isolated from various sources all have very similar catalytic properties. This indicates that the major
features ofthe reaction are conserved, although a notable difference is that whereas thee~me from
B. subtilis is a water soluble monomer,40 eukaryotic ferrochelatases appear to be dimers.4 ,42 These
are associated with the mitochondrial membrane, and in plants, also with the cWoroplast mem
branes43,44 (discussed in more detail below). The enzyme requires no cofactors for activiry, but in
vitro the yeast enzyme has an absolure requirement for fany acids to be active,42 indicative of its
association with the inner mitochondrial membrane. Genes encoding ferrochelatase have been iso
lated and cloned from many organisms. Like PPO, higher plants have two ferrochelatase isoforms,
but in this case they are more closely related to each other than to the enzyme from other organisms,
indicating that they evolved ilier the divergence of plants from animals and fungi (Fig. 20).

Ferrochelatases can use a range ofporphyrins and divalent metal ions as substrates. Among other
variants of the substituents on rings A and B, both mesoporphyrin (where the vinyl groups at posi
tions 2 and 4 are replaced with ethyl groups) and deuteroporphyrin (with H at positions 2 and 4) are
good substrates, and the higher solubiliry in aqueous solution ofdeuteroporphyrin has meant that it
is often used in enzyme assays in vitro.45 In contrast, the propionate groups on rings C and 0 appear
to be crucial for enzyme activity, possibly to allow correct orientation of the porphyrin macrocyle
within the active site of the enzyme. Similarly, N-alkylporphyrins are not substrates, but are
potent inhibitors, with K j for N-methyl-protoporphyrin of 1,10 nM. These compounds have a
distorted macrocycle structure, which has been proposed to act as a transition state analogue (see
below).39 In addition to ferrous iron, a range of bivalent cations can be utilized by ferrochelatase,
including C02

+ and Zn2
+, although the specificity varies with the source ofthe enzyme. Ferric iron is

not a substrate, and understanding the mechanism of reduced iron delivery to ferrochelatase in vivo
is an important question.

Studies of ferrochelatase using a variety of approaches, including kinetic studies of the enzyme,
investigation ofmetallation by catalyric antibodies, and resonance Raman spectroscopy, all support a
model in which the enzyme causes distortion of the porphyrin to a nonplanar conformation, thus
facilitating the insertion ofthe metal ion (reviewed in re£ 39). The results ofsolution studies ofnonen
zymatic metalation are consistent with a so-ealled "sitting atop complex" where the incoming metal sits
on the porphyrin macrocycle, as the pyrrole protons leave from the opposite side. Assuming that the
enzymic mechanism is similar, this would mean that the active site has residues involved in metal
binding on one side, and those for the abstraction ofprotons from the pyrrole nitrogens on the other.

Support for these proposals has come from the X-ray crystal structure of ferrochelatase from
three sources, B. subtilis, human and yeast.40,41,46 The structures show a remarkable degree ofstruc
tural and active site residue conservation, despite sequence identity of less than 1O%berween the
human and bacterial proteins. The structure of the B. subtilis enzyme and each protomer of the
dimeric eukaryotic enzyme are essentially similar. They are composed of two similar domains each
containing a four-stranded parallel beta sheet and five or six alpha helices. The enzyme has an obvi
ous cleft structure approximately 25 Adeep, which contains a catalytically important histidine resi
due conserved in all organisms. Most informatively, the B. subtilis enzyme has been crystallized with
a tightly bound molecule of N-methyl-mesoporphyrin at the active site, in which the distorted
macrocycle is clearly visible.47 The B. subtilis ferrochelatase possesses a coordinated hydrated magne
sium ion that may interact with the active site metal coordination site based on its location and the
experimental observation of stimulation of metal ion chelation by magnesium. Interestingly, the
human ferrochelatase has a Ni2+ ion coordinated in a similar position. The structure of the yeast
enzyme has been solved with both C02

+ (a substrate) and Cd2
+ (an inhibitor), and the metal binding

site has been confirmed to be the invariant H235, E314 and S275 residues.46

The eukaryotic enzyme is a homodimer and evidence from yeast suggests the enzyme displays a
clear asymmetry between the monomers with respect to the porphyrin binding cleft and the mode
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of metal binding.46 The sites involved in dimerization contain a number of hydrophobic residues,
which are found to be conserved in all eukaryotic ferrochelatase sequences. Animal ferrochelatases
and that from fission yeast, Sehizosaeeharomyees pombe, but not those from S. eerevisiae or higher
plants, contain an iron-sulphur cluster at the C-terminus of each monomer. An unusual cysteine
binding motif is involved in Fe-S cluster binding. The role of the Fe-S cluster is at present unknown
although several proposals have been made including a structural role, as an iron response element,
or in antioxidative protection offerrous iron.39

Uniquely among the eukaryotes, higher plants contain two ferrochelatase genes.4.48 The proteins
they encode show a high degree of sequence conservation (73 to 90% amino acid identity in mature
proteins), but fall into two distinct classes based on amino acid similarity (Fig. 2D). Class II ferrochelatases
are found exclusively in chloroplasts, and are likely to be involved in synthesis of haem for photosyn
thetic eytochromes.49 They contain a C-terminaJ LHC motif, which is characteristic of the the gene
family encoding the light harvesting chlorophyll alb binding proteins.50 In these proteins the LHC
element forms a membrane spanning helix with conserved residues involved in binding chlorophylls a,
band carotenoids, which are thought to have a role in photo-protection of the light-harvesting com
plexes. The presence ofan LHC element in one ofthe ferrochelatases has been proposed to act either as
a membrane anchor for the thylakoid membrane, or more functionally, as a way of providing
photo-protection for the intermediates ofporphyrin biosynthesis.51 Class I ferrochelatases are likely to
be involved in haem synthesis for haem proteins in mitochondria and other cellular locations such as
the ER and peroxisomes.49 However, both isoenzymes are found in chloroplasts, implying that there
may be some spatial separation of the two activities within the organelle.

Another unique feature offerrochelatase in photosynthetic organisms is that it must compete for its
substrate, protoporphyrin IX, with Mg-chelatase, the first enzyme on the chlorophyll branch (Chapter
14).52 Although both enzymes catalyse essentially similar reactions, namely the insenion ofa divalent
cation into protoporphyrin IX, Mg chelatase is quite different from ferrochelatase, comprising three
nonidentical subunits (Chl H, Chll and Chl D) and requiring ATP for activity.53 An intriguing
insight into the possible evolution of these enzymes has come from the study of cobaltochelatases,
involved in vitamin BI2 synthesis (Chapter 18), of which there are two kinds, one of which operates
under aerobic conditions, and after ring contraction, whereas the other acts early on in the pathway
before ring contraction.54 The aerobic enzyme, for example found in Pseudomonas denitrifieam, re
quires ATP for activity and is a trimeric enzyme where one of the subunits (CobN) has considerable
sequence similariry to Chl H. In contrast, the other cobaltochelatase, such as that from Salmonelkz
typhimurium, is monomeric and has no ATP requirement. Most remarkably, the crystal structure ofthe
enzyme has revealed that it has essentially an identical fold to that of ferrochelatase. 54

Org.uWmtionofPailiway
The conversion of uroporphyrinogen III to haem in vivo is much more than the sum of the

individual enzyme reactions, not least because ofthe need to regulate this pathway to avoid build-up
of the intermediates. The imponance of this is illustrated by the serious consequences when these
enzymes are deficient. The accumulation of excess intermediates results in porphyrias in humans
(Chapter 5), and severe photobleaching damage in bacteria55 and plants.30.56 The production of
haem must also be coordinated with the production of the cognate apoproteins (Chapter 9). In
photosynthetic organisms, the utilization of protoporphyrin IX for haem synthesis must compete
with that for chlorophyll (Chapter 15). In this section, we consider the physical organization of the
enzymes within the cell, and the role this might play in the function and regulation of the pathway.

Association with Membranes
The current view is that UROD is soluble, since the native enzyme from all organisms studied,

and recombinant forms expressed in E. coli, can be purified from the soluble phase.9 Similarly, the
oxygen-dependent CPO in bacteria and plants is a soluble enzyme,3 but it is loosely associated
with mitochondrial membranes in animals and yeast. 17,18 Both PPO and ferrochelatase are also
membrane-associated in most organisms; although the well-characterized B. subtilis ferrochelatase
is a soluble protein,40 this seems to represent a rare exception. In anaerobic organisms, the
oxygen-independent coproporphyrinogen dehydrogenase (HemN) is of necessiry membrane
associated in order to use components of the respiratory chain as electron acceptors,15 and this
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may also be true of oxygen-independent PPO. However, oxygen-dependent oxidases require no
other cofactor, and instead the membrane-association of the terminal three enzymes ofhaem syn
thesis in aerobic organisms may be due to the fact that haem, and indeed all the intermediates
from uroporphyrinogen III, are poorly soluble in aqueous solution. Association with the mem
brane may facilitate the passage of substrates between enzymes, and the delivery of haem to the
apoproteins to which it is bound. S7

Neither PPO nor ferrochelatase are predicted to have trans-membrane domains, and their asso
ciation with the membrane has been proposed to be peripheral, perhaps mediated via association
with either lipid or other protein components of the membrane. In plants, impon in vitro into
isolated chloroplasts of radiolabelled precursors of both ferrochelatase-I and ferrochelatase-II, fol
lowed by fractionation ofthe chloroplasts, found that the processed proteins were present in in both
thylakoid and envelope membranes.44 However, it could be removed by proteolysis, indicating that
the enzyme did not span the membrane bilayer. An anractive explanation comes from the crystal
structure ofthe two enzymes. Human ferrochelatase has a putative membrane-binding "lip" domain
in the dimer,41 and a similar feature is observed in tobacco PPO_II,29 enabling both these enzymes
to be anchored monotypically. Modeling of the two structures has revealed that they could dock
together, thus spanning the complete membrane, although this would not explain the arrangement
in chloroplasts, where both enzymes are on the stromal side ofthe thylakoid membrane.27,44 Never
theless, the association of the two enzymes, together with the subcellular location of these enzymes
to specific compartments within the cell (see below) has the potential to play an essential role in
regulation of the pathway.

SubceD.u14.r Location
Figure 3 summarizes our current knowledge of the subcellular location of the enzymes ofhaem

synthesis in eukaryotic cells. In each case, they are distributed between at least two subcellular com
partments, the cytosol and the mitochondrion in yeast and animals, and the plastids and mitochon
drion in higher plants.

In plants, chloroplasts contain the enzymes for the entire tetrapyrrole pathway, so they are ca
pable ofsynthesis ofall four major endproducts, haem, chlorophyll, sirohaem and phytochromobilin,
and it is thought that all enzymes up to CPO are exclusively in chloroplasts (or plastids in
nonphotosynthetic tissue).s8 CPO activity is not detectable in pea31 or soybeanS mitochondria, and
the protein from Arabidopsis has been shown to be exclusively in the plastid by immunological
studies and the targeting ofa GFP-fusion protein. s In contrast, PPO and ferrochelatase activities are
detectable in both plastids and plant mitochondria,31.4S although estimations of the relative propor
tions of these enzymes su~est that haem synthesis in the mitochondrion represents a relatively
minor fraction of the total. Higher plants encode two genes for PPO and ferrochelatase, the prod
ucts of which are targeted differently. Two cDNAs encoding PPO were isolated from tobacco by
functional complementation of an E. coli hemG mutant. 26 The two cDNAs encoded proteins of
similar size (approx 500 amino acids) but with low levels of sequence identity (27%). PPO-I was
imponed into plastids and PPo-II into mitochondria. This result suggested a simple scenario where
each organelle contains a PPO enzyme encoded by a different gene. While this may be the case in
tobacco, investigation of the subcellular location ofspinach PPO isoforms suggests a more complex
situation. The precursor of spinach PPO-I protein is targeted to chloroplasts, but the PPO-II pre
cursor is targeted to both chloroplasts and mitochondria by the alternative use of two in-frame
initiation codons.s9 A similarly complex picture is observed for the two isoforms of ferrochelatase.
Both ferrochelatase-I and -II from Arabidopsis, barley and cucumber are imponed into isolated
chloroplasts in vitro,48,60 and target GFP to chloroplasts in vivo (Fui-Ching Tan and AGS, unpub
lished), but the ferrochelatase-I isoforms are also imponed into isolated pea mitochondria in vitro.
However, the in vitro impon system for these mitochondria lacks specificity,61 so these results can
not be taken as firm evidence for the presence of ferrochelatase-I in plant mitochondria. Nevenhe
less, the targeting behaviour of the two isoforms is clearly different. Funhermore the presence of
PPO in plant mitochondria argues strongly that ferrochelatase is also present to prevent the accumu
lation of phototoxic protoporphyrin IX in the organelle.4s

Since plant mitochondria contain the terminal two enzymes only, protoporphyrinogen IX (or pos
sibly protoporphyrin IX) is presumably exponed from plastids and delivered to the mitochondrion for
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Figure 3. Models to illustrate our current understanding of the subcellular localisation of the enzymes of
haem synthesis, including proposed membrane associations, in A) yeast, B) mammals, and C) plants.
Enzymes are shown as square (UROD), circle (CPO), triangle (PPO) and oval (ferrochelatase; Fe). Details
of early steps of the pathway have been abbreviated. ALA = 5-aminolaevulinic acid; Urogen III =

uroporphyrinogen III. Yeast and animal pathways differ only in the location ofCPO. In plants, mitochon
dria have PPO-II and FCI isoforms, whereas chloroplasts contain PPO-I and both ferrochelatases. The
chlorophyll branch of the pathway, which proceeds from PPO-I in the chloroplast, is omitted for clarity.
Note that CPO acts as the major branch point for haem synthesis.

mitochondrial haem synthesis.3l The capacity for this export has been demonstrated in isolated barley
etioplasts, which export up to 50% of total protoporphyrinogen generated after feeding with excess
ALA.62 However, nothing else is known ofthis system, and no transport proteins have been identified
either in chloroplasts or mitochondria.

The subcellular organisation of the pathway in yeast and animals is quite different in several
respects (Fig. 3). ALA is synthesized from succinyl CoA and glycine in the mitochondrion, fol
lowed by the synthesis ofcoproporphyrinogen III in the eyeosol (Chapter 7). Yeast CPO is a eyeD
solic protein associated with the mitochondrial outer membrane,2° whereas in mammals CPO is in
the intermembrane space,l? but in both organisms, protoporphyrinogen IX is made on the eyeoso
lic side of the inner mitochondrial membrane. Immunological studies indicated that in mamma
lian mitochondria, the active site of ferrochelatase was on the matrix side,63 thus protoporphyrin
IX produced by PPO must be delivered across the membrane. In this respect therefore, mitochon
dria from all three groups ofeukaryotes have the same requirement. A role for PPO in the transporr
ofprotoporphyrin(ogen) IX across the plant mitochondrial membrane has been implicated in studies
with herbicide inhibitors of PPO such as acifluoren31 (see above), and it is possible that this en
zyme plays the same role in yeast and animal mitochondria.

Evidencefor Enzyme Complexes and Substrate Channeling
The fmal intermediates of haem biosynthesis, and haem itself, are poorly soluble and highly

reactive. In addition, the substrate Kms of the three terminal enzymes are in the micromolar range,
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which is above that expected to be present within a cell. The possibility of a complex between the
terminal enzymes, which could channel the pathway intermediates from enzyme to enzyme, is an
attractive hypothesis prevent their 'escape' or accumulation elsewhere in the cell/organelle. This
would also provide the means to transport the intermediates across membranes given the distribu
tion of the different enzymes. Evidence for substrate channeling between mammalian PPO and
ferrochelatase was obtained from kinetic studies ofsolubilized mitochondrial membranes, although
a stable membrane complex was considered unlikely to exist.57 This was further supported byex
periments with isolated murine mitochondria that accumulate protoporphyrin IX when supplied
with coproporphyrinogen alone, but can produce Zn-protoporphyrin when supplied with exo§
enous Zn2• (a nonendogenous substrate for ferrochelatase) in addition to coproporphyrinogen. 4

The idea of a complex between the enzymes has been lent further credence recently by ability to

model interactions between the crystal structures of ferrochelatase and PPO_II29 (see above).
Site-directed mutagenesis ofconserved residues ofunknown function in the B. subtilis ferrochelatase

has revealed a site that may playa key role in substrate channeling.65 Serine 54 is a conserved residue on
the surface of the B. subtilis ferrochelatase molecule. The amino acid change Ser54Ala, reduced the
growth rate of B. subtilis and resulted in the accumulation of coproporphyrin III in the growth me
dium, but in vitro the enzyme activity of the Ser54Ala mutant was as high as wild-type. This led the
authors to propose that Ser54 is involved in interaction with another protein responsible for substrate
reception or delivery ofthe enzymatic product. This hypothesis still has to be proved, but in combina
tion with earlier work it provides evidence for some kind ofenzyme association, if not a stable ternary
complex, which suggests that substrate channeling is likely to occur.

The organization of the terminal enzymes for haem synthesis within the cWoroplast in higher
plants is also ofinterest, since ferrochelatase must compete with Mg-chelatase for protoporphyrin IX.52

PPO activity has been found associated with both thylakoid and envelope membranes in spinach
cWoroplasrs,66 and, in spinach, PPO-I was specifically associated with thylakoids, whereas PPO-II was

on the stromal side of the chloroplast inner envelope.27 One possibility therefore is that there are two
pools of protoporphyrin IX that can be utilized separately, perhaps by spatial separation of the two
chelatases between the two membranes. However, both isoforms offerrochelatase are found associated
with envelope and thylakoid membranes after import into cWoroplasrs,44 indicating that the regula
tion is more complex than this (Chapter 15). In the future these interactions may be explored using in
vitro approaches such as immunological analysis of endogenous enzymes, or by testing the behaviour
of recombinant enzymes using techniques such as the yeast two-hybrid system.

Iron Delivery to Ferrochelatase
One aspect of protohaem synthesis that is receiving more attention in recent years is the inti

mate relationship between iron and haem biosynthesis. In bacteria an iron-responsive protein has
been identified that coordinates iron availability and the regulation of haem biosynthesis.67 A
direct interaction has been demonstrated in yeast. Ferrochelatase will only accept Fe2 • and not
Fe3• as substrate and therefore there needs to be a mechanism for the delivery of reduced iron to
the active site of ferrochelatase. A study of the import of iron into yeast has revealed that simulta
neous transport of iron and deuteroporphyrin across the inner mitochondrial membrane was
necessary for haem synthesis, and iron preloaded into mitochondria could not serve as a substrate
for ferrochelatase.68 Iron uptake was driven by a membrane potential across the inner membrane,
but import did not require ATP. More recently, the mitochondrial protein frataxin, has been
implicated as an iron-chaperone for delivery of the metal to ferrochelatase.69 Since this protein is
also involved in Fe-S cluster assembly, this would provide the means to regulate metal delivery to
the two iron-containing cofactors. Clearly, further investigation of the mechanisms of iron deliv
ery in chloroplasts and mitochondria from other organisms is necessary to gain a comprehensive
understanding of this regulation.

Conclusions
In this chapter we have sununarized recent work on the enzymes involved in the conversion of

uroporphyrinogen III to protohaem. For all four enzymes there is a great deal offunctional conservation
between organisms and across kingdoms. This is best illustrated with the remarkable conservation of
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catalytic residues in baaerial and human fonns of ferrochelatase, as observed hom the X-ray crystal
srruaures. Indeed, the information gained hom crystallographic studies illustrates the power of such
work in finally defining enzyme mechanisms, but it also provides gratifying confirmation ofthe accuracy
ofearlier biochemical and molecular studies, carried out when crystallographic data were not available.
We can look forward in the future to further insights as more refined struaures ofthe enzymes, including
those with substrate bound, become available. In addition, knowledge of their organization within the
cellular context, and their interactions with each other, will enable aclearer understanding ofthe synthesis
ofhaem in vivo.

Acknowledgements
We are grateful to the UK Biotechnology and Biological Sciences Research Council for funding.

References
1. Panek H, O'Brian MR. A whole genome view of prokaryotic haem biosynthesis. Microbiology

2002; 148:2273-2282.
2. Rao AU, Carta LK, Lesuisse E et al. Lack of heme synthesis in a free-living eukaryote. Proc Nat!

Acad Sci USA 2005; 102:4270-4275.
3. Labbe-Bois R. The ferrochelatase from Saccharomyces cerevisiae. Sequence, disruption, and expres

sion of its structural gene HEMI5. J Bioi Chern 1990; 265:7278-7283.
4. Chow KS, Singh DP, Amanda RW et al. Two different genes encode ferrochelatase in Arabidopsis:

Mapping, expression and subcellular targeting of the precursor proteins. Plant J 1998; 15:531-541.
5. Santana MA, Tan FC, Smith AG. Molecular characterisation of coproporphyrinogen oxidase from

Glycine max and Arabidopsis thaliana. Plant Physiol Biochem 2002; 40:289-298.
6. Shoolingin-Jordan PM. The biosynthesis of coproporphyrinogen Ill. In: Kadish KM, Smith KM,

Guilard R, eds. The Porphyrin Handbook. Vol 12. The Iron and Cobalt Pigments: Biosynthesis,
Structure and Degradation. New York: Elsevier, 2003:33-74.

7. Whitby FG, Phillips JD, Kushner JP et al. Crystal structure of human uroporphyrinogen decar
boxylase. EMBO J 1998; 17:2463-2471.

8. Martins BM, Grimm B, Mock HP et aI. Crystal structure and substrate binding modeling of the
uroporphyrinogen-III decarboxylase from Nicotiana tabacum-lmplications for the catalytic mecha
nism. J Bioi Chern 2001; 276:44108-44116.

9. Felix F, Brouillet N. Purification and properties of uroporphyrinogen decarboxylase from Saccha
romyces cerevisiae. Yeast uroporphyrinogen decarboxylase. Eur J Biochem 1990; 188:393-403.

10. Luo J, Lim CK. Order of uroporphyrinogen III decarboxylation on incubation of porphobilinogen
and uroporphyrinogen III with eryrhrocyre uroporphyrinogen decarboxylase. Biochem J 1993;
289:529-532.

11. Phillips JD, Whitby FG, Kushner JP et aI. Structural basis for tetrapyrrole coordination by
uroporphyrinogen decarboxylase. EMBO J 2003; 22:6225-6233.

12. Hansson M, Hederstedt L. Cloning and characterization of the Bacillus subtilis hemEHY gene
clustet, which encodes protoheme IX biosynthetic enzymes. J Bacteriol 1992; 174:8081-8093.

13. Ishida T, Yu L, Akutsu H et aI. A primitive pathway of porphyrin biosynthesis and enzymology in
Desulfovibrio vulgaris. Proc Nat! Acad Sci USA 1998; 95:4853-4858.

14. Akhtar M. Coproporphyrinogen III and protoporphyrinogen IX oxidases. In: Kadish KM, Smith
KM, Guilard R, eds. The Porphyrin Handbook. Vol 12. The Iron and Cobalt Pigments: Biosyn
thesis, Structrue and Degradation. New York: Elsevier, 2003:75-92.

15. Layer G, Verfurth K, Mahlirz E et aI. Oxygen-independent coproporphyrinogen-III oxidase HemN
from Escherichia coli. J Bioi Chern 2002; 277:34136-34142.

16. Layer G, Moser J, Heinz DW et aI. Crystal structure of coproporphyrinogen III oxidase reveals
cofactor geometry of Radical SAM enzymes. EMBO J 2003; 22:6214-6224.

17. Lee DS, Flachsova E, Bodnarova M et aI. Structural basis of hereditary coproporphyria. Proc Nat!
Acad Sci USA 2005; 102:14232-14237.

18. Kohno H, Furukawa T, Tokunaga R et aI. Mouse coproporphyrinogen oxidase is a copper-containing
enzyme: Expression in Escherichia coli and site-directed mutagenesis. Biochim Biophys Acta 1996;
1292: 156-162.

19. Breckau D, Mahlirz E, Sauerwald A et aI. Oxygen-dependent coproporphyrinogen III oxidase (HemF)
from Escherichia coli is stimulated by manganese. J Bioi Chern 2003; 278:46625-46631.

20. Phillips JD, Whitby FG, Warby CA et at. Crystal structure of the oxygen-dependant
coproporphyrinogen oxidase (Hem 13p) of Saccharomyces cerevisiae. J Bioi Chern 2004;
279:38960-38968.



Tramformation ofUroporphyrinogen III into Protohaem 87

21. Lash TO. The enigma of coproporphyrinogen oxidase: How does this unusual enzyme carry out
oxidative decarboxylations to afford vinyl groups? Bioorg Med Chern Lett 2005; 15:4506-4509.

22. Lash TO, Kaprak TA, Shen L et al. Metabolism of analogues of coproporphyrinogen-III with
modified side chains: Implications for binding at the active site of coproporphyrinogen oxidase.
Bioorg Med Chern Lett 2002; 12:451-456.

23. Jones MA, He J, Lash TO. Kinetic studies of novel di- and tei-propionate substrates for the chicken
red blood cell enzyme coproporphyrinogen oxidase. J Biochem (Tokyo) 2002; 131:201-205.

24. Narita S, Taketani S, Inokuchi H. Oxidation of protoporphyrinogen IX in Escherichia coli is me
diated by the aerobic coproporphyrinogen III oxidase. Mol Gen Genet 1999; 261:1012-1020.

25. Dailey TA, Dailey HA. Identification of an FAD superfamily containing protoporphyrinogen oxi
dases, monoamine oxidases, and phyroene desaturase. Expression and characterization of phytoene
desaturase of Myxococcus xanthus. J Bioi Chern 1998; 273: 13658-13662.

26. Lermontova I, Kruse E, Mock HP et al. Cloning and characterization of a plastidal and a mitochon
drial isoform of tobacco protoporphyrinogen IX oxidase. Proc Nat! Acad Sci USA 1997; 94:8895-8900.

27. Che FS, Watanabe N, Iwano M et al. Molecular characterization and subcellular localization of
protoporphyrinogen oxidase in spinach chloroplasts. Plant Physiol 2000; 124:59-70.

28. Arnould S, Takahashi M, Camadro JM. Acylation stabilizes a protease-resistant conformation of
protoporphyrinogen oxidase, the molecular target of diphenyl ether-type herbicides. Proc Nat! Acad
Sci USA 1999; 96:14825-14830.

29. Koch M, Breithaupt C, Kiefersauer R et al. Crystal structure of protoporphyrinogen IX oxidase: A
key enzyme in haem and chlorophyll biosynthesis. EMBO J 2004; 23: 1720-1728.

30. Mateinge M, Camadro JM, Labbe P et al. Protoporphyrinogen oxidase as a molecular target for
diphenyl ether herbicides. Biochem J 1989; 260:231-235.

31. Smith AG, Marsh 0, Elder GH. Investigation of the subcellular location of the tetrapyrrole-biosynthesis
enzyme coproporphyrinogen oxidase in higher-plants. Biochem J 1993; 292:503-508.

32. Lee HJ, Duke MV, Duke SO. Cellular Localization of protoporphyrinogen-oxidizing activities of
etiolated barley (Hordeum vulgare L.) leaves (relationship to mechanism of action of
protoporphyrinogen oxidase-inhibiting herbicides). Plant Physiol 1993; 102:881-889.

33. Fingar VH, Wieman TJ, McMahon KS et al. Photodynamic therapy using a protoporphyrinogen
oxidase inhibitor. Cancer Res 1997; 57:4551-4556.

34. Dailey HA. Terminal steps of haem biosynthesis. Biochem Soc Trans 2002; 30:590-595.
35. Sasarman A, Letowski J, Czaika G et al. Nucleotide sequence of the hemG gene involved in the

protoporphyrinogen oxidase activiry of Escherichia coli K12. Can J Microbiol 1993; 39: 1155-1161.
36. Dailey TA, Dailey HA, Meissner P et al. Cloning, sequence, and expression of mouse

protoporphyrinogen oxidase. Arch Biochem Biophys 1995; 324:379-384.
37. Narita S, Taketani S, Inokuchi H. Oxidation of protoporphyrinogen IX in Escherichia coli is me

diated by the aerobic coproporphyrinogen oxidase. Mol Gen Genet 1999; 261:1012-1020.
38. Dailey HA, Dailey TA, Wu CK et al. Ferrochelatase at the millennium: Structures, mechanisms

and [2Fe-2S] clusters. Cell Mol Life Sci 2000; (57): 1909-1926.
39. Dailey H, Dailey T. Ferrochelatase. In: Kadish KM, Smith KM, Guilard R, eds. The Porphyrin

Handbook. Vol 12. The Iron and Cobalt Pigments: Biosynthesis, Structure and Degradation. New
York: Elsevier, 2003:93-121.

40. AI-Karadaghi S, Hansson M, Nikonov S et al. Crystal structure of ferrochelatase: The terminal
enzyme in heme biosynthesis. Structure 1997; 5:1501-1510.

41. Wu CK, Dailey HA, Rose JP et al. The 2.0 A structure of human ferrochelatase, the terminal
enzyme of heme biosynthesis. Nat Steuct Bioi 2001; 8:156-160.

42. Grzybowska E, Gora M, Plochocka 0 et al. Saccharomyces cerevisiae ferrochelatase forms a
homodimer. Arch Biochem Biophys 2002; 398: 170-178.

43. Mateinge M, Camadro JM, Joyard J et al. Localization of ferrochelatase activity within mature pea
chloroplasts. J Bioi Chern 1994; 269:15010-15015.

44. Roper JM, Smith AG. Molecular localisation of ferrochelatase in higher plant chloroplasts. Eur J
Biochem 1997; 246:32-37.

45. Cornah JE, Roper JM, Singh DP et al. Measurement of ferrochelatase activity using a novel assay
suggests that plastids are the major site of haem biosynthesis in both photosynthetic and
nonphotosynthetic cells of pea (Pisum sativum L.). Biochem J 2002; 362:423-432.

46. Karlberg T, Lecerof 0, Gora M et al. Metal binding to Saccharomyces cerevisiae ferrochelatase.
Biochemistry 2002; 41:13499-13506.

47. Lecerof 0, Fodje MN, Alvarez Leon R et al. Metal binding to Bacillus subtilis ferrochelatase and
interaction between metal sites. J Bioi Inorg Chern 2003; 8:452-458.



88 Tetrapy"oks: Birth, Lift and Death

48. Suzuki T, Masuda T, Singh DP et al. Two types of ferrochelatase in photosynthetic and
nonphotosynthetic tissues of cucumber-Their difference in phylogeny, gene expression, and local
ization. J BioI Chern 2002; 277:4731-4737.

49. Singh DP, Cornah JE, Hadingham S et aI. Expression analysis of the cwo ferrochelatase genes in
Arabidopsis in different tissues and under stress conditions reveals their different roles in haem
biosynthesis. Plant Mol Bioi 2002; 50:773-788.

50. Jansson S. A guide to the LHC genes and their relatives in Arabidopsis. Trends Plant Sci 1999;
4:236-240.

51. Jansson S, Andersson J, Kim SJ et aI. An Arabidopsis thaIiana protein homologous to cyanobacterial
high-light-inducible proteins. Plant Mol Bioi 2000; 42:345-351.

52. Cornah JE, Terry MJ, Smith AG. Green or red: What stops the traffic in the tetrapyrrole pathway?
Trends Plant Sci 2003; 8:224-230.

53. Walker q, Willows RD. Mechanism and regulation of Mg-chelatase. Biochem J 1997; 327:321-333.
54. Schubert HL, Raux E, Wilson KS et aI. Common chelatase design in the branched tetrapyrrole

pathways of heme and anaerobic cobalamin synthesis. Biochemistry 1999; 38:10660-10669.
55. Nakahigashi K, Nishimura K, Miyamoto K et aI. Photosensitivity of a protoporphyrin-accumulating,

light-sensitive mutant (visA) of Escherichia coli K-12. Proc Natl Acad Sci USA 1991;
88: 10520-10524.

56. Hu G, ¥alpani N, Briggs SP et aI. A porphyrin pathway impairment is responsible for the pheno
type of a dominant disease lesion mimic mutant of maize. Plant Cell 1998; 10:1095-1105.

57. Ferreira GC, Andrew TL, Karr SW et aI. Organization of the terminal cwo enzymes of the heme
biosynthetic pathway. Orienration of protoporphyrinogen oxidase and evidence for a membrane
complex. J Bioi Chern 1988; 263:3835-3839.

58. Smith AG, Cornah JE, Roper JM et aI. Compartmenration of tetrapyrrole metabolism in higher
plants. In: Bryant JA, Burrell MM, Kruger NJ, eds. Plant Carbohydrate Merabolism. Oxford: BIOS
Scientific Publishers, 1999:281-294.

59. Watanabe N, Che FS, Iwano M et aI. Dual targeting of spinach protoporphyrinogen oxidase II to
mitochondria and chloroplasts by alternative use of cwo in-frame initiation codons. J Bioi Chern
2001; 276:20474-20481.

60. Chow KS, Singh DP, Roper JM et aI. A single precursor protein for ferrochelarase-I from Arabidopsis
is imported in vitro into both chloroplasts and mitochondria. J Bioi Chern 1997; 272:27565-27571.

61. Cleary SP, Tan FC, Nakrieko KA et aI. Isolated plant mitochondria import chloroplast ptecursor
proteins in vitro with the same efficiency as chloroplasts. J Bioi Chern 2002; 277:5562-5569.

62. Jacobs JM, Jacobs NJ. Porphyrin accumulation and export by isolated barley (Hordeum vulgare)
plastids {effect of diphenyl ether herbicides}. Plant Physiol 1993; 101:1181-1187.

63. Harbin BM, Dailey HA. Orientation of ferrochelatase in bovine liver mitochondria. Biochemistry
1985; 24:366-370.

64. Proulx KL, Woodard SI, Dailey HA. In situ conversion of coproporphyrinogen to heme by murine
mitochondria: Terminal steps of the heme biosynthetic pathway. Protein Sci 1993; 2:1092-1098.

65. Olsson U, Billberg A, Sjovall S et aI. In vivo and in vitro studies of Bacillus subtilis ferrochelatase
mutants suggest substrate channeling in the heme biosynthesis parhway. J Bacteriol 2002;
184:4018-4024.

66. Matringe M, Camadro JM, Block MA et aI. Localization within chloroplasts of protoporphyrinogen
oxidase, the target enzyme for diphenylether-Iike herbicides. J Bioi Chern 1992; 267:4646-4651.

67. Harnza 1, Chauhan S, Hassett R et aI. The bacterial irr protein is required for coordination of
heme biosynthesis with iron availability. J Bioi Chern 1998; 273:21669-21674.

68. Lange H, Kispal G, Lill R. Mechanism of iron transport to the site of heme synthesis inside yeast
mitochondria. J Bioi Chern 1999; 274: 18989-18996.

69. ¥oon T, Cowan JA. Fraraxin-mediated iron delivery to ferrochelatase in the final step of heme
biosynthesis. J Bioi Chern 2004; 279:25943-25946.



CHAPTER 5

Inherited Disorders of Haem Synthesis:
The Human Porphyrias
Michael N. Badminton* and George H. Elder

Abstract

The porphyrias are inherited metabolic disorders resulting from partial deficiency of
enzymes of the haem biosynthetic pathway. Each particular enzyme deficiency gives
rise to increased levels ofmetabolites prior to the pathway blockage, which result in charac

teristic clinical features, and allow the individual conditions to be diagnosed. The acute neurovisceral
attacks, which are common to ALA dehydratase deficiency porphyria (ADP), acute intermittent
porphyria (AIP), variegate porphyria (VP) and hereditary coproporphyria are the result of neuronal
damage by a mechanism which involves accumulation ofALA. Cutaneous manifestations comprise
either bullous lesions (fragile skin, blisters), which are common to congenital eryrhropoietic por
phyria (CEP), porphyria cutanea tarda (PCT), VP and HCP, or acute photosensitivity which is
associated with erythropoietic protoporphyria (EPP). Skin lesions result from photoactivation of
circulating porphyrins by light (400-410 nm) resulting in the generation offree oxygen radicals with
the different presentations explained by the physicochemical propetties of the individual porphy
rins. All the porphyrias, apm from the sporadic form of PCT, are inherited either as autosomal
dominant (AIP, HCP, PCT, Vp, EPP) or autosomal recessive (ADP, CEP) disorders. The molecular
genetics of each disorder has been fully characterised and investigation at the DNA level is now
indispensable in management of families as it allows accurate presymptomatic testing, and genetic
counselling. The mainstay of management remains prevention, either by avoiding sunlight in the
case of the cutaneous porphyrias or, in the acute porphyrias, factors such as prescribed drugs which
are known to precipitate acute attacks. For severely affected patients newly developed treatments
include liver transplantation (in AIP) and bone marrow transplantation in CEP. Active research is
underway to develop enzyme replacement for AIP and gene therapy for the eryrhropoietic porphyrias.

Overview
Of the more than five hundred inherited metabolic disorders described to date few are more

widely recognized by the general public than the porphyrias. Public interest has been triggered by
speculation of medical historians, widely publicised by the media, that porphyria was responsible for
the madness offamous figures of the past such as King George III' and Vincent van Gogh.2 Despite
there being lime scientific proofeither for or against these theories' they contribute to the generally
held misconception, even amongst the medical fraternity, that porphyria results in chronic psychiat
ric illness. Indeed, while media interest in porphyria stories may seem harmless to most scientists, it
can result in stigmatisation, anxiety and stress among patients. This review aims to outline recent
developments in our understanding of the pathogenesis, diagnosis and treatment of this heterog
enous group of disorders.
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Table 1. Porphyria nomenclature and abbreviations

Tetrapymles: Birth. Lift and Death

Porphyria

Acute
ALA dehydratase deficiency porphyria
Acute intermittent porphyria
Hereditary coproporphyria
Variegate porphyria

Nonacute
Congenital erythropoietic porphyria
Porphyria cutanea tarda
Erythropoietic protoporphyria

ADP
AlP
HCP
VP

CEP
PCT
EPP

Enzyme/Gene

ALA dehydratase
Hydroxymethylbilane synthase
Coproporphyrinogen oxidase
Protoporphyrinogen oxidase

Uroporphyrinogen III synthase
Uroporphyrinogen decarboxylase
Ferrochelatase

ALAD
HMBS
CPO
PPOX

UROS
UROD
FECH

The porphyrias comprise a group ofseven metabolic disorders in humans, each of which results
from panial deficiency of a different enzyme of the haem biosynthetic pathway (Table 1, Fig. 1).3
Each enzyme defect is inherited apan from URaD deficiency in the main type ofPCr. The defects
are partial as haem is essential for life and even in the autosomal recessive porphyrias residual enzyme
activity is always measurable. Although no disease has yet been associated with defects in the ubiq
uitous ALAS1 gene; mutations in the erythroid specific ALAS (ALAS2) gene cause either X-linked
sideroblastic anaemia3 or, when deletions disrupt or delete the C-terminal region X-linked domi
nant protoporphyria3b (see "Other Autosomal Dominant Porphyrias; EPP). Each panicular enzyme
deficiency gives rise to increased levels of metabolites prior to the pathway blockage, and it is this
accumulation of precursors that gives rise to the characteristic clinical features associated with the
porphyrias, which may be acute neurovisceral attacks, bullous skin lesions, acute photosensitivity or
a combination ofthese symptoms (Table 2). The tetrapyrrole pathway intermediate porphyrinogens
are rapidly oxidised to the porphyrin equivalent which can be measured in plasma, urine, faeces or
erythroeyres ofsymptomatic patients and the distinct and characteristic pattern ofexcretion allows
the type of porphyria to be established in individual patients (Table 2).

All nucleated human cells synthesise haem using the pathway of haem biosynthesis shown in
Figure 1. About 80% of total haem is made by erythroid cells in the bone marrow and used for
formation ofhaemoglobin. In other cells haem is required for the action of many cellular proteins,
including respiratory and other eyrochromes, haem dependent oxidases (catalase, peroxidase etc.),
myoglobin and neuroglobin. However the main site of nonerythroid haem synthesis is the liver,
which accounts for about 10-15% of the body's total haem production; most hepatic haem being
used for assembly of eyrochrome P450 (CYP) enzymes. In all cells, the rate of haem synthesis is
determined by the activity ofALAS ofwhich there are cwo isoforms, ALAS 1 and ALAS2, encoded
by separate genes. In liver, ALAS1 activity is regulated through haem-mediated alteration of its rate
of synthesis whereas the activity of the erythroid-specific isoform, ALAS2 is controlled mainly by
iron (see Chapter 7).4

Clinical Features
Accumulation of haem precursors is associated with cwo types of illness: acute neurovisceral

attacks that are always associated with accumulation of ALA, and skin lesions caused by
photosensititisation by porphyrins (Fig. 1, Table 2) that may occur separately or in combination.

Acute neurovisceral attacks occur in a minority of patients who inherit the gene defect for an
autosomal dominant acute porphyria (AlP, HCP or VP) and in ADP (Table 2). The peak occurrence
of attacks is in the third decade and females are more likely to be affected than males. They are
exceptionally rare before puberty and are also less likely to occur after the menopause. The acute
attack presents with a combination ofclinical features in which abdominal pain is an almost univer
sal feature (Table 3).5 In the early stages they may be mistaken for one of a number of more com
monly occurring abdominal complaints including acute appendicitis and cholecystitis, and it is not
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Figure 1. The haem biosyntheric pathway in mammals consists ofeight enzymes, ofwhich the first and last
three are situated within the mitochondria. The type I isomers are produced following nonenzymatic (NE)
cyclisation of HMB into uroporphyrinogen 1. A commonly used alternative name for the enzyme
hydroxyrnethylbilane synthase is porphobilinogen deaminase (PBG-D).' PBG exceeds ALA excretion in
AlP, HCP and VP, but not in ADP where PBG is normal or slightly increased.

unusual for patients to have had at least one surgical procedure prior to the diagnosis being made. A
recent study reponed the average time from onset ofsymptoms to diagnosis as six years (range < I to
49 years, n =81).6 Acute attacks may also be complicated by convulsions, which may be precipitated
by a sudden fall in plasma sodium concentration, hypenension, tachycardia, and peripheral neur
opathy. Psychiatric manifestations which occur during the attack invariably resolve when the patient
is in remission, and even repetitive acute arracks do not cause long standing psychiatric disorders.6

In the longer term, there is an increased risk ofdeveloping liver cancer? and renal disease leading to
hypenension and kidney failure.8

Accumulation of porphyrins other than protoporphyrin, as occurs in CEp, PeT, Hcr and Vp,
results in skin changes in sun-exposed areas described as bullous lesions. These lesions are identical
in all four disorders, although they vary in severity and age ofonset. These skin changes result from
photoactivation of porphyrins with the production of reactive oxygen species that damage the cells
of the dermis. The changes, which occur in sun-exposed areas, include fragile skin with trivial me
chanical trauma leading to tearing or blisters. The majority of patienrs also have spontaneously
occurring blisters (bullae) that are filled with clear fluid. These have a tendency to rupture resulting
in lesions that heal slowly leaving scarring, milia (small white lesions) and areas of over or under
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Table 2. Characteristic biochemical findings in samples taken when patient
is symptomatic

Porphyria

Inheritance
Prevalence of
Overt Disease Clinical Increased Haem Precursors

PCf porphyrin 25% AD' Cutaneous
(1 :25,000) (bullous)

HCP AD (Probably Acute ±
<1 :250,000) Cutaneous

(bullous)
VP AD (1 :250,000) Acute ±

Cutaneous
(bullous)

EPP AD' (1 :100,000) Cutaneous
(acute
photosensitivity)

ADP
AlP
CEP

AR (Unknown) Acute
AD (1-2:100,000) Acute
AR « 1: /(j) Cutaneous

U: ALA RBC: Protoporphyrin (Zn)
U: ALA, PBG P: Peak# at 615-620 nm
U: Uroporphyrin I, Coproporphyrin 1

F: Coproporphyrin I
RBC: Protoporphyrin (Zinc and free),
uroporphyrin 1
P: Peak# at 615-620 nm

U: Uroporphyrin, Heptacarboxylic
F: Isocoproporphyrin, heptacarboxylic
P: Peak# at 615-620 nm

U: ALA PBG, Coproporphyrin III
F: Coproporphyrin 11/ (isomer 11/:1 ratio >1.4)
P: Peak# at 615-620 nm

U: PBG, ALA, Copro III
F: Protoporphyrin >Coproporphyrin III
P: Peak' at 624- 627nm
U: Normal RBC: Protoporphyrin (free)
P: Peak# at 626-634 nm

AD, autosomal dominant; AR, autosomal recessive. U: Urine, F: Faeces, RBC:-erythrocyte, P: Plasma,
Peak#: fluorescence emission. ' See text. Precursors in italics are those that may also be found in
presymptomatic or latent acute hepatic porphyria patients.

Table 3. Summary ofclinical features, diagnosis and management of the acute attack

Acute Attacks

Porphyrias
Clinical Features:

Complications:
Diagnosis:
Treatment: Specific

Supportive

AIP,VP, HCP, ADP
Abdominal pain, vomiting, constipation, psychological symptoms,
tachycardia, hypertension, peripheral neuropathy
Seizures, hyponatraemia, respiratory paralysis
Increased urinary PBG (usually> 1O-fold )
Intravenous human hemin (Orphan Europe), haematin (Abbott, USA)
Maintain fluid, calorie intake, Opiate analgesia, Antiemetic, laxative,
anxiolytic

pigmentation. Another common finding is increased hair formation in nonandrogen sensitive
sun-exposed skin. The skin lesions are usually worse in the summer months although many patients
fail to correlate the lesions with sunlight.

The accumulation of protoporphyrin in skin leads to a distinct clinical presentation that is char
acteristic of only one porphyria, EPP. Presentation is usually in early childhood. Within minutes of
exposure to sunlight patients suffer burning, stinging pain with subsequent redness (erythema) and
swelling (oedema) in exposed areas of skin. The characteristic history should alert the clinician to
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Table 4. Some clinical conditions, other than porphyrias, that may be associated
with abnormal porphyrin metabolism

93

Sample Increased Haem Precursors

Urine Coproporphyrin
ALA

Faeces Protoporphyrin, other
dicarboxylic porphyrins

Plasma Uroporphyrin
coproporphyri n

Erythrocytes Zinc-protoporphyrin

Clinical Conditions

Liver dysfunction, fever, drugs, alcohol
Lead poisoning
Intestinal bleed, constipation,
high protein intake
Renal failure
Liver dysfunction
Iron deficiency anaemia
Lead poisoning

this disorder, as there is usually very little to find on examination by the time the patient gets to the
doctor. Very occasionally there may be purpuric lesions following acute exposure. Long-term changes
include skin thickening, especially over the knuckles, and small elliptical scars particularly on the
face. A minority of patients develop liver dysfunction of whom a small proportion suffer severe
life-threatening liver failure. 9

Ditzgnosis
The diagnosis of porphyria, whatever the type, is made by analysing the pattern of haem precur

sor excretion in urine, faeces, plasma and erythrocytes. The properties of the different porphyrins
determine where they accumulate and are excreted, and analysis ofall four specimens may be needed
to make a diagnosis. The required level ofexpertise is usually only available in specialist laboratories
(for information see www.porphyria-europe.com).Clinical acumen alone is not sufficient as many
other disorders can give rise to symptoms or signs similar to those found in the porphyrias. In
addition, many clinical disorders result in secondary changes in porphyrin metabolism (Table 4)
and without full porphyrin analysis may result in an erroneous diagnosis of porphyria being made.

The diagnosis of porphyria as a cause ofacute symptoms rests on the demonstration of increased
porphobilinogen excretion in the urine and should be part ofthe test repertoire in all acute hospitals.
Screening tests may be used but a positive finding should always be confirmed by a quantitative
assay based on the method ofMauzerail and Granick 10 Measurement ofurinary ALA in addition to
PBG adds little further clinical information, and in our view is unnecessary as a front-line test.
Having diagnosed an acute porphyria and initiated treatment, additional investigation is required to
determine the type (Table 2).1 Screening to establish which other family members are affected is
best achieved by mutational analysis of the relevant gene. 12

·
14 Biochemical testing by enzyme or

metabolite measurement has lower sensitivity and specificity; metabolite measurements are rarely
abnormal before puberty. Due to the allelic heterogeneity of the acute porphyrias in most countries,
mutational analysis usually requires prior investigation ofan unequivocally affected family member.
Ideally family screening should be undertaken in collaboration with a clinical genetics unit to ensure
appropriate counselling and obtain informed consent. Testing children by parental request is con
sidered ethically acceptable.

Investigation of patients with bullous skin lesions or acute photosensitivity is essential for diag
nosing cutaneous porphyria and allowing the appropriate treatment to be undertaken. The key
biochemical findings are specific enough to distinguish between each disorder (Table 2).

Molecular Genetics and Pathogenesis
Genes for all the human porphyrias have been characterized which has allowed molecular defects

to be identified in all the porphyrias (Human Gene Mutation Database, www.hgmd.org) (Table 5).
Molecular investigation has proved indispensable in the management of porphyria patients and
their families by allowing accurate presymptomatic testing, preconceptual genetic counselling and,
in rare circumstances, prenatal diagnosis.
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Table 5. Molecular genetics of the porphyrias

Gene
Disorder Gene Chromosome Size (kb) # Exons Expression

ADP ALAD 9q34 13 13 Ubiquitous and erythroid-specific mRNAs
AlP HMBS 11 q24.1-24.2 10 15 Ubiquitous and erythroid-specific

isoenzymes
CEP UROS 10q25.2-26.3 34 10 Ubiquitous and erythroid-specific mRNAs
PCT UROD 1p34 3 10 Ubiquitous
HCP CPO 3q12 14 7 Ubiquitous
VP PPOX 1q21-23 5 13 Ubiquitous
EPP FECH 18q21.3 45 11 Ubiquitous

Autosomal DominantAcute Porphyrias
Enzyme activities in the autosomal dominant acute porphyrias (AlP, Hep, VP) are half-normal,

reflecting expression of a normal gene trans to a mutation that abolishes or markedly decreases
activity. The mutations all show incomplete penetrance with most affected individuals being clini
cally normal through life. Family studies indicate that about 10% of those who inherit thefene for
one of these disorders develop symptoms but population surveys suggest a lower figure. I As yet,
there is little information on genetic or other factors that determine penetrance. Endocrine factors
and contact with drugs and other precipitants ofsymptoms contribute but by no means provide the
sole explanation; the general genetic background is likely to be more imponant.16 It has also been
suggested that some mutations may be associated with a higher penetrance than others. l

?

With few exceptions, mutations in the autosomal dominant acute porphyrias are restricted to one or
a few Eunilies. In AIP alone, over 200 mutations scattered throughout the gene have been identified
(Human Gene Mutation Database, www.hgmd.org). Mutational analysis for presyrnptomatic diagnosis
therefore necessitates a methodological approach that involves analysis oflarge pans ofthe gene includ
ing coding regions, splice sites and ponions of 5' and 3' untranslated regions. In a few instances, a
founder effect means that the majority ofpatients in a particular region carry an identical mutation that
makes molecular testing much simpler. Examples include South Africa where the high prevalence ofVP
amongst the Afrikaner population is due to a missense mutation, R59\v, the origin ofwhich has been
traced back to an immigrant from Holland who arrived in the Cape in the 17th century.IS Similarly
parts ofSweden are affected by a high incidence ofAlp, resulting from acommon mutation (W188X) in
the HMBS gene. 19 All types ofgenetic defect have been described with approximately one third each of
missense, frameshifr and splice site mutations. In most cases mutations are inherited and can be demon
strated in family members, although de-novo mutations have been reponed. The sensitivity ofmutation
detection by direct sequencing is greater than 96% for AlP and VP (S. Whatley, M Badminton, GElder,
unpublished data) and for those Eunilies in which no mutation is identified gene-tracking using in
tragenic polymorphisms may be helpful. Rare variants ofeach ofthe autosomal dominant acute porphyrias
in which a deleterious mutation is inherited from each parent have been described.2o,21 Clinical presen
tation varies but symptoms usually stan in childhood and tend to be more severe than in the parent
disorder, with additional features, notably chronic neurological disease and skeletal abnormalities.

Other Autosomal Dominant Porphyrias
Half-normal enzyme activity is also inherited in an autosomal dominant pattern in two other disor

ders: EPP and familial (type 2) Per. These conditions also show low clinical penetrance. However, in
contrast to the autosomal dominant acute porphyrias where enzyme activities are the same whether or
not symptoms are present, activities in EPP and in familial PCT are decreased to below half-normal in
individuals with symptoms while remaining half-normal in their asymptomatic but affected relatives.
This additional decrease is found in all tissues in EPP but is restricted to the liver in familial Per.
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EPP
Recent evidence has shown that in most EPP families clinical expression requires coinheritance

of a low expression allele, carried bi approximately 10% of the population in France, trans to a
severe mutation in the FECH gene. 2We have found a similar gene frequency for rhe low expres
sion allele in the United Kingdom. This low expression allele, in which a C nucleotide is substi
tuted for a T at position NS3-48, modulates the use of an alternative splice acceptor site within
the intron generating an aberrant mRNA that is rapidly degraded by the nonsense mediated
mRNA decay mechanism. The severe FECH mutation, which is inherited in an autosomal domi
nant pamrn in EPP families, and the low expression allele together decrease FECH activity to
below about 35% ofnormal, the threshold below which sufficient protoporphyrin accumulates to
produce photosensitivity. EPP might therefore be considered to be an autosomal recessive condi
tion as the disease requires a genetic contribution from both alleles. However, in contrast to a
classical recessive disorder, homozygosity for one of these alleles (NS3-48C) does not cause dis
ease, and it is perhaps more accurate to regard it as an autosomal dominant disorder in which
penerrance is modulated by expression of wild-type FECH.22 A bonus of these findings is that
mutational analysis to determine the low expression allele status, which is relatively simple, has
markedly improved preconceptual counselling. Investigation of the partner of an EPP patient for
the presence of the low expression allele allows the risk of having a child with overt disease to be
calculated. In addition, offspring can also be investigated soon afrer birth for the likelihood of
developing photosensitivity. A minority of ratients with EPP have true autosomal recessive dis
ease with FECH mutations on both alleles.2 The clinical significance of this mode of inheritance
has not been fully established, although it may increase the risk of severe liver disease23 as it has
been suggested that this risk is inversely proportional to the level of residual enzyme activity.24 In
about 3% of EPP families, ferrochelatase enzyme activity and mutation analysis are normal. Re
cent investigation has shown that patients from most of these families have C-terminal deletions
in the ALAS2 gene that lead to gain of function and produce a previously unrecognised form of
porphyria, X-linked dominant protoporphyria.3b Clinically, this disorder is characterised by high
clinical penerrance, markedly increased eryrhro~e protoporphyrin and zinc-proto porphyrin
levels, and an increased incidence of liver disease. b

Familial peT
Abour 25% ofpatients with PCT have the familial (type 2) form in which half-normal URaD

activity is inherited in an autosomal dominant pattern and UROD mutations are present on one
allele. Clinical penerrance is low, there is extensive allelic heterogeneity and mutations are found
throughout the gene.25.26 Most other patients have sporadic (type 1) PCT in which URaD defi
ciency is resrricred to the liver and no mutations have been detected at the UROD locus.24 In both
types, accumulation of sufficient porphyrin to cause disease appears to require a decrease in he
patic URaD activity to about 25% of normal. A number of factors that increase rhe risk of
appearance of symptoms in sporadic and familial PCT have been identified. These include alco
hol abuse, infection with hepatotropic viruses, principally HCY and HIV, oestrogens, and muta
tions in the haemochromatosis (HFE) gene, particularly homozygosity for the C282Y mutation.25.26
In addition, most patients have biochemical evidence of iron overload; clinically overt
haemochromatosis is uncommon. Depletion of hepatic iron stores leads to clinical remission.3

Clinical and experimental evidence indicates that the decrease in hepatic URaD activity from
half-normal in familial PCT, and from normal in the sporadic form, results from an iron-dependent,
reversible inactivation process.25 Experiments in UROD knock-out mice and other animal mod
els of PCT have identified iron, CYP lA2 and, possibly, other CYPs, and an unidentified inhibitor
of URaD derived from ALA, probably by an iron-dependent oxidarion, as key components in
this process.25-29

Molecular investigation of a rare childhood-onset cutaneous porphyria, hepatoeryrhropoietic
porphyria (HEP), with similar urinary and faecal porphyrin patterns to PCT has confirmed that this
is the homozygous or compound heterozygous variant of PCT with some UROD mutations being
common to both conditions (Table 2).25
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Autosomal Recessive Porphyrias
Characterisation of the UROS gene that codes for the enzyme that is markedly deficient in

CEp, has allowed some understanding of why this severe disorder demonstrates wide clinical
heterogeneity. Affected individuals present with symptoms that start in utero (hydrops fetalis),
during infancy, in childhood or later. 3o This clinical heterogeneity relates to the level of re
sidual enzyme activity and by extension to the severity of the mutation as defined by in-vitro
expression studies (summarised in ref. 30). Mutations of all types have been described in
most exons, several introns and within the erythroid-specific promoter region.30 The C73R
mutation has been found in a third of reported allele mutations,30 although we have found a
lower percentage (2 of 28 alleles) in the UK population possibly due to increased representa
tion from ethnic minorities. Mutational analysis has therefore proven helpful in evaluating
the likely phenotype and for prenatal testing in families with an affected child.3o

ADp, the rarest of the porphyrias, is an autosomal recessive acute porphyria that results from
mutations in the AIAD gene.3Worldwide only seven patients have been described and all appear to
be compound heterozygotes. InterestinyIy despite residual ALAD enzyme activities ofless than 1%,
only one patient presented in infancy.3

Mechanisms of Disease

Acute Neurovisceral Attacks
Acute neurovisceral attacks are due to neuronal damage in the central, peripheral and autonomic

nervous system. These attacks, and the identical crises that occur in hereditary tyrosinaemia where
ALAD becomes inhibited by succinyl acetone, are all associated with elevation ofALA in plasma and
urine. Accompanying biochemical changes include induction ofALAS1, rdative haem deficiency in the
liver and, in VP and HCp, probably inhibition ofHMBS by haem precursors (protoporphyrinogen or
coproporphyrinogen).32 At a cellular level there is axonal degeneration and chromatolysis affecting
motor neurons, brain stem nuclei and autonomic ganglia. There may also be some changes in the brain
cortex, although these tend to be less marked. The exact pathogenesis ofthe neurological manifestations
ofacute attacks remains elusive; hypotheses include a neurotoxic effect ofALA, haem deficiency in the
liver with secondary effects on neurotransmirter metabolism, haem deficiency in the nervous system or
a combination of two or more of these.33 The generation of a porphobilinogen deaminase deficient
mouse has led to some insights into pathogenesis.34 Altho~ the mouse model develops a chronic
axonal neuropathy, that may be caused by haem deficiency,35 it does not show the drug-induced acute
neurovisceral artacks that characterise the human acute porphyrias.

Skin Lesions
There appears to be no fundamental difference in the underlying mechanism that results in por

phyrin initiated cellular damage between bullous porphyrias and EPP. Absorption oflight with wave
lengths in the region of 400-410 nm results in excited state porphyrins which decay releasing energy
either as a photon of light, or more damagingly, interacting with oxygen via energy transfer to form
singlet oxygen, or via electron transfer to form superoxide anion.25 These toxic products are capable of
damaging proteins, lipids and DNA resulting in cellular damage, which releases other activating com
pounds and results in damage to cells ofthe dermis and areas ofbasement membrane in their immedi
ate vicinity. Histopathology ofthe resulting lesions shows a characteristic accumulation ofamorphous
hyaline material in the vicinity ofsmall blood vessels supplying upper dennis. Production and accumu
lation of the more water soluble porphyrins e.g., uroporphyrin and coproporphyrin results in bullous
skin lesions which are a consequence ofdamage to the epidermis. In certain areas this results in a split
in the basement membrane and the development of fluid filled bullae. The floor of the bullous has
characteristic projections into the space, which give it a "festooned" appearance.

The symptoms ofacute photosensitivity in EPP result from the elevation of free protoporphyrin
which, unlike the zinc-chelated protoporphyrin that is increased in iron deficiency or lead poison
ing, is lipophilic. This physicochemical property probably underlies the difference between the symp
toms of EPP and the other cutaneous porphyrias, where the accumulated porphyrins are more
hydrophilic and therefore distributed in a different pattern within the dermis. To explain the acute
reaction to sunlight, it has been proposed that light induces the transfer offree protoporphyrin from
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plasma or RBC's to dermal capillary endothelial cells where it becomes a target for photo-activation
by ultraviolet light (A.400-41 0 nm).36

Liver Disease
Liver disease is a potential complication of all the porphyrias except ADP and CEP. The risk of

developing hepatocellular carcinoma (HCC) is thirry-six-fold higher in patients with acute porphyria
than in the general population and such rumours occur in the absence ofliver cirrhosis.3

? The carcino
genic mechanism has not been established but it is suggested that auto-oxidation of increased hepatic
mitochondrial AlA generates free radicals which are mutagenic.3?

In PCT, histological abnormalities are seen in hepatic tissue from virtually all patients and range
from minor changes to frank cirrhosis.25 Patients with PCT and cirrhosis are more likely to develop
HCC than those with cirrhosis alone.

Protoporphyrin is hepatotoxic and its accumulation in the liver underlies the liver dysfunction that
arises in a proportion of EPP patients.9 It is not clear why about 2% of patients go on to develop liver
failure.9 The factors that predispose to this complication are poorly understood and research is cur
rently focused on possible contribution by rhe patient's genotype with evidence that missense
mutations in the FECH gene are under-represented in patients with severe liver disease.24

,38

New Approaches to Management
Management of both acute and cutaneous porphyrias include symptomatic treatment as well as

prevention of further episodes and or complications by suggesting relatively simple changes to the
patient's lifestyle.3,39 Novel approaches are being actively pursued by several research groups espe
cially for patients suffering from the more severe forms of porphyria.

Established Therapy
Management of an acute neurovisceral attack includes symptom relief and general supportive

measures in the form ofanalgesia, intravenous fluid therapy and treatment ofcomplications as they
arise (Table 3).40 Specific treatment aimed at limiting the severity and shortening the artack should
be instituted without waiting for the porphyria type to be established. Although the exact pathogen
esis of acute attacks is not understood, intravenous haem preparations (either haem arginate or
haematin) have proved successful in shortening the duration and limiting the severity of acute at
tacks when given early.41 The probable mode ofaction is suppression of the rate limiting step of the
haem synthetic pathway, ALA-synthase, thereby decreasing hepatic production of haem precursors
AlA and PBG and/or correcting the relative haem deficiency in the liver. Treatment is by rapid
infusion on four consecutive days and is associated with few side effects apart from irritation of
peripheral veins. 4o Once the acute attack is over management shilts to prevention, both in the
patient and in affected family members identified by family screening. Both symptomatic and
presymptomatic patients are provided with patient information leaflets and counselled to avoid
factors which increase the risk of an acute attack including, prescribed and illicit drugs, alcohol,
smoking and caloric restriction. Our approach in Cardiff has been to provide patients and their
clinicians with information on which drugs are likely to be safe and to encourage these to be used as
first choice. With the ever-increasing numbers of prescribed drugs entering the market, this is an
ongoing process and patients and their clinicians need to be advised where to obtain up to date
information. This is best achieved by a regularly updated website, with information collated by a
group of experts and this has recently been established in Europe (www.porphyria-europe.com).
Where this is not possible, clinicians are encouraged to assess the risk versus the benefit ofchoosing
a particular agent, and if necessary to monitor the patient carefully during treatment.

A minoriry of patients suffer recurrent acute attacks and require more complex treatment. For
women who suffer cyclical attacks that can be clearly linked to a particular menstrual phase, ovula
tion suppression using gonadotrophin releasing hormone (GnRH) analogues has proved success
ful. 40 Alternatively regular prophylactic treatment with a haem preparation such as haem arginate,
usually via an indwelling central venous catheter, has been successfully used to decrease the fre
quency and severity of acute attacks.4o However this mode of treatment is not without risks and a
significant number of patients treated in this way develop complications such as iron overload or
bacterial infection of the venous catheter leading to septicaemia. In addition, the recurrent acute
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attacks together with complex trearment regimes result in a significant reduction in quality oflife in
this group ofyoung adults.

TransplAntation
Transplantation has been used as an effective treatment method for a variety of purposes in

porphyric patients with the aim ofcorrecting the enzyme deficiency or treating an associated com
plication such as liver failure or hepatoma.

Bone manow transplantation is an established treatment for patients with moderate or severe
CEP and has proved highly effective.3o Dramatic improvement in photosensitivity coincides with
large reductions in urine and plasma porphyrin levels. The main limitations are availability of
histocompatibly matched stem cells, which may be from unaffected siblings or nonrelated donors,
and the morbidity and mottality associated with this medical procedure. With improvements in
immunosuppression these risks have diminished since the first procedure was undertaken in 1991.
While bone marrow transplantation would almost certainly be effective in EPP the risks are consid
ered to outweigh the benefits and it has therefore only been used to treat coexistent haematological
malignancy.42 However this may change if methods can be developed to identify those EPP patients
at most risk of fulminant liver failure, thereby tipping the balance towards benefit rather than risk.

Orthotopic liver transplantation has been used in two circumstances: to correct the enzyme
deficiency associated with acute hepatic porphyria and as a life-saving procedure in EPP patients
who develop fulminant liver failure. The most radical so far has been liver transplantation in a young
patient withAIP who suffered recurrent severe attacks.43 This approach resulted in complete clinical
and biochemical remission, and has confirmed the liver as being central to the disorder. Having
demonstrated that correction of the hepatic enzyme deficiency is an effective treatment option vari
ous less radical methods may now be pursued.44 A less successful outcome was seen in a patient with
the very rare ADp, in whom a liver transplant did not reverse the biochemical abnormalities nor
protect the patient from recurrent acute attacks.31 However this autosomal recessive condition is
associated with lower residual enzyme levels and the failure to correct the enzyme deficiency in all
cells especially nerve tissue is likely to have been the cause of the continued excess production of
ALA and poor clinical outcome.

In EPp, liver transplantation is a life-saving but not curative procedure that is used in patients
with protoporphyrin-induced fulminant liver failure.9The operation is complicated by the poten
tial for severe phototoxicity induced by irradiation of the surgical field by intense theatre lights.
Strategies to limit this effect include exchange transfusion, plasmapheresis and light filters. 45

Gene Therapy and Enzyme Replacement Therapy
As monogenic disorders the porphyrias, especially the more severe forms, are good candidates for

gene therapy. This is especially true for CEP and EPp, where the molecular defect primarily affects a
single organ, the bone marrow, and bone marrow transplantation has already been shown to be an
effective treatment. In addition, X-linked severe combined immunodeficiency, an inherited
haematological disorder has recentll been successfully treated by ex vivo gene therapy although this
carries a risk ofcausing leukaemia.4 Transfer ofthe wild-type UROS gene into cultured human cells
using a variety ofviral vectors has been shown to result in stable expression of the transgene in a high
proportion of dividing cells and correction of the metabolic defect.47 A retroviral vector has also
been used to correct the molecular defect in bone marrow from an EPP mouse model,48 paving the
way for a clinical trial in humans. The HEP genetic defect has also been corrected in vitro by retroviral
gene transfer into cultured cells49 but this disorder is likely to prove much more technically demand
ing as gene transfer into hepatic cells will be required.

The successful treatment ofAIP by liver transplantation is likely to drive fotward research into
novel treatments for the acute hepatic porphyrias. It demonstrated that correction of the hepatic
defect alone is sufficient to control the condition, and should lead to other methods of hepatic
enzyme replacement, either by recombinant enzyme infusion or gene therapy. Enzyme replacement
therapy for AIP is currently being developed, although the enzyme has not been modified to en
hance hepatic uptake. In addition, a safe, reliable and successful method for gene transfer into in situ
hepatic tissue is actively being pursued for several inherited metabolic disorders5o and once estab
lished should allow rapid development ofvectors for trearment ofhepatic porphyrias.
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Concluding Remarks
Although rare, the hwnan porphyrias are important because of the significant morbidity and mor

tality associated with these conditions. In particular the autosomal dominant acute porphyrias have the
propensity to cause a devastating illness in a minority of patients. The most important future develop
ments in our understanding ofthese diSorders is likely to come from research into the genetic and other
factors which influence clinical expression. The options for permanent treaunent are also likely to change
once safe and reliable methods ofgene delivety to the liver or bone marrow have been developed.

References
I. Warren M], Jay M, Hunr OM et al. The maddening business of King George III and porphyria.

Trends Biochem Sci 1996; 21:229-234.
2. Loftus LS, Arnold WN. Vincenr van Gogh's illness: Acute inrermirrenr porphyria? BM] 1991;

303: 1589-1591.
3. Anderson KE, Sassa, S, Bishop OF et al. Disorders of heme biosynthesis: X-linked sideroblastic ane

mia and the porphyrias. In: Scriver CR, Beaudet AL, Sly WS et al, eds. The Metabolic and Molecu
lar Basis of Inherited Disease. 8th ed. New York: McGraw-Hill, 2001:2961-3062.

3b. Whatley SO, Ducarnp S, Gouya L et al. C-terminal deletions in the AlAS2 gene lead to gain of
function and cause a previously undefined type of human porphyria, X-linked dominant protoporphyria,
without anemia or iron overload. Am] Human Genet 2008; 83:408-414.

4. Ponka P. Cell biology of heme. Am ] Med Sci 1999; 318:241-56.
5. Elder GH, Hift R], Meissner Pl. The acute porphyrias. Lancet 1997; 349:1613-161.
6. Millward LM, Kelly P, Deacon A et al. Self-rated psychosocial consequences and qualiry of life in the

acute porphyrias. ] Inherit Metab Dis 2001; 24:733-747.
7. Andant C, Puy H, Bogard C et al. Hepatocellular carcinoma in patients with acute hepatic porphy

ria: Frequency of occurrence and related factors. ] Hepatol 2000; 32:933-939.
8. Andersson C, Wikberg A, Stegmayr B et al. Renal symptomatology in patients with acute inrermit

tenr porphyria. A population-based srudy. ] Inrern Med 2000; 248:319-325.
9. Meerman L. Eryrhropoietic protoporphyria. An overview with emphasis on the liver. Scand ]

Gastroenrerol Suppl 2000; 232:79-85.
10. Mauzerall 0, Granick S. The occurrence and determination of b-aminolaevulinate and porphobilino

gen in urine. ] Bioi Chern 1956; 219:435-446.
11. Deacon AC, Elder GH. Front line tests for the investigation of suspected porphyria. ] Clin Pathol

2001; 54:500-507.
12. Whatley SO, Puy H, Morgan RR et al. Variegate porphyria in Western Europe: Identification of

PPOX gene mutations in 104 families, extenr of allelic heterogeneiry, and absence of correlation
between phenotype and rype of mutation. Am ] Hum Genet 1999; 65:984-994.

13. Lamoril J, Puy H, Whatley SO et al. Characterization of mutations in the CPO gene in British
patients demonstrates absence of genotype-phenotype correlation and identifies relationship between
heredirary coproporphyria and harderoporphyria. Am ] Hum Genet 2001; 68: 1130-1138.

14. Whatley SO, Woolf ]R, Elder GH. Comparison of complemenrary and genomic DNA sequencing
for the detection of mutations in the HMBS gene in British patienrs with acute intermirrent porphy
ria: Identification of 25 novel mutations. Hum Genet 1999; 104:505-510.

15. Nordmann Y, Puy H, DaSilva V et al. Acute intermittent porphyria: Prevalence of mutations in the
porphobilinogen deaminase gene in blood donors in France. ] 1nt Med 1997; 242:213-7.

16. Kauppinen R, Mustajoki P. Prognosis of acute porphyria: Occurrence of acute attacks, precipitating
factors, and associated diseases. Medicine 1992; 71:1-13.

17. Andersson C, Floderus Y, Wikberg A et al. The W198X and R173W mutations in the porphobilino
gen deaminase gene in acute inrermirrent porphyria have higher clinical penerrance than R167W. A
population based srudy. Scand. ] Clin Lab Invest 2000; 60:643-648.

18. Meissner PN, Dailey TA, Hift R] et al. A R59W mutation in human proroporphyrinogen oxidase results
in decreased activiry and is prevalent in South Africans with variegate porphyria. Nat Genet 1996; 13:95-97.

19. Lee ]S, Anvret M. Identification of the most common mutation within the porphobilinogen deaminase
gene in Swedish patients with acute intermittent porphyria. Proc Natl Acad Sci USA 1991; 88:10912-10915.

20. Elder GH. Hepatic porphyrias in children. ] Inher Metab Dis 1997; 20:237-46.
21. Lamoril ], Puy H, Gouya L et al. Neonatal anaemia due to inherited harderoporphyria: Clinical

characteristics and molecular basis. Blood 1998; 91:1453-7.
22. Gouya L, Puy H, Robreau AM et al.The penerrance of dominant eryrhropoietic protoporphyria is

modulated by expression of wildrype FECH. Nat Genet 2002; 30:27-28.
23. Cox TM. Proroporphyria. In: Kadish KM, Smith KM, Guilard R, eds. The Porphyrin Handbook,

vol. 14, Medical aspects of porphyrias. Amsterdam: Academic Press, 2003: 121-150.



100 Tetrapy"o!es: Birth, Lift and Death

24. Chen FP, Risheg H, Liu Y et aI. Ferrochelarase gene mutations in erythropoietic protoporphyria:
Focus on liver disease. Cell Mol Bioi 2002; 48:83-89.

25. Elder GH. Porphyria cutanea tarda and related disotders. In: Kadish KM, Smith KM, Guilard R,
eds. The Porphyrin Handbook: Vol. 14 Medical Aspects of Porphyrins. San Diego: Academic Press,
2003:67-92.

26. Bulaj ZJ, Phillips JD, Ajioka RS et aI. Hemochromatosis genes and other factors contributing to the
pathogenesis of porphyria cutanea tarda. Blood 2000; 95:1565-1571.

27. Phillips JD, Jackson LK, Bunting M et aI. A mouse model of familial porphyria cutanea tarda. Proc
Nat! Acad Sci USA 2001; 98:259-264.

28. Franklin MR, Phillips JD, Kushner JP. Uroporphyria in the uroporphyrinogen decarboxylase-deficient
mouse: Interplay with siderosis and polycWorinated biphenyl exposure. Hepatology 2002; 36:805-811.

29. Sinclair PR, Gorman N, Trask HW et al. Uroporphyria caused by ethanol in Hfe{-I-) mice as amodel
for porphyria cutanea tarda. Hepatology 2003; 37:351-8.

30. Desnick RJ, Astrin KH. Congenital erythropoietic porphyria: Advances in pathogenesis and treat
ment. Br J Haem 2002; 117:779-795.

31. Thunell S, Henrichson A, Floderus Y et al. Liver transplantation in a boy with acute porphyria due
to aminolaevulinate dehydratase deficiency. Eur J Clin Chern Clin Biochem 1992; 30:599-606.

32. Meissner PN, Adams P, Kirsch R. Allosteric inhibition of human Iymphoblasts and purified porpho
bilinogen deaminase by protoporphyrinogen and coproporphyrinogen: A possible mechanism for the
acute attack of variegate porphyria. J Clin Invest 1993; 91:1436-1444.

33. Meyer UA, Schuurmans MM, Lindberg RLP. Acute porphyrias: Pathogenesis of neurological mani
festations. Sem Liv Dis 1998; 18:43-52.

34. Lindberg RLP, Porcher C, Grandchamp Bet al. Porphobilinogen deaminase deficiency in mice causes
a neuropathy resembling that of human hepatic porphyria. Nat Genet 1996; 12:195-199.

35. Lindberg RLP, Martini R, Baumgartner M et al. Motor neuropathy in porphobilinogen
deaminase-defient mice imitates the peripheral neuropathy of human acute porphyria. J Clin Invest
1999; 103:1127-1134.

36. Sandberg S, Brun A. Light-induced protoporphyrin release from erythrocytes in erythropoietic
protoporphyria. J Clin Invest 1982; 70:693-698.

37. Andant C, Puy H, Bogard C et al. Hepatocellular carcinoma in patients with acute hepatic porphy
ria: Frequency of occurrence and related factors. J Hepatol 2000; 32:933-9.

38. Minder EI, Gouya L, Schneider-Yin X et aI. A genotype-phenotype correlation between null-allele
mutations in the ferrochelatase gene and liver complication in patients with erythropoietic
protoporphyria. Cell Mol Bioi (Noisy-Ie-grand) 2002; 48:91-96.

39. Badminton MN, Elder GH. Management of acute and cutaneous porphyrias. Int J Clin Pract 2002;
56:272-8.

40. Elder GH, Hift RJ. Treatment of acute porphyria. Hospital Medicine 2001; 62:422-425.
41. Mustajoki P, Nordmann Y. Early administration of haem arginate for acute porphyric attacks. Arch

Intern Med 1993; 153:2004-2008.
42. Poh-Fitzpatrick MB, Wang X, Anderson KE et al. Erythropoietic protoporphyria: Altered phenotype

after bone marrow transplantation for myelogenous leukemia in a patient heteroallelic for ferrochelarase
gene mutations. J Am Acad Dermatol 2002; 46:861-6.

43. Soonawalla ZF, Orug T, Badminton MN et al. Liver Transplantation as a cure for acute intermitrent
porphyria. Lancet 2004; 363:705-6.

44. Wiesner RH, Ralela J, Ishitani MB et al. Recent advances in liver transplantation. Mayo Clin Proc
2003; 78:197-210.

45. Meerrnan L, Verwer R, Siooff MJ et al. Perioperative measures during liver transplantation for eryth
ropoietic protoporphyria. Transplantation 1994; 88:541-549.

46. Kohn DB, Sadelain M, Glorioso Je. Occurrence of leukaemia following gene therapy of X-linked
scm. Nat Rev Cancer 2003; 3:477-88.

47. Geronimi F, Richard E, Lamrissi-Garcia I et al. Lentivirus-mediated gene transfer of uroporphyrinogen
III synthase fully corrects the porphyric phenotype in human cells. J Mol Med 2003; 81:310-320.

48. Pawliuk R, Bachelot T, Wise RJ et al. Long-term cure of the photosensitivity of murine erythropoi
etic protoporphyria by preselective gene therapy. Nat Med 1999; 7:768-772.

49. Fontanellas A, Mazurier F, Moreau-Gaudry F et aI. Correction of uroporphyrinogen decarboxylase
deficiency (Hepatoerythropoietic porphyria) in Epstein-Barr virus-transformed B-cell lines by
retrovirus-mediated gene transfer: Fluorescence-based selection of transduced cells. Blood 1999;
94:465-474.

50. Raper SE, Yudkoff M, Chirmule N et al. A pilot study of in vivo liver-directed gene transfer with an
adenoviral vector in partial ornithine transcarbamylase deficiency. Hum Gene Ther 2002; 13:163-175.



CHAPTER 6

Heme Degradation:
Mechanistic and Physiological Implications
Angela Wilks*

Abstract

H eme oxidation catalyzed by heme oxygenase has evolved to carry out a number of
important and diverse physiological processes including iron reutilization and cellular
signaling in mammals, synthesis of light-harvesting pigments in cyanobacteria, light per

ception in plants, and the acquisition of iron in bacterial pathogens. In mammals the evolution of
biliverdin !Xa reductase in the conversion of biliverdin !Xa to bilirubin!Xa provides an important
link between heme metabolism and antioxidant protection. The following review will address heme
degradation in the context of the physiological and mechanistic aspects of heme oxidation and
biliverdin reduction in animals and bacteria, and the possible clinical ramifications of modulation of
heme oxygenase and biliverdin reductase activity.

Introduction
Heme oxygenase is the first step in the metabolism of heme, and is universally found in all

heme-containing organisms. In animals, its major role is in the disassembly of red blood cells, allow
ing turnover of heme, and the utilization of the amino acids of hemoglobin. The reaction requires
three molecules of oxygen and a total of seven electrons, from NADPH, for the conversion of one
heme to biliverdin, CO and iron. I In mammals, the transfer ofelectrons to the heme oxygenases is
mediated by cyrochrome P4S0 reductase. the same redox partner that is responsible for electron
transfer to the cyrochrome P4S0 enzymes.2 The mammalian heme oxygenases cleave heme in a
regiospecific manner to yield biliverdin !Xa as the sole enzymatic product (Fig. I). The conversion
of biliverdin !Xa to bilirubin !Xa is then catalyzed by biliverdin !Xa reductase (BVR-A).3 This
chapter outlines our current understanding of heme degradation in animals and pathogenic bacte
ria. Heme metabolism in plants and cyanobacteria will be the focus of Chapter 12.

Evolution and Biological Function of Heme Oxygenase
In the three or so decades since Schmid and coworkers first described a heme oxygenase activity

the role of this unique class of enzymes has extended well beyond the physiological degradation of
hemoglobin.4 The existence of two isoforms of mammalian heme oxygenase designated HO-l and
HO-2 respectively, have been known for sometime.5 A third isoform HO-3 that appears to have
little catalytic activity has recently been characterized and it has been suggested that its function may
largely be regulatory.6

In mammals the heme oxygenase pathway is the only known physiologically relevant mechanism
for the degradation ofheme. The oxidative cleavage ofheme not only removes a potentially toxic agent,
but also provides a mechanism for the reutilization of iron. The critical role of heme oxygenase in
iron-reutilization was further demonstrated with the genetic knockout mice of HO-I? The HO-l
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Figure 1. Heme oxygenase catalyzed conversion of heme to biliverdin. Abbreviations are as follows; M,
methyl (-CH3), V, vinyl (-CH=CH2), Pr, propionate (-CH2-CH2-COOH). The meso-carbons are labeled
a,13,ll, and y.

deficient adult mice developed chronic anemia associated with low serum iron levels but an in
creased hepatic and renal iron content. The deposition of iron within the liver and kidneys pro
moted oxidative damage, chronic inflammation and tissue injury. The critical role ofHO-l in both
antioxidant protection and iron homeostasis places HO-l at a unique junction in research disci
plines as diverse as cardiovascular physiology, the central nervous system, renal and hepatic function,
inflammation and transplant surgery.

The heme oxygenase reaction produces biliverdin, which by the action of biliverdin IXa reduc
tase (BVR-A) is converted to bilirubin. Bilirubin has long been known as a neurotoxic agent when it
rises above physiological levels as is observed in neonatal jaundice or Crigler-Najjar syndrome.s

However, bilirubin also acts as a lipid soluble antioxidant, and may have physiological relevance in
protection against intracellular oxidative damage due to free-radical formation.9 More recently it has
been suggested that the oxidation of bilirubin to biliverdin, and its subsequent conversion back to
bilirubin by the action of BVR-A, acts as an amplification cycle to protect cells from oxidative
damage. lo In addition to its role as an antioxidant bilirubin, as well as biliverdin, has also been
implicated in the modulation of the immune response. I I Therefore, the formation of bilirubin like
many endogenous chemicals is beneficial at physiological concentrations, but becomes toxic when
produced in excess.

The oxidative cleavage of heme by HO releases carbon monoxide (CO) as a rroduct of the
reaction. Carbon monoxide has been proposed ro function as a neural messenger. I However, the



Heme Degradation 103

implication of CO as a neural messenger in processes such as long-term memory potentiation,
neuroendocrine regulation, and vasodilation is not without controversy as much of the experimental
evidence has involved the use ofmetalloporphyrin inhibitors ofheme oxygenase. Metalloporphyrins
such as tin-protoporphyrin (Sn-PPIX) or zinc-protoporphyrin (Zn-PPIX) have inhibitory activiry
against other hemeproteins including guanylyl cyclase (sGC) , a possible receptor target of CO.
More recently, evidence has suggested that the anti-inflammatory response and inhibition ofapoptosis
by CO is independent of sGC and results from direct activation of the mitogen-activated protein
(MAP kinase) pathway by CO. 13 While the receptors and direct sites of action of CO remain open
to question and debate, enough evidence has now accumulated implicating CO as a cellular activa
tor in many diverse regulatory functions.

Heme oxygenase also plays an imponant role in lower eukaryotic and prokaryotic organisms. In
the cyanobacteria and higher plants heme oxygenase is essential for the biosynthesis oflight-absorbing
pigments (see Chapter 6). The formation of biliverdin by the action of heme oxygenase is required
for the biosynthesis of phycobilins and phyrochromobilins, the receptors involved in responses such
as phototropism and regulation of chlorophyll biosynthesis. More recently bacteriophyrochrome
proteins have been observed in the nonphotosynthetic bacterium Pseudomonas aeruginosa, and un
like its photosynthetic counterparts, which utilize phyrochromobilin, this organism directly incor
porates biliverdin and functions as a photochromic kinase that is modulated by lighr. 14

The utilization of heme as a source of iron by bacterial pathogens has highlighted yet another
niche for which heme oxidation has an important function. Bacterial pathogens require iron for
their survival and pathogenesis and as such have developed sophisticated mechanisms by which they
can utilize the host heme and heme-containing proteins as a source of iron. 15 Cleavage of the por
phyrin macrocycle facilitated by heme oxygenase is critical in the release of iron for funher use by
the pathogen, and in preventing toxicity associated with heme once it is internalized within the cell.
The identification and characterization of iron-regulated heme oxygenase genes in Corynebacterium
diptheriae, Neisseriae meningitidis and Pseudomonas aeruginosalrovides another example ofa conser
vation of mechanism in an essential physiological process.! -18 In each of the physiological roles
described above heme oxygenase has evolved to carry out a specific function essential to the survival
of the organism, while essentially retaining the same structural and functional motif

Sequence and Structural Conservation within the Heme
Oxygenase Enzymes

The mammalian heme oxygenases are in all cases microsomal membrane bound proteins. The
amino acid sequences of the human isoforms HO-1 (hHO-1) and HO-2 (hHO-2) are approxi
mately 42% identical, significanrIy lower than the 80% identity between the human and rat HO-2
isoforms (Fig. 2). The recenrIy identified HO-3 (hHO-3) has a much lower similarity to either
HO-1 or HO-2 but appears to be more closely related to HO-2. Regions of high sequence identity
between the three isoforms are found in the sequence corresponding to residues 125-150 and 11-40
in hHO-l. A histidine (His-25) in the larrer sequence has been identified as the proximal histidine
to the heme (see below).

Interestingly, the region ofhighest sequence identity, residues 125-150 in HO-l and 144-169 in
HO-2, corresponds to the sequence of the distal helix, which lies directly above the heme. The distal
helix region was thought to be a fingerprint motif for the heme oxygenase proteins, however, we
have recently characterized heme oxygenases from Neisseria meningitides (nm-HO) 17 and Pseudomo
nas aeruginosa (pa- HO) 18 that have a much lower degree ofsequence identity within this region than
the more well characterized heme oxygenases (Fig. 2). It is evident from the sequence alignments
that there are no apparent critical active site residues that may be directly involved in catalysis.

Crystallographic Studies
The crystal structures of the truncated soluble forms of the human and rat HO-I enzymes

complexed with heme, have provided significant insight into both the mechanism and regioselectivity
of the heme oxygenase reaction. 19.20 The structure of the human H 0-1 lacking the terminal 55
amino acids, including a 23 C-terminal hydrophobic membrane anchor has been refined to 1.3 A.
Despite the truncation of the protein the activity and regioselectivity of the reaction were largely
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Figure 2. Sequence alignment of the human and bacterial heme oxygenases. HO-l and HO-2, human
isozymes, cd-HO, Corynebacterium diphtheriae, nm-HO, Neisseriae meningitidis, andpa-HO, Pseudomo
nas aeruginosa. The sequence numbering shown is that of the human HO-l isozyme. The proximal His
and the conserved glycine motif are shown in bold. The C-terminal membrane anchor of the human
enzymes is underlined.

unaffected. 19 More recently we have solved the crystal structure of the soluble 24 kDa heme oxyge
nase from Neisseriae meningitidis (nm-HO) to 1.5 A.2l The first striking observation, given the
limited sequence identiry between hHO-l and nm-HO, is the high degree of strucrutal conserva
tion. The heme oxygenase proteins have a novel fold which is primarily a-helical, with the o-meso
edge of the heme and the propionates exposed at the molecular surface of the protein (Fig. 3).

The heme is held between two helices, referred to as the proximal and distal helices. The proximal
helix donates the histidine ligand, His-25 in hHO-l and His-23 in nm-HO. Additional contact resi
dues with the heme include Ala-28 and Glu-29 ofhH0-1 and the correspondingVal-26 and Asp-27 in
nmHO. Glu-29 in HO-l and Asp-27 in nm-HO on the proximal side of the heme are both close
enough to form a hydrogen bond with their respective proximal histidines.

The distal face of the heme where the oxygen ligand binds, and the reaction takes place, has a
distal helix with a kink of approximately 50' directly over the heme (Fig. 3). This kink in the helix
is provided by the glycines ofthe hi~hlyconserved sequence 139Gly_Asp_Leu-Ser-Gly-Glyl44 in hHO-l
and 117Gly-Ser-Asn-Leu-Gly-Alal 2 in nm-HO and is thought to provide the flexibiliry required for
binding of the substrate (heme) and release of the product (biliverdin). The helix closely approaches
the heme with direct backbone contacts from Gly-139 and Gly-143 in hHO-1. Recently, it has been
shown that mutation ofGly-139 resulted in a loss ofoxygenase activity and an increase in peroxidase
activity.22 The authors concluded that these residues are critical in maintaining an environment
conducive to oxygenase activity, and that the key role of the heme oxygenase protein environment
may be to suppress the formation of a ferryl species (see following sections).

In the human enzyme a cluster of polar residues near pyrrole B including Asn-210, Arg-136 and
Asp-140 appear to form a hydrogen-bonding network ofpolar residues with a second tier of residues
Tyr-58 and Tyr-114. In an effon to understand the role of this hydrogen-bonding network Oniz de
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Figure 3. The overall structure of human HO-I. The proximal helix shown in blue donates the His-25
ligand to the heme iron. The distal helix in cyan lies across the heme shown in red. A color version ofthis
figure is available online ar www.eurekah.com.

Montellano and coworkers have replaced Asp-140 in the active site ofhHO-l with a number ofamino
acid residues, resulting in a decrease in the formation of biliverdin and an increase in peroxidase activ
ity.23 The authors concluded that replacement of Asp-I 40 disrupted oxygen binding resulting in a
much smaller proportion of the Felll-O-OH intermediate being directed to the a-meso carbon, with
the resulting heterolytic 0-0 bond cleavage yielding the ferry! species. The recent crystal structures of
the ferric, ferrous and ferrous -NO forms ofthe wild type and Asp-140-Ala mutant ofhHO-l reveal a
hydrogen-bonding network that is critical for protonation and activation of the oxygen.24 In nm-HO
many of the conserved residues involved in formation of the hydrogen-bonding network have been
replaced, but a similar hydrogen-bonding network is conserved which directly delivers the proton to
the oxygen ligand (Fig. 4).25

With regard to the regioselectivity of the reaction it is clear that steric hindrance plays a role in
determining which meso-carbon is hydroxylated in the initial reaction step. In both hH0-1 and nm-H0
only the &--meso-carbon is exposed at the surface ofthe protein with the other three meso-carbons being
buried within the protein. Propionate charge interactions with conserved residues appear to be critical
in binding and orienting the a-meso carbon of the heme for hydroxylation. 19 Residues in close prox
imity to the propionates in hHO-I are Lys-18, Lys-22, Lys-179, and Arg-183, as well as Tyr-134. In
the case ofnm-HO Lys-16 and Tyr-l12 corresponding to Lys-18 and Tyr-134 are absolutely conserved
within the same orientation in the structure.

We have recently investigated the role of the heme propionate interactions with the protein in
the bacterial heme oxygenases, and specificallypa-HO, which displays II-regioselectivity, and is there
fore unique in that all other heme oxygenases that have so far been characterized are a-selective. 18

Interestingly, on analysis of the sequence of pa-HO, which displays high sequence identity with
nm-HO, Lys-18 and Tyr-112 in nm-HO are replaced by Asn-19 and Phe-117. Site-directed mu
tagenesis in which Asn-I 9 and Phe-117 of paH0 were replaced with Lys and Tyr, resulted in a
protein with altered regioselectivity, resulting in 40% a-biliverdin and 60% II-biliverdin on HPLC
analysis ofthe final products of the reaction. 26 The altered regioselectivity was determined by 13C-heme
NMR studies to be the result ofa dynamic equilibrium between two alternate heme seatings, one in
keeping with the wild type pa-HO and one more closely related to the a-selective enzymes.26

One of the more interesting aspects of heme oxygenase reactivity is how (he enzyme has evolved
to discriminate between O 2 and CO. The 02-affinity offerrous heme-HO-I and HO-2 are 30- to
90-fold higher than those of mammalian myoglobins.27 Comparison of the dissociation constants
indicates a much slower rate ofdissociation from HO than the globins. In contrast the affinities for
CO in HO are only six-fold higher than those for oxygen in contrast to the much higher affinities
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Figure 4. Schematic of the ordered hydrogen bonding network in hHO-l (A) and nm-HO (B). The
hydrogen-bonding network involved in stabilization of the bound dioxygen as proposed from the crystal
structures of the NO-ferrous complexes of the heme-hHO-l and heme-nm-HO. (Adapted from refs. 24,
25, respectively.)

for CO compared to O 2 in the globins. Thus the ratios of Kco/K02 are ~5.4 and ~25 for HO and
the globins, respectively.27 One possible explanation for the decrease in O 2 dissociation and CO
affinity is suggested by the ctystal structures ofHO. Although there is no distal base such as histidine
to coordinate directly to the bound oxygen, the ordered set ofwater molecules within the active site
could function to stabilize the bound O 2, and participate in proton delivery to the bound oxygen. It
is evident from the recent crystal structure of the ferrous-NO and CO complexes of nm-HO that
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the more polar Ozligand would form a more stable set of hydrogen-bonding interactions than CO
perhaps accounting for the slower offrate ofOz and hence the increased affinity for Oz versus CO. Z5

Mechanism of Heme Oxygenase

Oxygen Activation ana Meso-Hydroxyl4tion
The first step in the catalytic turnover of heme is the reduction of the ferric Felll-heme-HO-l

complex to the ferrous stale by NADPH-eytochrome P450 reductase. On reduction ofthe iron to the
ferrous state, oxygen is bound to give the Fe"-Oz complex with a Soret maximum at 410 nm, and a
striking resemblance to the Fe"-Oz-myoglobin spectrum. Recent resonance Raman studies on the
isotopically labelled Fe"-Oz complex have shown an isotope shih panern that suggests the oxygen is
highly bent, with the terminal oxygen closely approaching the a-meso-carbon.Z8 The highly bent state
of the bound dioxygen contrasts sharply with the more linear geometry of the Fefl-Oz myoglobin
complex. The authors concluded, based on the similarity of the His-Fe stretching frequencies in both
the Fe"-02 myoglobin and HO complexes, that the effect was due to steric factors within the
heme-binding pocket, a conclusion consistent with the recent crystal structures. 19-Zl The
hydrogen-bonding network in the reduced ferrous-NO and CO complexes ofthe nm-HO and hHO-l
crystal structures provide further evidence for the bent geometry, which fucilitates in directing the
bound dioxygen toward the a-meso-carbon. z4

The dioXYren geometry has obvious implications for the hydroxylation of the a-meso-heme edge.
Once the Fel -Oz complex is formed a second electron transfer to the heme reduces the Fefl-Oz
complex to the activated peroxide Felll-O-OH intermediate. This intermediate in heme oxygenase
differs significantly from the more well characterized heme enzymes that undergo heterolytic cleavage
of the 0-0 bond to yield the active ferryl complex (FeN = 0). The addition of HzOz to the
Felll-heme-HO-l complex SUppOrlS the hydroxylation of the a-mesa-carbon to yield
a-meso-hydroxyheme, which in the presence ofoxygen is directly convened to verdoheme.z9 There
fore, HZ0 2 is equivalent to a molecule of oxygen and two electrons in the reaction of heme to
verdoheme, but does not support the catalytic conversion of verdoheme to biliverdin. 29

The narure ofthe peroxide species involved in hydroxylation ofthe heme was further studied with
the acyl and alkyl peroxides.Z9 Reaction ofthe FeIIJ-heme-H 0-1 complex with meta-chJoroperbenwic
acid generated a ferryl complex that did not support hydroxylation. Similarly, the larger alkyl perox
ides such as tert-butyl hydroperoxide and cumene hydroperoxide formed a ferryl species with no
evidence of heme modification. The reanion with the much smaller ethyl hydroperoxide gave the
most interesting and informative results. 30 Although ethyl hydroperoxide also gives rise to a ferryl
species, reduction of the peroxo intermediate to prevent nonspecific degradation of the heme, fol
lowed by HPLC isolation idenrified a fraction ofthe heme that was modified. The modified heme on
characterization by absorption, NMR, and mass spectroscopy was identified as the a-meso-ethoxyheme
adduct. 30 The formation ofa-meso-ethoxyheme paralleled that ofa-meso-hydroxyheme, the fitS( step
in the enzymatic reaction. The a-meso-ethoxyheme is stable compared to a-meso-hydroxyheme, which
is rapidly deprotonated as part of the normal reaction pathway to verdoheme. These experiments
highlighted one important aspect of the heme oxygenase reaction and that is the nature of the acti
vated peroxide intermediate. The reaction specifically rules out a mechanism by which the terminal
oxygen of a peroxo anion (Fe"l-O-O-) adds as a nucleophile to the a-meso carbon, because in the
ethKl hydroperoxide reaction the terminal oxygen is blocked. These results therefore imply that the
Fell_O_OH intermediate undergoes electrophilic addition at the a-meso-edge, in a mechanism that
supports the data from both the studies with HzOz and ethyl hydroperoxide (Fig. 5).

A series ofcrucial experimems utilizing ENDORand EPR spectroscopy techniques were carried out
on the cryogenically reduced Fe"-Oz HO-l complex.3l In these studies direct demonstration of a
one-electron reduction of the Fe"-Oz HO-l complex identified a-meso-hydroxyheme as a true imerme
diate in HO calalysis, and corroborated the hydroperoxide species as the activated oxygen in HO sub
strate hydroxylation. A series of EPR studies on model FelJl-porphyrinates showed mat the sum of the
squares of the principal g-values (Ig), when less than 14, suggests a unique elecuonic configuration
whereby the unpaired elecuon on the iron resides in the dxy orbital. This perhaps has implications for
reactivity of the heme oxygenase reaction. In such a system whereby the unpaired elecuon resides in me
dxy orbital, me resulting (d=dyJ4(dxy)1 elecuonic structure requires the macrocycle to rufHe to allow
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ddocalization ofthe spin density ofthe <l.yorbital into the porphyrin it-system, resulting in an increase in
the dectron density at the a-meso-carbons. A recent reevaluation of the data in the context of a model
comElex ofa low spin FeIII-O-OH intermediate ofheme oxygenase by EPR and NMR has been carried
out. zThe data suggest that a dxy dectron configuration is favored at physiological temperarures and as
such may exist in the enzyme system. The summation ofthe g values (~g) of 14.1 from the EPR data of
the Felll-O-OH heme-HO-l complex further suggests that the unpaired dectron may reside in the <l.y
orbital. The resulting dectronic configuration, which places a significant dectron spin density at the
meso-carbons may hdp explain the readiness of the FeIII-O-OH intermediate to attack the heme
meso-carbon. In addition a flexible heme binding cavity would be essential to allow the resulting rufHing
of the heme necessary for the orbital overlap in the (d.:z,d,z)4(dxy)1 dectronic configuration. While it is
evident that reactivity ofhemeproteins is both defined and modulated by the protein ligand to the heme,
it is interesting to speculate that HO may also have evolved to prime the heme for hydroxylation by
allowing a unique heme electronic structure that promotes the reaction. The combination ofsteric access
being restricted to the a-meso-carbon, the bent geometry of the activated oxygen and an increased elec
tron density together with the heme rufHing, which would cause the dectron dense a-meso-carbon to be
above the plane ofthe heme-iron, would clearly facilitate hydroxylation. We have recently examined the
role of heme electronics in facilitating the initial hydroxylation step utilizing BC NMR spectroscopic
studies with the hydroxide complex (FeIII-OH) of heme oxygenase as a modd of the hydroperoxide
intermediate (FeIII-OOH). The results strongly suggest that the coordination ofhydroxide in the distal
pocket induces the fonnation ofat least three p~ulations ofFeIII-OH complexes with distinct dectronic
configurations and nonplanar ring distonions. These findings were interpreted to suggest that if the
ligand fidd strength of the coordinated -OOH ligand in HO is modulated by the distal pocket in a
manner similar to that seen with -OH, the resultant large spin density at the meso carbon and nonplanar
defurmations ofthe macrocycle prime the heme to participate activdy in its own hydroxylation. Thus, it
is likely that the regiosdeetivty ofheme oxygenation is detennined by a combination ofboth steric and
electronic factors. In addition one could speculate that the flexibility ofthe distal helix and specifically the
glycine motifmay be critical in allowing the rufHing required to allow the reactive heme electronic struc
ture. It would be peninent to reexamine mutations within the flexible glycine motif in the context of
heme electronics to determine ifreduced flexibility ofthe helix contributes to a heme dectronic structure
that favors formation of a ferryl rather than heme hydroxylation. Funhermore, it is possible that
hemeproteins such as the peroxidases and eytochromes P450, which undergo dioxygen bond cleavage to
give the ferryl intermediate, have evolved a protein scaffold that essentiallydisallows access ofthe heme to
an dectronic configuration similar to that observed in HO, and hence shifi:s the reaction toward ferryl
fonnation rather than heme hydroxylation.

Conversion ofa-Mesohydroxyheme to Verdoheme
The conversion of a-mesohydroxyheme to verdoheme is an oxygen dependent process as evi

denced from the reaction with HzOzor on reconstitution with synthetic a-mesohydroxyheme where,
in the absence of oxygen, a-mesohydroxyheme is a stable intermediate.34 Addition of oxygen to the
anaerobic a-mesohydroxyheme complex results in the appearance of an organic radical in the EPR
spectrum at g = 2.008 with a rhombic signal at g = 6.07 and 5.71 characteristic ofthe Felli species.34

Figure 5. Electrophilic oxidation of the heme as catalyzed by HO. With HzOz as the oxidant R=H and
a-mesohydroxyherne is the product;with ethyl hydroperoxideasoxidant R= -CHzCH3anda-mesoethoxyherne
is the product.
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Although it is largely agreed that the Felll-mesohydroxyheme is in equilibrium with the Fe" radical
form some questions remain on the requirement of reducing equivalents for the conversion of
a-mesohydroxyheme to verdoheme. In studies with synthetically reconstituted apo-HO-I and
a-mesohydroxyheme it has been reported that the formation of verdoheme required input of a fur
ther reducing equivalent as well as O2.35 In contrast Liu et al, reported that only the addition of
oxygen was required for the conversion ofthe H20 2generated a-mesohydroxyheme to verdoheme.34

There is no question that the conversion of FellI-verdoheme to Fe"-verdoheme requires an electron.
The observation that Felll-verdoheme accumulates in high yields in the H20 2driven reaction in the
presence of O2 clearly indicates that an eleerron is not required at this steR' Under physiological
conditions in the presence ofNADPH and cytochrome P450 reductase Fe I-verdoheme does not
accumulate and is rapidly converted to Fe"-verdoheme. The step at which the electron is introduced
is debatable but clearly it is not introduced prior to the formation of FellI-verdoheme, rather it is
either following formation of Felll-verdoheme, after CO elimination, or prior to CO release directly
in the formation of Fe"-verdoheme.34

In the proposed mechanism, deprotonation of the a-mesohydroxyheme is required to yield the
oxophlorin radical, which can react with oxygen to give a peroxy-radical intermediate, either through
direct interaction with the iron or following internal electron transfer to give the Felli-hydroperoxy
species. Either ofthese species would give rise to an unstable ferryl alkoxy radical with the consequent
release ofCO as a result ofcarbon-carbon bond cleavage. The resulting unstable carbon radical is then
presumably internally oxidized to the cation by eleerron transfer to the ferryl species (Fig. 6).

While none of the intermediates beyond the addition ofoxygen to the porphyrin radical species
have been identified spectrally, the mechanism provides a reasonable explanation of the steps in
volved in CO release and formation ofverdoheme.

Verdoheme to Biliverdin
The final stage ofthe HO catalyzed reaction, and the least well understood in mechanistic terms,

is the conversion ofverdoheme to biliverdin. Early 180ylabelling studies on the reconstituted H 0-1
system provided an important foundation for the mechanism of oxygen insertion. Under a partial
atmosphere of 1602/1802 one atom each 0[180 and 160 were incorporated into the final biliverdin
product.36 The incorporation of two atoms of oxygen, from separate oxygen molecules, indicates
that the reaction occurs solely by oxidation and not via a hydrolytic mechanism.

One important distinction with the utilization ofH20 2 instead ofNADPH-cytochrome P450
reductase is the inabiliry ofthe reaction to proceed beyond verdoheme; in fact, the presence ofexcess
H20 2 results in the nonspecific degradation of the heme to mono- and dipyrroles. This observation
suggests that fotmation of Fe11l-verdoheme yields an intermediate in a higher oxidation state than
that required for subsequent conversion to biliverdin. Presumably the formation of biliverdin from
verdoheme requires a two-electron reduction precluding H20 2 from carrying out the final step in
the reaction. A hypothetical mechanism proposed by Ortiz de Montellano to account for these
observations is that the first step is reduction of the FellI-verdoheme to the Fell state, followed by
binding ofdioxygen and a second one electron reduction would then give an intermediate formally
equivalent to that obtained on reaction with H20 2(Steps I and 2 in Fig. 7),37 Following dioxygen
bond cleavage to give an alkoxy radical or anion, the subsequent ring opening and two-electron
reduction would give rise to the final FellI-biliverdin product. An alternative pathway may involve
the stepwise addition ofmolecular oxygen to the porphyrin edge (Step 3 in Fig. 7) and therefore the
reaction with H20 2would result in side reactions that give alternate products than that of molecular
oxygen. At the present time it is not known at which step in the pathway the two electrons required
to produce Fe" -biliverdin are delivered.

The final step in the complete HO-dependent reaction is the conversion of Fe"I-biliverdin to
Fe"-biliverdin. This step in the pathway has important implications for the subsequent release of
biliverdin and its conversion to bilirubin by the action of biliverdin reductase (BVR-A). Recently,
Liu et al have confirmed that the rate-limiting step in the enzymaric degradation of heme to biliver
din, in the absence of BVR-A, is biliverdin release. In the presence of BVR-A, the rate-limiting step
in the single turnover studies was the conversion of Fe"-verdoheme to Felli-biliverdin. One possible
factor that may contribute to biliverdin release is direct protein-protein interaction of biliverdin
reductase with the biliverdin- HO-I complex that somehow facilitates allosteric release of the
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product. While the kinetic studies have implicated certain steps in the reaction as being rate-limiting
it must be remembered that these conditions are not physiological. Firstly, the rate of the overall
reaction is somewhat sensitive to the ratio ofNADPH-cytochrome P450 reductase to HO-I, and
secondly under physiological conditions the oxidation state of the heme is not known, and this may
have consequences for the overall rate of the reaction.

Biliverdin Reduction to Bilirubin
As outlined in the previous sections the oxidation ofheme to biliverdin has physiological con

sequences far beyond that of disposal of a waste product, and as such the regioselectivity of the
reaction has implications for many of the functions described in the previous section. The conver
sion of biliverdin, a relatively nontoxic soluble waste product, to bilirubin a substance that is neu
rotoxic and lipophilic would be puzzling if this was solely a function of metabolite excretion.
However, as mentioned in previous sections, the role of bilirubin as a regeneratable anti-oxidant
significantly alters this perspective and provides a rationale for the conversion of biliverdin to bi
lirubin in mammals. Therefore, while biliverdin in plants, prokaryotes and lower eukaryoric organ
isms has a number ofvaried physiological functions, it is bilirubin, the product ofbiliverdin reduc
tion by biliverdin reductase that has physiological relevance in mammals.

Biliverdin IXa Reductase
Biliverdin IXa reductase (BVR-A) is a soluble cytoplasmic protein that catalyzes the regiospecific

addition of hydrogen to the -HC(lO) = C-N = group of biliverdin IXa (Fig. 8).3 In conversion of
the polar flexible biliverdin into a more conformationaly restricted lipophilic bilirubin, BVR-A is
highly selective for the biliverdin IXa isomer. BVR-A can utilize either NADH or NADPH as
cofactors, although NADPH appears to be the preferred cofactor at physiological pH.

The recent crystal structure of the apo-BVR-A revealed a characteristic dinucleotide binding
fold, or Rossman fold, at the N-terminal domain, whereas the C-terminal section of the protein is
largely composed of an anti-parallel six-stranded ~-sheet.38 Although in the apo-BVR-A structure
neither the cofactor NADPH nor the substrare biliverdin were present, a mechanism for binding
and activation was proposed. The dinucleotide-binding site is large enough to accommodate both
NADPH, and biliverdin in a helical conformation, directly above the NADPH in a manner condu
cive to stereospecific reduction ofthe CIO bond. The basic residues Arg-I71, Lys-2I8, Arg-224 and
Arg-226 have been implicated in substrate binding through electrostatic interactions with the propi
onate side chains of biliverdin.

A more recent structure of the rat BVR-A -NADH complex reveals further insight into the
stereospecific mechanism of this reaction.39 The cofactor nicotinamide ring is buried within the
BVR-A active site deft packing against a hydrophobic surface. Invariant polar and charged residues
within the vicinity ofthe C4 carbon ofthe nicotinamide ring that extends into the substrate-binding
site include Ser-170, Tyr-97, and Arg-I71. In modeling biliverdin IXa in the active site, the hy
droxyl hydrogen of Ser-I70 appears to be H-bonded to both the ryrosyl oxygen and the side chain
nitrogen ofArg-I71. This positions the phenolic oxygen ofTyr-97 4 Afrom the pyrrole nitrogen
and the central carbon of the y-methene bridge and the nicotinamide C4 carbon, ftom which the
hydride is transferred approximately 4 Aapart. This is consistent with a mechanism involving direct
hydride transfer ftom C4 of the nicotinamide ring to the central methane, while the phenolic oxy
gen ofTyr-97 forms a hydrogen bond with the pyrrole (Fig. 8). The importance ofTyr-97 in cataly
sis is somewhat controversial given the observation that on mutation to Phe the enzyme retains 50%
of the wild type activity.39 Although Tyr-97 contributes to efficient catalysis it is not essential and
may be required only to orient the substrate for efficient catalysis. The drive for catalysis may be
directly due to hydride transfer from NADPH, a process that may be facilitated by the proximity of
Glu-26, Glu-123 and Glu-I26 in stabilizing NADP+.1t is also feasible that distortion of the flexible
substrate by the enzyme may facilitate catalysis, a possibility that awaits the successful crystallization
of the substrate bound BVR-A complex.

The recent crystal structure of BVR-A also provides significant insight into the proposed
interaction with HO and facilitation of biliverdin release. As outlined in the previous section the
rate-limiting step ofthe HO reaction in the absence of BVR-A is the release ofbiliverdin, whereas
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Figure 6. Proposed mechanism for the conversion of a-meso-hydroxyheme ro Fell-verdoheme. The
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Figure 7. Proposed mechanism for the conversion of FelI-verdoheme to FellI-biliverdin. Two alternative
pathways are shown that differ in the step at which the electrons are introduced into the system. (Adapted
from reE 36.)

in the presence of BVR-A the rate limiting step is the conversion of FeII-verdoheme to
FeIlI-biliverdin. It is therefore feasible that a direct protein-protein interaction between BVR-A
and the biliverdin-HO-l complex is required for allosteric release of the product. Indeed, just as
the propionate groups of the heme are important in binding and orienting the heme within
HO-l, the presence of a number of Arg and Lys residues in BVR-A are ideally situated for
interaction with the propionates of the resulting biliverdin. Interestingly, this exposed surface of
the BVR-A protein is also somewhat electronegative, and may directly interact with the more
electropositive face surrounding the exposed heme edge in the heme-H 0-1 complex.19,38.39 A
more recent study utilizing fluorescence resonance energy transfer (FRET) technology has iden
tified an overlapping binding site for both NADPH cytochrome P450 reductase and BVR-Aa
on hHO-l which includes residues Lys-18, Lys-22, Lys-179, Arg-183 and Arg-185, providing
direct evidence for an interaction of BVR-A with hHO-l, which given the previously mentioned
positive charged residues on the surface of hH0-1, most likely involves the electronegative sur
face of BVR_A.40
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Figure 8. Conversion ofbiliverdin IXa to bilirubin IXa by the action ofbiliverdin IXu reducrase. The CIO
methene carbon is labeled in both biliverdin IXu and bilirubin IXu.

Biliverdin IX{3 Reductase
An early hypothesis for the energetically demanding and potentially toxic conversion ofbiliver

din IXu to bilirubin IXa in mammals was the ability of bilirubin IXa, and not biliverdin IXa, to
cross the placenta, and hence bilirubin was the means by which the fetus could transfer this waste
product to the maternal circulation. However, the first heme catabolite identified in the fetus is
biliverdin IX/3,41 which unlike bilirubin IXu does not undergo internal H-bonding and can be
excreted without glucuronidation. Clearly, as outlined in previous sections BVR-A has evolved in
adults as a means by which to synthesize bilirubin IXa, a critical antioxidant molecule.

Heme cleavage at the ~-meso-carbon produces biliverdin IX/3, which is then reduced by BVR-B
to bilirubin IX/3.42 The BVR-B enzyme is somewhat promiscuous in that it can also catalyze the
reduction of the IX&- and IXy-biliverdin isomers as efficiently as the IX/3-isomer, and is identical in
sequence to a flavin reductase isolated from adult erythrocytes.42,43 The switch from a distinct heme
degradative pathway in utero involving oxidation of the ~-meso-carbon to the more well character
ized a-meso-carbon oxidative cleavage in adults, may be coupled to the switch from fetal to adult
hemoglobin. Flavin reductase is abundant in adult erythrocytes where its main purpose may be in
the production of reduced flavins for the reduction of methemoglobin.43

The structure of BVR-B displays an aI~-dinucleotoide binding fold which can accommodate
NADPH and biliverdin IX/3, which binds in helical conformation in close proximity to the nucle
otide.44 The location of the propionates is critical for determining the substrate profile of BVR-B
with substrates being aligned so that the C/O bridge is close to the labile C4 hydride on the nicoti
namide ring. It is evident from the structure that bilivetdin IXu would be bound in an orientation
whereby the C/O methene bridge is unfavorably placed with respect to the NADPH.

It is apparent from the crystal structures of both BVR-A and BVR-B that despite significant
sequence and structural differences the reduction of biliverdin to bilirubin is mechanistically con
served. These recent crystal structures of BVR-A and BVR-B have provided greater insight into the
mechanism of biliverdin reduction to bilirubin, and provide a template for future studies related to
therapeutic modulation of such activities.
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Summary
In writing a review ofheme degradation some twenty years ago one could not have imagined the

surge of interest in heme catabolism and its physiological implications. Once thought to be solely a
"housekeeping enzyme" in the degradation ofhemoglobin from erythrocytes, heme oxygenase has
evolved as a key protein in the cells response to oxidative stress, and as such has become a therapeutic
target in areas of pathophysiology such as atherosclerosis, Alzheimer's and organ transplant rejec
tion. Although still somewhat controversial, the unfolding story of CO and its role as a potential
neurotransmitter promises to captivate the heme oxygenase community for the next decade. The
rehabilitation of bilirubin IXu from a purely toxic molecule, to one which functions in antioxidant
protection, has provided new insight into how nature has evolved to use potentially harmful
by-products as important physiological molecules. Although bilirubin at physiologically relevant
concentrations is beneficial, in excess it is extremely toxic and as such biliverdin reductase is a poten
tially attractive therapeutic target in the modulation of bilirubin levels in diseases such as hyperbi
lirubinemia and neonatal jaundice. Our increased understanding of the mechanism and regulation
of these enzymes will aid in the development ofnew therapies for the aforementioned disease states.

In closing it is clear that the balance between a protective or toxic function is a fine one, and as such
the therapeutic benefits of modulating heme oxygenase and biliverdin reductase activity, while poten
tially great are fur from clear. It will be ofgreat imponance over the next decade to understand how these
varying physiological functions interact as we begin to address the many unanswered questions regarding
heme metabolism and its physiological and pathological functions.
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CHAPTER 7

Regulation of Mammalian Heme Biosynthesis
Amy E. Medlock and Harry A. DaUey*

Abstract

Regulation of the heme biosynrhetic pathway in mammals occurs via two distinct
mechanisms. These mechanisms reflect the fact that while most cells need to closely
regulate relatively low levels of intracellular heme, differentiating erythroid cells must produce

massive amounrs ofheme during a shon period to satisfy the needs ofhemoglobinization. In erythroid
precursor cells all pathway enzymes are induced via erythroid-specific promoter elemenrs and the first
enzyme, erythroid-specific 5-aminolevulinate synthase (AlAS-2) encoded by a gene on the X chromo
some, is also subject ro translational regulation due to the presence of an iron-responsive element lo
cated in the 5' end ofthe mRNA In nonerythroid cells a house-keeping regularory scheme exisrs where
most regulation appears ro be via transcriptional regulation ofa housekeeping 5-aminolevulinate syn
thase (AlAS-I) that is encoded on human chromosome 3. While the proteins of the marure forms of
AlAS-I and AlAS-2 are highly similar, the regularory elemenrs that control their expression are dis
tincrly different and only AlAS-2 rnRNA possesses an iron-regulatory element. Additional regulatory
fearures exist throughour the pathway, but the major regulation appears to occur at the level ofAlAS.

Introduction
In 1964 Lascelles authored "Tetrapyrrole Biosynthesis and Irs Regulation". I This shon rome

ourlined the state of the field at that time and presented a model for regulation of the pathway that
involved both end product inhibition and repression ofALA synthesis. These discussions were based
largely upon some elegant biochemical srudies carried our in the facultative phorosynthetic bacte
rium Rhodobaeter sphaeriodes two decades before molecular techniques became available. While the
model was relatively simple, it was noted that in this and other organisms there are a wide variery of
factors that profoundly influence heme synthesis in unknown ways. Interestingly, in the book epilog
Lascelles concluded a recap ofcontrol mechanisms by stating "in seeking for control mechanisms in
tetrapyrrole synthesis the possibiliry of entirely novel principles must be constanrly kept in mind."
This statement remains true four decades later.

Regulation of heme synrhesis has become fenile ground for discussion. Despite the fact that
the model of pathway regulation at a single poinr (5-aminolevulinate synrhase; ALAS) by a
single regulator (heme) was never inrended to be comprehensive and did not adequately explain
data that were in the literature, this model became dogma and has only been slowly modified in
the face of overwhelming data. Hence the study of regulation of heme biosynthesis has been a
relatively perplexing field. Such confusion can be arrributed to two main factors. Firsrly, inves
tigators have employed a multitude of cell types and organisms as model systems and, secondly,
there has been a desire to explain all data with a single model. The first breakthrough in the
evolution of new regulatory models occurred when it was discovered that animals possess two
ALAS genes that are subject to tissue-specific regulatory mechanisms.2 This was followed by the
identification of tissue specific regulators for other heme pathway enzymes and characterization
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of some translational regulation. The existence of twO distinct regulatory mechanisms reflects
the fact that erythroid cells require large amount of heme for incorporarion into hemoglobin,
while in other cells, such as heparocytes, significantly less heme is required for incorporation
into hemoproteins such as cytochrome P450s. In addition in nonerythroid cells the level of
heme is closely regulated over the life of the cell in response to changing demand for hemopro
tein production while heme synthesis in erythroid cells occurs in the relatively short
hemoglobinization stage of erythroid precursors.

Here we review current thinking and data on regulatory mechanisms for heme synthesis in ani
mal cells. Regulation of tetrapyrrole synthesis in planrs is reviewed in Chapter 15, and the complex
and diverse regulation of microbial tetrapyrrole synthesis has been reviewed recentlr and is outside
the realm ofthis review. Likewise the crucial role played by heme oxygenases in overall heme homeo
stasis is not a subject for this chapter.

Regulation of Heme Biosynthesis by ALA Synthase
The first committed step in heme synthesis is catalyzed by 5-aminolevulinate synthase (ALAS)

whose properties are reviewed in Chapter 2. While the dogma referred to in the Introduction gener
ally states that ALAS is the first and rate-limiting step, it is clear that it is not the sole regulatory
point in the pathway. Nonetheless this has been the most studied of all potential sites of regulation
and is the one for which the largest body of data exists.

In animal cells there are two ALAS genes. The enzyme induced during erythroid differentiation
is referred to as ALAS-E (erythroid) or ALAS-2. The enzyme present in nonerythroid cells is referred
to as ALAS-H (housekeeping), ALAS-N (nonerythroid) or ALAS-I. In humans the gene encoding
ALAS-I is located on chromosome 34.5 and that encoding ALAS-2 on the X chromosome.4•6 The
recognition of two such distinctly regulated genes by Riddle et al in 19892 was a turning point in
studies of heme regulation. Their data provided the seminal clue to untaveling the diverse and at
times apparently contradictory data that existed in the literature. The key was that studies done on
reticulocytes or other erythroid precursor cells reflected the distinct erythroid regulatory elements
and other studies on liver or other nonerythroid cells reflected the housekeeping regulation.

The ALAS-l and ALAS-2 proteins are highly similar although they differ noticeably near their
amino-terminal ends.? Most significanr, however, is that the regulatory re~ions of the two genes and
the untranslated regions of the respective mRNAs are distinctly different. These differences reflect
the tissue-specific expression of the two ALAS enzymes.

AIAS-2
The human ALAS-2 gene is composed ofeleven exons spread over a 22 Kb len~.9 Translation

is initiated in exon 2 with exon 1 containing a 5' iron responsive element (IRE).IO-I The mitochon
drial targeting sequence is coded in exon 2. In all forms of ALAS the catalytic core is encoded by
exons 5 to 11.9 Interestingly, splice variants have been found in human (exon 4)9 and mouse {exon
3).13 The biological role of these variants is not known.

Much of what is currently known about mammalian ALAS-2 gene regulation comes from the
work of Mays' group on human ALAS-2 (reviewed recently ref. 14). Regulation of ALAS-2 is
complex and not yet completely understood (Fig. 1). It is induced only during erythroid differen
tiation and this program is erythropoietin dependent. 15 Examination of erythroid differentiation
in cultured murine erythroleukemia (MEL) cells16 and mouse embryonic stem (ES) cells l7,18

gives an interesting overview of the process. ALAS-l diminishes as ALAS-2 activiry is induced.
Indeed, if ALAS-2 activity is knocked Out, cell death occurs following induction of erythroid
differentiation since insufficient ALAS activity exists for synthesis of heme. 17 However, induction
of an exogenously regulated ALAS-2 alone, in the absence of the normal erythroid differentiation
program, does not result in erythroid differentiation. So it is clear that ALAS-2 induction is
necessary, but not sufficient in itself to suPPOrt normal erythroid differentiation.

Transcriptional Regulation
Regulation of human ALAS-2 occurs in part at the transcriptional level and a number of

erythroid-specific transcriptional factor binding sites have been identified in the 5'-untranslated
region (UTR) as well as in several introns. In the 5'-UTR, the usual variety of erythroid-specific
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Figure 1. Regulation ofALAS-2, Transcription ofAlAS-2 is induced via erythropoietin (Epo). Translation
of the ALAS-2 is inhibited in the absence of iron by iron regularory protein (IRP) interacting with the 5'
IRE. This translational inhibition is relieved when iron is present. The ALAS-2 protein is translocated to
the mitochondria where it catalyzes the first step of the heme biosynthetic pathway. Heme synthesis then
occurs through the modification ofa series ofprecursors and porphyrinogens (por'gens), The end product
ofthe pathwayheme is involved in regulation by inhibiting the translocation ofALAS-2 into the mirochon
dria. Points of regulation are indicated as dashed lines.

transcription factors including binding sites of GATA-l, erythroid Krtippel-like factor (EKLF),
and nuclear factor erythroid-derived 2 (NF-E2) are found. 14 In addition, the -300 bp region of
the human ALAS-2 gene contains erythroid-specific elements that suppon maximal expression of
ALAS-2 mRNA in erythroid cells, 19 In vitro mutagenesis studies of the promoter identified func
tional GATA-I and GATA-lITATA-binding protein sites, as well as a site for EKLE However, the
putative NF-E2 site did not appear to be functional. 19 Several erythroid-specific enhancers have
been identified in introns I and 8,20 Within intron 8 functional sites for GATA-I and Spl were
identified by transient expression assays. These intron 8 transcriptional elements are strong
erythroid-specific enhancers and are orientation dependent. Introns I and 3 were noted to pro
mote minor stimulatory and marginally inhibitory functions respectively, but these effects are yet
to be fully characterized, Funhermore, a series of transactivation experiments clearly demon
strated that unidentified erythroid-specific factors, in addition to those outlined above, are neces
sary for activation to occur.

Of interest is that comparison of the human intron 8 sequence with canine and rodent show
extensive sequence similarity in the set of putative transcriptional factor binding sites,20 This, along
with comparison of their promoter regions, indicates that the overall regulation in these mammals
must be similar. This is in contrast to what has been found in Droso/hila melanogasterwhere a single
ALAS gene is subject to quite different regulatory mechanisms,2 Even with the current data on
transcriptional regulation it is still not possible to present a clear and complete model for ALAS-2
induction. Other elements, such as chromatin structure and possible locus control region (LCR)
interactions, remain to be characterized,
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Translational Regulation
A second site ofAlAS-2 regulation occurs at the translational level by iron. AlAS-2 mRNA pos

sesses a 5'-IRE that responds in the anticipated fashion, i.e., AlAS-2 protein is maximally synthesized
only under iron-sufficient conditions and is poorly synthesized undet iron-deficient conditions. 12,22,23
As much has been published and excellent reviews on the role of the IRE in AlAS-l regulation exist,24
this topic will not be reviewed in detail here. In the current context it is important to realize that only
AlAS-2 and not AlAS-I contains an IRE and is sensitive to translational regulation by iron. Addition
ally, regulation ofAlAS-2 by iron must be viewed on a whole body basis (even though it is an erythroid
precursor cell phenomenon) since iron homeostasis is complex and multifactorial involving uptake,
transit across lumenal cells, transport throughout the body, uptake by erythroid precursor cells, intra
cellular trafficking, and delivery to ferrochelatase for insertion into heme.

A further point of translational regulation is that of translocation. ALAS-2 (like ALAS-I) is
nuclear-encoded, synthesized in ptecursor form (preAlAS protein) in the cyroplasm and translo
cated into the mitochondrial matrix in a step that involves proteolytic processing to remove the
amino-terminal targeting sequence.25 Interestingly, putative heme-binding motifs have been found
in the amino-terminal region ofbath ALAS-I andALAS-2 as well as in D. melanogaster ALAS.21 In
vitro experiments demonstrated that two of these motifs in the mitochondrial targeting sequence of
AlAS-2 respond to micromolar concentrations of heme by inhibiting translocation ofALAS-2 into
isolated mitochondria,26 Recently it has been found that all three putative heme binding motifs in
ALAS-I function in heme regulation of inttacellular translocation ofAlAS-I in cultured Hepa 1-6
cells (Dailey TA, Dailey HA. unpublished observations). Clearly, further investigations will eluci
date the in vivo role of heme and iron in regulation ofALAS-2 and ALAS-I.

AlAS-l
Since AlAS-2 is induced only during erythroid differentiation, ALAS-! is essential to heme

synthesis in all noneryrhroid cells (Fig. 2). As mentioned above ALAS-I and ALAS-2 are highly
similar proteins with respect to their catalytic core. However, they differ significantly at their
amino-terminal ends? Unlike ALAS-2, ALAS-I does not possess an IRE in its mRNA. However,
since there have been no definitive experiments on regulation ofALAS-I by iron, it remains to be
determined ifAlAS-I activity is sensitive to cellular or body iron stores.

Transcriptional Regulation
Studies on regulation ofALAS-I have focused largely upon transcriptional regulation ofthe gene

by the pathway end product heme. It was a long held tenet that a regulatory "heme pool" existed and
that when an apoprotein, such as apocyrochrome P450, was induced by specific agents, then its
depletion ofthis "heme pool" in the formation ofthe holohemoprotein would result in derepression
ofALAS-I. 27 It is now apparent that such a system ofsecondary control is overly simplistic. Coordi
nate regulation of both the production of heme and apohemoproteins must clearly exist in at least
some systems.28 Coordinate regulation oftwo parallel synthetic assembly lines is not only intellectu
ally satisfYing, but could also ensure stoichiometric production of apoprotein and cofactor (heme).
Clearly, regulation involving a "heme pool" (either hypothetically, or in reality) might then serve as
a fine point of control that would respond to elements such as holoenzyme turnover rates and
cellular heme oxygenase levels.

Recently Roberts and Elder29 examined transcriptional regulation ofALAS-I in human and rat.
Interestingly, as was found with AlAS-2, human AlAS-I is subject to alternate splicing, although
for ALAS-I these splice variants occur only in the untranslated region of the mRNA. No tissue
specificity was found for these splice variants. It was noted that the human ALAS-I gene possesses
an additional untranslated exon that is lacking in the rat ALAS-I gene. The core promoter regions of
both human and rat ALAS-I contain putative Sp1, nuclear factor kappa B (NFKB), nuclear respira
tory factor-l (NRF-l), and TATA sites.29 Experiments on the rat ALAS-! promoter established the
functionality of two NRF-I motifs, suggesting a role for ALAS-l in overall cellular regulation of
mitochondrial biogenesis.30 In rat ALAS-I there is also some evidence for the presence of an en
hancer element in intron l, but this element(s) was not identified.
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Figure 2. Regulation of ALAS-I. Transcription factor binding sites found in the promoter of ALAS-l
include NRF-l, Sp1, NFKB, and TATA box. Currently, no role for heme or iron has been demonstrated at
the level oftranscription. Heme is also thought to regulate translocation ofthe preALAS-l prorein into the
mitochondria. Points of putative regulation are indicared as dashed lines.

Although there is no tissue specificity for the splice variants, it was found that tissue-specific differ
ences exist for regulation ofhuman ALAS-I.29 In liver, initiation occurs downstream from aTATA box
and regulation ofALAS-I by cytochrome P450-stimularing agents (e.g., drugs) may be restriceed to
this region. In brain, however, initiation occurred from sites within and upstream from the TATA box.
Based upon these findings it was proposed that even with the single promoter sequence ofALAS-I in
both liver and brain there are faceors which result in tissue-specific expression. These currently uniden
tified factors may have an impacr on the availability ofthe TATA box which appears necessary for the
inducibility ofthis gene in some tissues such as liver and kidney. Unlike ALAS-2,20 at the present time
there are no studies to indicate that additional regulatory elements may exist in any internal introns
other than the one repon ofan uncharacrerized enhancer in rat intron I.

AlASActivity
It is imponant to note that the majority of studies on both ALAS-I and ALAS-2 have been

concerned with identification and characterization oftranscriptional and translational elements along
with studies on putative translocational features, but have not included actual enzyme activity stud
ies. Since both ALAS proteins are synthesized as cytoplasmic precursor apoproteins, measurement of
mRNA levels alone may not be informative about final ALAS activity ifany posttranslational modi
fications and/or intracellular translocation and cofactor insenion are regulated. The relative lack of
activity data reflects the difficulty of the ALAS assay and the need for significant quantities ofmate
rial to conduct the procedure.

In one study where enzyme activity was reponed during the induceion oferythroid heme synthesis
in MEL cells, data demonstrated a 14-fold increase in ALAS-2 mRNA in wild-type MEL cells, but no
net increase in cellular ALAS activity.31 In an ALAS-2 knockout cell line, induceion resulted in a rapid
and dramatic decrease in cellularALAS activity which was proposed to reflect the repression ofALAS-I
synthesis in anticipation of the expecred induceion ofALAS-2. 17 These data were consistent with a
previous study on MEL cells that specifically demonstrated a drop in ALAS-I mRNA and
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immunodetectable AIAS-I protein with a concomitant rise in AIAS-2 mRNA and protein following
induction of erythroid differentiation.32 Interestingly in this study there was a reported I5-fold in
crease in AIAS-2 mRNA but only a 2.5-fold increase in AIAS-2 protein compared with a 5-fold
decrease in ALAS-I protein. Actual ALAS enzyme activity was not reported in that study.

Regulation at Sites Other Than ALAS
While largely controlled by ALAS levels in all cell types, it has become clear that heme pathway

regulation involves modulation of all heme biosynthetic enzymes. Abundant data exist to show
upregulation of pathway enzymes during erythroid differentiation. All pathway enzyme genes pos
sess both housekeeping and erythtoid-specific promoter elements and a few exhibir erythroid-specific
splice variants. However, no enzyme other than ALAS is represented by two distinct genes and no
mRNA other than ALAS-2 has been found to possess an IRE for iron regulation.

Proximal Heme Synthetic Enzymes
Erythroid-specific promoter elements were first identified and characterized for porphobilino

gen deaminase (PBGD) (also named hydroxymethylbilane synthase).33 This gene contains
erythroid-specific and housekeeping promoter elements embedded within a single promoter region
(Fig. 3). The proteins encoded by these two promoters differ in their first exon via a promoter-specific
splice variant.34 For the housekeeping protein exon 1 is utilized, while exon 2 is skipped. This results
in a mature protein that is 17 amino acid residues longer than the erythroid PBGD. For
erythroid-specific expression exon 1 is skipped and the noncoding exon 2 is transcribed. The trans
lational initiation site of the erythroid-specific form is in exon 3. The difference in the PBGD
proteins thus expressed does not appear to have an effect on enzyme activity.34 Recently it has been
reported that rhere is a splice variant in human erythroid PBGD.35 In this varianr the intron be
tween exons 2 and 3 is transcribed and has been found in a number oferythroid-related libraries. It
is not known if this transcript gives rise to protein or if such a protein has altered activity or intrac
ellular location.

The mouse and human PBGD erythroid-specific promoters have both similarities and differ
ences.33.36 They do nor contain TATA or CAAT motifs, but do have CACCC motifs and a
GF-I-binding site. Interestingly, neither promoters possess GATA-I-binding sites. Human pos
sesses NF-E2 and CCAAT-binding site sequences which are absent in the mouse. In mouse the
CACCC morif is duplicared while in human thete exists only one. In in virro reporter assays it was
found that minimal erythroid-specific eXfression requires only the GF-I-binding site and dupli
cated CACCC motifs for mouse PBGD.3 In human PBGD the GF-I-binding site along with the
NF-E2-binding site are sufficient for erythroid-specific expression.33

The promoter region of mammalian housekeeping PBGD possesses two Sp1 sires bur does nor
contain either TATA or CAAT boxes.36 The housekeeping promoter is located upstream of the
erythroid-specific promoter. There is evidence that another level of control exists during erythroid
expression in which elements in the erythroid-specific region promore premature termination of
housekeeping PBGD transcripts.

In vivo studies in differentiating MEL16
,31 and mouse ES cells l7,18 demonstrated that induction

of PBGD mRNA occurs in both notmal and ALAS-2 knockout cell lines although the level of
induction in the knockour lines is somewhat less. PBGD enzyme activity in MEL cells increases

+1H +1E
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Figure 3. Promoter region of PSG D housekeeping and erythroid genes. Transcriprion factor binding sites
for the erythroid specific promoter (striped squares) reside upstream ofexon 2. The transcriptional start site
is designated +1E for the erythroid specific form of the enzyme. The Sp1 sites (black squares) involved in
regulation of transcription of the housekeeping form are located upstream ofexon 1. The transcriptional
start site for the housekeeping form is in exon 1 is designated as +1H.
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approximately 4-fold in wild-type cells and 2-fold in ALAS-2 knockout cells.3l Since PBGD is
synthesized as an apoprotein that requires a source ofPBG to make its own dipyrrole cofactor, it is
not clear if the diminished PBGD activity reflects a decrease in apoprotein synthesis or a decreased
ability to synthesize its cofactor due to limitations in ALA synthesis.

One unexplored possibility is that PBGD may be subject to additional regulation by direct feedback
inhibition ofthe enzyme by protoporphyrinogen, the product ofthe pathwayenzymecoproporphyrinogen
oxidase. It has been shown that PBGD activity is inhibited in vitro by this pathway intermediate and a
role for this interaction in the genetic disease variegate porphyria has been suggested.38 However, no role
for this inhibition in nonnal cellular metabolism has been demonstrated.

In addition to PBGD, two other pathway enzymes possess genes that give rise to alternate transcripts.
5-Aminolevulinate dehydratase (ALAD; also named PBG synthase) and uroporphyrinogen III synthase
(UROS; also called uroporphyrinogen cosynthase) both have promoters that possess housekeeping and
erythroid-specific elements although neither ofthese have been stUdied as extensively as PBGD.

The human ALAD gene contains two noncoding exons, lA and 1B, along with 11 coding
exons39 (Fig. 4). Tissue-specific expression involves differential utilization of exons lA and IB, but
since these are both untranslated the protein products for both housekeeping and erythroid-specific
expression are identical. The noncoding exon lA represents the start of the housekeeping form of
ALAD mRNA while 1B is present only in the erythroid ALAD mRNA. A promoter region up
stream of lA is GC rich and possesses Sp1, API, and CCAAT-binding motifs but no TATA-binding
site. Upstream from IB is a promoter region with GATA-l binding motifs and several CACCC
boxes. Promoter reporter studies demonstrated that the IB promoter was not effective in nonerythroid
cells, but is active in erythroid cell types while the lA promoter is active in all cell types. One
interesting finding in mice is that it is not unusual for there to be multiple gene copies of ALAD.
Indeed, 7 of 24 wild-caught mice from around the world had multiple copies of the ALAD gene.40

For UROS there are two physically distinct promoter regions41.42 (Fig. 5). A single TATA-less
housekeeping promoter is present upstream of exon 1 and was reported to have putative sites for
Spl, NFl, API, Octl and NRF2. This promoter drives the transcription of exons 1 (NB), 2B-1O.
The initiation site is in exon 2. Interestingly exon 1 possesses an internal splice site that tesults in
transcripts that contain either the entire exon 1 (lA + 1B) or just the first portion ofexon 1 (lA). In
both cases the exon 1 portion splices to a site internal to exon 2 (2B). An erythroid-specific promoter
is located just upstream from exon 2 in the intronic region between exons 1 and 2. This promoter
region also lacks a TATA box but does possess multiple GATA-l sites. Reporter assay analysis ofthis
and the housekeeping promoter region exhibited the expected tissue-specific expression of the
reporter-fusion protein. The erythroid-specific transcript of UROS statts at exon 2. Since exon 1
lacks an initiation site both housekeeping and erythroid-specific UROS proteins are identical.

Terminal Heme Synthetic Enzymes
The remaining pathway enzymes, uroporphyrinogen decarboxylase (UROD), copro

prophyrinogen oxidase (CPO), protoporphyrinogen oxidase (PPO), and ferrochelatase (Fc), all pos
sess single promoter regions that contain both housekeeping and erythroid-specific elements (Table
1). None exhibit alternate splicing variants, but some evidence exists for variations in polyadenylation
sites for mouse Fc and PPO that give rise to two transcript sizes.

The human UROD gene is composed of 10 exons and intervening introns spread over 3Kb.43

Less work has been done to characterize the UROD promoter region than has been carried out with
most pathway enzyme gene promoters. It has been shown that a single major mRNA species is
found in all tissue types and a simple Spl and pseudo-TATA box promoter exists to drive house
keeping expression.

Regulation of CPO represents an interesting and, at present, incomplete story. While it would
seem most reasonable that regulation of a pathway would not involve significant modulation or
limitation ofintermediate steps, the observation that in many organisms, including mammals, there
is an overproduction, or at least relative accumulation, ofcoproporphyrin.44 This may suggest that
either a physical limitation to efficient intracellular substrate transfer, or a limitation in enzyme
activity at CPO must exist. Studies in differentiating MEL cells demonstrated that during erythroid
differentiation CPO activity at first drops before rising slightly.45 Concomitantly coproporphyrin
concentrations in the culture medium increase.46 Interestingly the mRNA levels were shown to
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Figure 4. Promorer region ofMAD housekeeping and erythroid genes. The noncoding exon I is rhe stan
site of transcription ofrhe housekeeping mRNA (+ IH). Transcription factor binding sites found upstream
ofexon I A are shown as black squares. The stan site for transcription of rhe erythroid form of rhe MAD
mRNA is the noncodingexon IB (+ IE). Transcriprion factor binding sites found upstream ofexon I Bare
shown as striped squares.
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Figure 5. Promoter region ofUROS housekeeping and erythroid genes. The promoter region for rhe house
keeping form resides upstream ofexon I (INIB) and contains Spl, NFL and NRF-2 sites (shown as black
squares). Transcription of rhe housekeeping form begins in exon I at +IH. The promoter region for rhe
erythroid fonn ofUROS resides between exons I and 2 (2N2B) and contains multiple GATA-I sites (striped
squares). The transcriptional start site for rhe erythroid form is found in exon 2 and is designated by +IE.

increase without a drop, which suggests some possible posuranslationallimitation or posttransla
tional regulation. In addition, expression ofan exogeneously supplied and constitutively expressing
mouse CPO in human K562 cells (an erythroleukemia cell line) resulted in cells that induced heme
synthesis more rapidly and at a higher level than normal K562 cellsY These data along with the
previous MEL cell data strongly suggest a role for CPO in regulation of heme synthesis. One addi
tional feature of interest is that CPO possesses an unusually long leader sequence (120 amino acid
residues), the function ofwhich is not presently defined other than for mitochondrial targeting.

The gene for mouse CP048 has been examined and found to possess seven exons spanning ap
proximately II Kb, similar to that for human CPO.49 Promoter analysis of the mouse CPO identified
housekeeping and erythroid-specific elements within a single promoter region. An Sp1 site along with
a GATA-I binding site and a newly identified coproporphyrinogen oxidase [CPO] gene promoter
regulatory element (CPRE) site were suggested to differentially regulate housekeeping vs.
erythroid-specific expression ofCPO through the action ofas yet unidentified Factor X and Factor y'48

The regulation ofthe penultimare and terminal enzymes ofthe parhway, PPO and Fc respectively,
in differentiating MEL cells appear to be sensitive to regulation that is distinct from earlier pathway
enzymes. In MEL cells lacking ALAS-2, neither ofthese enzyme activities increase following treatment
ofcells with 0 MSO to induce the erythroid program in contrast to all other pathway enzymes.31 In an
ALAS-2-deficient cell line that has had exogeneously suppliedALAS-2 and been induced with DMSO,
the activities ofboth PPO and Fc are induced to wild-type levels. These data suggest that erythroid-specific
induction ofPPO and Fc require not only the erythroid-specific inducers that turn up synthesis of the
earlier parhway genes, but also an additional factor, possibly heme itsel£

The gene for both human50 and mouse PP051 have been examined. Both contain 13 exons in a
region approximately 4.2 Kb in size. Examination of the -600bp 5' flanking region of human PPO
revealed putative SpI, CCAAT and GATA-I sites.52 Promoter reporter assays of the -1.2 Kb 5'
flankin~ region of mouse PPO identified a number of housekeeping and erythroid-specific ele
ments. 1 The mouse PPO promoter lacks a TATA box and is not GC rich. The single promoter
region contains two functional GATA-I sites and an SpI site. Additional putative sites for NFKB,
CAAT boxes, and drug and hormone elements exist. Erythroid-specific induction occurred when
-1.2 Kb of the promoter region was present. However, inclusion of -5 Kb of 5' region resulted in
decreased levels of reporter activity which suggested the possible presence of repressor elements in
the -1 Kb to -5 Kb region.
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Table 1. Transcription factor binding sites found in the promoters of UROD, CPO,
PPO, and ferrochleatase

Enzyme

URaD

cpo

ppo

Ferrochelatase

Transcription Factor Sites

Sp1
pseudoTATA
GATA-1
Sp1
CPRE
Sp1
CCAAT
GATA-1
CpG Island
NF-E2
GATA-1
FKLF-2
Sp1

The human ferrochelatase gene is composed of 11 exons covering a region ofapproximately 45
Kb.53 Exon 1 contains both 5' untranslated sequence as well as the proposed first 22 amino-terminal
residues. Exon 11 encodes the carboxyl-terminal domain as well as the entire 3'UTR. Evidence
exists demonstrating the presence ofalternative 3' polyadenylation sites in mouse ferrochelatase54.55

and it appears that discrimination between these sites has something ro do with erythroid vs
nonerythroid cell expression.54

The single promoter region in Fc lacks both TATA and CAAT box motifs, but contains a epG
island in the region from -160 to +400 bp.56 Transient expression studies demonstrate that an
SpI-driven promoter is sufficient for expression in noneryrhroid cell lines and that a minimal pro
moter of 0.15 Kb, which lacks both the GATA-l and NF-E2 elements, is sufficient to confer
erythroid-specific expression. Interestingly, inclusion of the larger 4 Kb promoter fragment which
contains a number of putative erythroid-specific elements failed to increase erythroid-specific ex
pression over the level found with just the 0.15 Kb fragment. In transgenic mice, however, maximal
erythroid-specific induction occurred with the 4.0 Kb region which may reflect organized chro
matin structure. 57 In transgenic embryonic mouse cells, where a single copy of the reporter
construct was inserted, it was found that developmentally-specific expression was obtained with
the human ferrochelatase promoter fragment containing the Spl, NF-E2 and GATA elements. In
vivo erythroid specificity is presumably mediated via GATA-l and NF-E2 elements present around
-300 bp along with additional erythroid specific elements approximately -2 kb upstream from the
transcriptional start site. FKLF-2, a novel Kriippel-like transcriptional factor, is also involved in
activation of transcription of ferrochelatase. 59

Studies with murine ferrochelatase in differentiating MEL cells suggests a putative erythroid-specific
element in the -80 to -72 region.60 A role for hepatocyte nuclear factor 1 alpha (HNF-la) in regulation
of mouse ferrochelatase has been suggested from studies with HNF-la-null mice.61

One additional aspect of interest in considering the role of ferrochelatase in possible regulatory
schemes relates to the presence of a [2Fe-2S] cluster in the mammalian enzyme.62 The role of this
cluster is not clear other than the fact that mutations which cause the loss of the cluster result in the
loss of enzyme activity. Because assembly of the cluster is a necessary prerequisite for a functional
holoenzyme, deficiency in cellular iron can result in diminished ferrochelatase activity.63 Thus, while
there is no iron responsive element or known gene regulation by iron, the [2Fe-2S] cluster becomes
a defacto site of iron regulation of heme synthesis.
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Conclusions
It is dear that while AlAS-l and AlAS-2 are key regulators of heme synthesis via a variety of

mechanisms, up regulation of the entire pathway during erythroid differentiation requires that all
pathway genes possess both housekeeping and erythroid-specific promoter elements. Considering
the key role that heme plays in cells as a cofactot in many redox reactions, along with the fact that
iron is an essential component of heme, it is dear that regulation of heme synthesis must be viewed
as an intricate global network rather than regulation at a single site by one regulatory element.
Analysis of regulation of the pathway for individual cell types must therefore be considered in the
context of the complete network. New players in the regulation of heme synthesis continue to arise
and it is dear that we should still heed Lascelles' admonition to keep in mind "the possibility of
entirely novel principles." Indeed, yet to be examined in detail are possible drug and hormonal
responsive promoter elements whose existence is suggested by a variety of published observations,
but for which no hard experimental data exist.
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CHAPTER 8

Tetrapyrroles in Photodynamic Therapy
David I. Vernon* and Ian Walker

Abstract

T he destructive photosensitising ability of porphyrins in patients suffering from
porphyria has been well documented. Patients with those porphyrias that accumulate
high levels of porphyrins in the skin suffer from a range of light-activated skin manifesta

tions, the type and severity ofwhich depends on the nature of the porphyrin that accumulates. In all
cases the effect of solar irradiation of the porphyrin in the skin is to damage the tissue surface layers
and its underlying structures. In most ofthe porphyrias this tissue damage can be severe in those areas
of skin that are repeatedly exposed to sunlight and this is one of the major manifestations of these
diseases. This inherent photosensitising ability of porphyrins can however be turned to good thera
peutic use. The treatment of tumours and other lesions by the combined action of porphyrins, light
and molecular oxygen has been developed into an effective technique called photodynamic therapy
(PDn. The aim ofthis article is to give a briefoverview ofthe development oftetrapyrroles in clinical
photodynamic therapy and to report on those tetrapyrroles currently in clinical trials. There are sev
eral other classes of compounds being developed for PDT but this review will only highlight the
tetrapyrrole based photosensitisers.

Brief History
Photodynamic therapy stemmed from studies in the early 1960s by Lipson and Baldes1 who

used a derivative of haematoporphyrin (Fig. 1) as a fluorescent stain for neoplastic tissue.2 It was
subsequently shown that this material not only had a potential use for the delineation and diagnosis
oftumours but also had an inherent photosensitising ability that could be used in the eradication of
the cancerous tissue. The first published clinical use of this technique was in 1976 when Kelly and
Snell described the PDT ofcarcinoma of the bladder.3 For reviews of the historical aspects of PDT
see Bonnett,4 Ackroyd,5 Moan and Peng6 and Dolmans.?

It was not until 1993 that the first photosensitiser gained regulatory approval. Photofrin®, an
haematoporphyrin based photosensitiser preparation, was approved in Canada fot the treatment of
recurrent superficial bladder papilloma. It gained FDA approval in the USA in 1995 for treatment
of obstructive oesophageal cancer and has subsequently been approved in several European coun
tries. It was approved for treatment of advanced lung and oesophageal cancer in the United King
dom in 1999.

The use of photodynamic therapy has not been restricted to oncology but has also been devel
oped for a number oftherapies including the treatment ofnoncancerous conditions such as Barrett's
Oesophagus, psoriasis and age-related macular degeneration (AMD), one ofthe causes ofblindness.
Recently there has also been considerable interest in the photodynamic treatment oflocalised bacte
rial infection, due to the increase in the incidence of infections by antibiotic resistant bacteria.
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Figure 1. Structure ofhaematoporphyrin IX.

Singlet Oxygen:
The Cytotoxic Agent

Photosensitising compounds in their lowest
singlet energy state (So) absorb energy, in the
form of photons, and enter a short-lived but
excited singlet state (SI *). In this state one of a
pair of electrons is energised into a higher en
ergy orbital. The extra energy from this state
can be released again as photons of a lower en
ergy (longer wavelength) giving rise to fluores
cence, as demonstrated by the characteristic red
fluorescence ofthe natural porphyrins. Alterna
tively the excited molecule can undergo an elec
tron spin inversion (intersystem crossing) to give
rise to a longer-lived triplet state (TI). Normally

HOOC COOH electrons in each orbital are in pairs each pos
sessing an opposite spin. According to the Pauli.
exclusion principle, electrons with the same spin
cannot be in the same orbital. The inverted spin

electrons in the triplet molecules are therefore trapped in separate orbitals. In general triplet state
molecules can only interact with other molecules in a triplet state. There are however only a few
molecules that are found in a triplet gtound state. One such molecule is molecular oxygen therefore a
photosensitiser in an excited triplet state can interact with it. The transfer ofenergy from the sensitiser
to oxygen, in what is termed a type II process, results in an excited singlet form ofoxygen that is highly
reactive. The photosensitiser returns to the normal singlet ground state, which can be reexcited by
further photons and go through the cycle again. The sensitiser can therefore be described as catalysing
the conversion of molecular oxygen from a relatively unreactive triplet state e02) to a highly reactive
singlet state e02). Oxygen itself is unable to absorb the photons from visible light but can acquire this
energy from the porphyrin in its excited triplet state. The energy required to make this transformation
from ground-state molecular oxygen to irs singlet state is 94 kilojoules per mole ofoxygen and porphy
rins in their triplet state have sufficient excess energy to enable this transformation.

Although all the tetrapyrrole based photosensitisers used in photodynamic therapy are good
singlet oxygen generators in vitro, it is only very recently that suitable technology has been available
to show that singlet oxygen can be generated in vivo.8

The photosensitiser in its triplet state can in certain circumstances interact directly with
bio-molecules, or solvent, by electron or hydrogen atom transfer. This generally results in sub
strate radical or radical ion formation with the photosensitiser acting as an oxidant. This mecha
nism is termed a Ty~e I mechanism and although it has been shown to occur under certain cir
cumstances in PDT, it is not thought to be the major mechanism.

Singlet Oxygen Targets
Singlet oxygen is an extremely reactive molecule and will react with many bio-molecules. It has

been demonstrated that its diffusion distance from the point oforigin within a cell is approximately
0.02 !tm.lO This suggests that it would rarely escape the cell in which it was produced. Moan and
coworkers however have suggested that singlet oxygen mediated damage of one cell could affect its
nearest neighbour. 11

This short diffusion distance is a result of the high reactiviry ofsinglet oxygen with a large variety
of cellular components. 12 It will oxidise several amino acids panicularly cysteine, histidine, tryp
tophan, methionine and tyrosine. Damage to these critical residues within proteins can therefore
result in alteration in cellular function and viability. Singlet oxygen will also oxidise unsaturated lipids
initiating a lipid peroxidation cascade and ultimately causing membrane damage. Nucleosides, par
ticularly guanosine, are also susceptible to singlet oxygen oxidation. 13
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Because of the high reactivity of singlet oxygen and therefore its short diffusion distance, any
primary photodynamic action is restricted to those locations where the photosensitiser, light and
oxygen are found. If anyone of these components is missing, the photodynamic effect will not
occur. This combination makes photodynamic therapy a local treatment, which is targeted by both
the light delivery and the photosensitiser accumulation.

Light Delivery and Requirement
The activation ofphotosensitisers requires an efficient absorption ofphotons of a suitable wave

length. The absorption spectra of the porphyrins and chlorins have strong absorption bands around
400 nm (Soret band), but the penetration oflight through tissue is strongly wavelength-dependent
with red light (600-750 nm) being much more effective than shorter wavelengths. This is because of
strong absorption by some tissue components such as haemoglobin or melanin at the lower wave
lengths, as well as the fact that the scatter of photons decreases as wavelength increases.

The technological advances in lasers, particularly the recent development ofsmall relatively inex
pensive diode lasers, has enabled PDT to become much more widely available. In parallel the devel
opment ofoptical fibres ofdifferent geometries has allowed a variery ofdifferent organs in the body
to be treated. Using endoscopy and optical fibre tips the delivery of light to various tissues can be
achieved in a uniform and predetermined dose. Cylindrical diffusing fibre tips are used for treating
areas such as the oesophagus and bronchus, whereas spherical, or geometrically modified fibre tips
can be used for treating the bladder, uterus and brain. Straight cur fibres and microlens fibres are
used to irradiate flat areas such as the skin.

The advantage of using lasers is that they can be used to deliver the required light dose down an
optical fibre. However where large external areas are to be treated noncoherent polychromatic light
sources may be used and several of these sources are now being developed. 14

Photodynamic Damage
The overall effect ofthe photodynamic treatment ofa lesion is the destruction oftumour tissue and

complete healing ofthe area treated. In ideal circumstances this would result in the complete eradica
tion of the tumour. The early processes involved in tumour photo-destruction are not completely
understood even after almost 30 years ofclinical use. There are known to be two main mechanisms by
which tumours are initially injured during the photodynamic action, a direct tumour cell damaging
effect and an indirect cell-killing due to vascular damage. 15 Both ofthese mechanisms can be demon
strated following most PDT protocols, but the mechanism that dominates varies with a number of
factors such as the type of photosensiriser used, and the drug-to-Iight interval.

The blood vessels in tumours have been shown to shut down rapidly during photodynamic
treatmentl6,17 and this initial vasoconstriction may be followed by thrombosis and a longer term
blockage (stasis) of the tumour vessels. 18, 19 This stasis results in the tumour being starved of
oxygen and nutrients, eventually resulting in its death. Initial rapid vasoconstriction however is
thought to limit the photodynamic damage due to the hypoxia created in the tumour hence
decreasing the production of further singlet oxygen. Recent studies on the effect ofthe irradiation
regime has suggested that delivering the light dose at lower fluence rates can reduce this initial
vasoconstriction whilst producing good tissue damage.2o PDT at very short times after injection
of a photosensitiser gives rise predominantly to a vascular effect and this has been exploited for
the treatment ofage-related macular degeneration (AMD), a condition involving abnormal blood
vessel development in the eye.

The direct effect of PDT on the tumour cells results in cell death by two possible mechanisms,
necrosis and programmed cell death (apoptosis). Necrosis generally occurs in response to external
physical or chemical damage and typically results in cell swelling, metabolic collapse and loss of
membrane integriry. Apoptosis is a set ofevents that are programmed to bring about cell destruction
and their subsequent removal from the organism. This pathway is particularly active during the early
development of an organism. It is characterised by blebbing of the plasma membrane giving rise to
the formation of apoptotic bodies containing organelles, the condensation of nuclear material and
fragmentation of DNA. The cellular fragments are engulfed by macrophages and other cells and
further degraded by the phagocytic pathway. This method ofcellular disposal prevents the initiation
ofan inflammatory response which is generally associated with necrotic cell death.21
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There is considerable evidence that aroptosis plays a role in tumour eradication by POT22 Stud
ies in cultured cells23 and in tumours2 using a number of photosensitisers have shown that the
apoptotic pathways can be activated at several points. Release ofcytochrome c from mitochondria is
one of the primary initiators of apoptosis25 and it is known that those photosensitisers that localise
predominantly in the mitochondria are efficient initiators ofapoptosis following light activation.23.26

Localisation in the mitochondria however, is not a prerequisite for an apoptotic mechanism of PDT
death as sensitisers that are predominantly lysosomal or show a general membrane localisation can
also lead to cell death by apoptosis due to activation of the pathway at different points.27 Those
sensitisers that show a general membrane localisation are thought however to give rise predomi
nantly to death of the cells by necrosis.23,28

Mechanisms ofTumour and Cellular Uptake
It is often stated in the literature that tumours accumulate photosensitisers to a greater extent

than the normal surrounding tissue. This has proved to be the case in almost all animal tumour
models where transplantable tumours are used. Where chemically induced tumours have been stud
ied however, little tumour selectivity has been obsetved.29 Unfortunately, there is very little patient
data on the levels of photosensitiser present in tumours and the surrounding normal rissues of their
origin. Ethical considerations have made it difficult to obtain both normal tissue as well as tumour
tissue data. In a limited study of patients with lung or bronchial tumours, the levels of Photofrin®
were found to be, at best, twice the levels of the normal surrounding tissue, with the magnitude and
specificity of this being time-dependent.3o

With the exception of brain tumours it has proven difficult in patients to get a significantly greater
accumulation of photosensitiser in the tumour compared to the surrounding tissue, but the use of
pro-drugs such as aminolaevulinic acid and its esters have dramatically overcome this problem.3l

It has been shown that after intravenous administration, hydrophobic photosensitisers such as
Photofrin® and Vertepotfin are predominantly associated with the serum lipoproteins, particularly
the Low (LOL) and High (HOL) density lipoproteins.32.33 Association with LOL and subsequent
uptake into tissues via receptor mediated endocytosis was initially thought to be the main mecha
nism ofaccumulation ofthese sensitisers in tissues.34,35 Rapidly dividing tissues, includin~ fast growing
tumours, have higher numbers ofLOL receptors than the normal surrounding tissues 4.36 and as a
result could accumulate LOL bound sensitisers more rapidly. This is thought to be only part of the
story, as several studies have now shown that the bio-distribution ofthe hydrophobic sensitisers does
not necessarily reflect lipoprotein receptor levels.37 Studies on the hydrophobic sensitiser, tin
etiopurpurin, have demonstrated that a significant reduction in plasma lipoprotein levels does not
alter the bio-distribution or tissue levels of the sensitiser,38 suggesting that there are multiple path
ways for the localisation ofhydrophobic sensitisers. Hydrophilic sensitisers such as N-aspartylchlorin
e6 (Talapotfin) and haematoporphyrin bind predominantly to serum albumin and possibly other
nonlipoprotein fractions with some binding to high density lipoprotein.39.40 These sensitisers still
show a good PDT response however. This may be due to the fact that sensitiser-protein complexes
can be sequestered in the tumour as a consequence of poor lymphatic drainage and that the PDT
effect is predominantly vascular. A similar situation may arise for hydrophobic sensitisers bound to
the lipoproteins, in addition to sequestration by LOLs.

Tetrapyrroles in Photodynamic Therapy
There are many porphyrin and tetrapyrrole-based photosensitisers currently under investigation

that have the correct physical and photochemical attributes required for a good photodynamic ef
fect. Only a few of these however have suitable biological activity and there is not always a correla
tion between in vitro and in vivo efficacy. As a consequence only a few photosensitisers have pro
gressed into clinical trials.

Haematoporphyrin Derivative (HpD) and Photofrin
The first photosensitiser to be used in clinical PDT research was called haematoporphyrin

derivative. Haematoporphyrin itself (Fig. 1) is a powerful photosensitiser but in its purified form
is not a good PDT agent due to its poor retention in tumours. Schwartz and coworkers developed
a preparation ofhaematoporphyrin with improved tumour localisation.4I This material was called
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haematoporphyrin derivative and was prepared in a two-step process. Initial acetylation of
haematoporphyrin using 5% sulphuric acid in acetic acid followed by isolation of the product as
a solid and subsequent alkaline hydrolysis and neutralisation, was used to prepare an injectable
form ofhaematoporphyrin. This material was subsequently shown to be a complex mixture. The
product of the acetylation step was identified as a mixture predominantly of di-acetylated
haematoporphyrin but also contained mono-acetylated porphyrins and a number ofdehydration
products including protoporphyrin.42 When dissolved in alkali at room temperature and then
neutralised, an even more complex mixture was produced, containing not only a number of
monomeric porphyrins (consisting predominantly ofhaematoporphyrin and its dehydration prod
ucts) but also an oligomeric fraction. 43 This haematoporphyrin derivative (HpD) was the mate
rial used in many of the early clinical PDT studies. The discovety in 198244 that it was the
oligomeric fraction that showed the greatest biological PDT activity led to the development ofan
HpD preparation that was enriched in this oligomeric fraction. This complex mixture which
consists of a number of porphyrin molecules linked together via ester, ether and direct
carbon-carbon bonds45 (Fig. 2) was named Photofrin, and despite its complexity it became the
first drug approved as a licensed PDT agent in Canada in 1993. Photofrin has subsequently been
approved for a number of clinical indications including cancer of the bladder, oesophagus and
lung,46 and it has been used to treat many thousands of patients since it was first developed with
undoubted success in many cases.47 PDT using Photofrin has subsequently been used for treat
ment of other indications including nonsmall cell lung cancer with pleural spread,48 cervical
intraepithelial neoplasia49 and pituitaty adenoma.50 It does however suffer from a number of
drawbacks that have provided the impetus to develop new and more efficient photosensitisers.

Photofrin is normally photo-activated at 630 nm in order to maximise the light penetration
through the tissue, but the specific absorption coefficient of this sensitiser at this wavelength is
relatively low so the PDT efficiency is also relatively low. Another drawback of Photofrin is that it
can cause prolonged skin photosensitivity. Pharmacokinetic studies in patients have shown that the
active oligomeric component has a biological half-life ofabout 19 days.51,52 This leads to prolonged
skin photosensitivity, and patients may be photosensitive for several weeks after treatment, although
good patient management can reduce this to an acceptable level.

The optical penetration depth of630 nm light (the depth in tissue at which the light intensity
is reduced to 37% ofthat at the surface, lie) depends on the type of tissue but it is generally of the
order of 1-4 mm.53,54

This depth increases as the wavelength of the light increases up to the point (about 850 nm)
where light absorption by water becomes significant.55 The increasing acceptability of PDT as a
therapy brought about primarily by FDA approval ofPhotofrin with the less than ideal properties
of Photofrin has led to a search for new and improved photosensitisers.

The Ideal Properties of a Photosensitiser
There are many properties of photosensitisers that need to be considered when developing

them for clinical use. Not only are the chemical, photophysical and biological properties impor
tant to consider but there are also licensing, economic, and commercial aspects to keep in mind.
The specifications required for new photosensitisers to reach the market place have changed as
regulatoty bodies, such as the Food and Drug Administration (FDA) in the USA, have become
more stringent in their assessment of new drugs. The main considerations in photosensitiser de
sign include:

• Good singlet oxygen production. It is generally accepted that singlet oxygen is the pri
mary cytotoxic species produced during the photodynamic effect, although other reactive
oxygen species (ROS) such as superoxide, hydroxyl radical and peroxides can be produced
downstream. A good photosensitiser should therefore be an efficient producer of singlet
oxygen with a good quantum yield.

• Goodspectral cbaracteristics. Photosensitisers with a high specificabsorption coefficient at wave
lengths longer than 630 nm, and preferably above 700 nm should be significantly better than
Photofrin. The greater tissue penetration of the light needed to activate these sensitisers together
with ahigherabsorbance at thosewavelengths would fucilitate the treatmentofmuch larger tumours.
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Figure 2. Examples of the types ofbonds found in
Phorofrin. One pyrrole from each porphyrin mono
mer has been drawn.OH

Ether image

Este linkager

Carbon • carbon bond
(One possible structure)

In the bladder, for example, the optical penetration
depth oflightat 693 run has been shown to be around
40% greater than at 633 run.54

-Suitable Pharmacokinetic Parameters. The
photosensitiser should show good tumour
localisation and selectivity. Although selectivity
of the PDT effect is also governed by the speci
ficity ofthe light delivery, higher concentrations
of the photosensitiser in the tumour compared
to the normal sutrounding tissue would minimise
normal tissue damage. Sensitisers that have a low
skin accumulation and a rapid elimination from
the body would minimise the unwanted pro
longed photosensitivity.
- Purity and ease of synthesis. There are many
scientific and commercial difficulties encountered
when developing complex drug mixtures for
human administration. As legislation and the
procedures for licensing ofdrugs becomes more
rigorous it will be necessary to characterise all of
the components ofthese mixtures for their phar
macological and toxic effects. Under the new
regulations development of Photofrin would
probably not have been considered as economi

cal. The development of so called "second generation sensitisers" therefore will require the
sensitisers to be single, pure and well characterised compounds. From a commercial point
ofview the compounds should be relatively simple to synthesise with little involvement of
hazardous intermediates.

- Low dark toxicity. It is important that the photosensitiser shows no toxicity in the absence
of the activating light. The advantage of PDT over chemotherapy is that in the absence of
light the drug is harmless. The only side-effect encountered with Photofrin is a prolonged
skin photosensitivity but this can generally be avoided by minimising exposure to bright
sunshine and using sun blocks.

Second Generation Photosensitisers
There have been several hundred potential photosensitising drugs synthesised world-wide, all

of which have suitable photo-physical properties but unfortunately many have no, or poor, bio
logical activity. Those that show activity in cells in culture, ofren do not have suitable activity or
tumour pharmacokinetics when tested in vivo. A large number ofporphyrin-based photosensitisers
have been considered for use in photodynamic therapr6 but only few of these have gone into
clinical trials. Those based on the tetrapyrrole nucleus are discussed below.

5,10,15,20 Tetrakis (meso-hydroxyphenyl) Chlorin (m-THPC,
Foscan, temoporfin)

Berenbaum, Bonnett and coworkers developed a series oftetra hydroxyphenyl porphyrins with the
hydoxyl group in either the para, orrho or meso position of the phenol ring. These showed good
photosensitising propetties57 and subsequent biological testing was able to demonstrate that the meso
isomer was the most active being almost 30 times more effective than HpD. The longest wavelength
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suitable for activation ofthis sensitiser in vivo is 648 nm and slightly red shifted compared to HpD (630
nm). The specific absorption coefficient was not significantly different.58 Reduction ofthe r:rphyrin to
the corresponding chIorin (Fig. 3) improves the photophysical properties considerably.5 The lowest
energy absorption peak is further red shifted to 652 nm and its specific absorption coefficient (22,000
M-1cm- l ) is increased by a factor ofabout 20 compared to Photofrin.6o

Preclinical studies with m-THPC have suggested that it is over 100 times more effective than
Photofrin in terms of the photodynamic dose required i.e., drug dose x light dose.61 ,62 The reasons
for this effectiveness cannot be explained by the enhanced photophysical properties alone and must
be due to as yet unidentified biological factors. m-THPC is a hydrophobic molecule and extensive
srudies have shown that it binds to the serum lipoproteins particularly HDL and LDL.63 In human
plasma it is thought to redistribute to the lipoproteins from an initial lipoprotein free complex
containing highly aggregated sensitiser.64

Scotia Pharmaceuticals in the United Kingdom developed m-THPC for treatment ofcancers
of the head and neck, oesophagus and lung, particularly mesothelioma. Under the trade name
Foscan®, it was approved in 2001 in the European Union, Norway and Iceland for the palliative
treatment ofadvanced head and neck cancers. Foscan® is now being developed by Biolitec Pharma
in Scotland for further clinical indications. The results of clinical trials have suggested that, for
certain conditions, PDT with Foscan® could be considered as an alternative to surgery or radio
therapy.65 Foscan has been used for the treatment of high grade dysplasia and early cancer in
Barrett's oesophagus.66 In a multi-centre study of 121 patients with oral squamous cell carcinoma
m-THPC-PDT was shown to produce a complete response in 85% of the cases at rwelve months
and 77% at twenty four months. A major advantage of this treatment over surgery is the excellent
cosmetic outcome.67 Foscan has also been used for the treatment ofhead and neck tumours using
interstitial PDT.68

Although the biological half-life of Foscan® is much shorter than that of Photofrin69,7o it is still
relatively long, and photosensitivity issues have delayed its development for use in other clinical areas.

5,10,15,20 Tetrakis (meso-hydroxyphenyl) BacteriochIorin (m-THPBC)
Further reduction of the chlorin ring of m-THPC gives rise to the equivalent bacteriochlorin59

(Fig. 3). Bacteriochlorins have the potential to be excellent PDT agents because oftheir high absorp
tion in the near infra_red.71-73 There is a considerable red shift in the longest wavelength Qband in
converting the chlorin to the bacteriochlorin. m-THPBC shows strong absorption around 735 nm

A B

Figure 3. Structure of: A) m-tetra(hydroxyphenyl) chlorin; and B) m-tetra(hydroxyphenyl) bacteriochlorin
(arrows indicate the reduced bonds).
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Figure 4. Structure ofbenwporphyrin derivative.

as well as a six fold increase in the specific ab
sorption coefficient from 22,400 M-1cm-1to
136,000 M-1cm-159

A recent small Phase I clinical study using
m-THPBC (SQ400) for the PDT treatment
of liver metastasel4 showed that complete
necrosis could be achieved within a radius of
1 cm of the optical fibre. The use of multiple
optical fibres would therefore allow quite large
tumours to be treated. The study also con
cluded that there were no significant side ef
fects. The results from a larger trial of twenty
four patients with colorectal liver metastases
has supported these early findings.75

Benzoporphyrin Derivative (BPD, Verteporfin)
Benwporphyrin derivative (Fig. 4) is a chlorin containing a cyclohexadiene ring fused to one of

the pyrrole rings. It was first synthesised by David Dolphin and colleagues in the 1980s and was
subsequently shown to be a good photosensitising agent.76

The original synthesis of BPD resulted in the formation of a di-acid derivative of the chIorin with
the cyclohexadiene ring fused to ring B of the tetrapyrrole. This was formed by hydrolysis of the
di-ester. Subsequent development gave rise to struCtural analogues containing only one free carboxylic
acid and the cyclohexadiene ring fused to the ringA pyrrole.33 This material was termed BPD mono-acid
ring-A (BPD-MA) and it is this compound that has shown most promise as a PDT agent. As can be
seen in Figure 4, there are two possible regio-isomers of this material differing only in the position of
the free carboxyl group. It is this mixture of two isomers that has the generic name verteporfin.

Verteporfin has many of the characteristics ofan ideal photosensitiser. It has a strong absorption
peak ar 686 nm with a specific absorption coefficient ofaround 34000 M-1cm-1.77.78 The soret peak
is also red shifted lowering the potential for UV induced skin photosensitivity. Like Foscan, verteporfin
binds to serum lipoproreins and it has been shown in vitro that its uptake into cultured cells is
almost exclusively via LDL receptor-mediated endoeytosis.79 In vivo however, other mechanisms
may be important in tumour accumulation, particularly as it has been suggested that the main target
of this sensitiser is the vasculature.8o Another positive characteristic of verteporfin is that it is elimi
nated rapidly from the body, via a biliary route, and the retention in the skin is much lower than
with Foscan.29 The two regio-isomers have been shown to have slightly different tissue pharmacoki
netic profiles.sl Unfoffunately the specificity of verteporfin for tumour tissue is not particularly
good. Studied in animal models suggest that although significant levels ofverteporfin can be achieved
in tumour tissue the levels are not significantly greater than in the surrounding normal tissues. 29

The results ofclinical trials of the treatment of nonmelanoma skin cancers using BPD have been
promising,82 as have early clinical rrials for the treatment of psoriasis and rheumatoid arthritis.

Although the selectivity of verteporfin for tumours is not ideal the observation that its mechanism
ofaction is predominantly at the vascular level has led to one of the most significant developments in
the treatment ofage-related macular degeneration (AMD). This condition is the major cause ofblind
ness in the over 50 age group. One form of this condition, the so-called wet form, is caused by new
growth ofabnormal blood vessels in the eye which are leaky and which eventually damage the macula,
an area ofthe eye associated with central vision. There is no significantly effective routine treatment for
this condition although several alternative therapies are currently being evaluated.

Verteporfin has been developed by QLT Photo Therapeutics Inc. and Novartis Ophthalmics as a
liposomal preparation and given the name VisudyneTM. This was launched in 2000 and is one of the
most successful ophthalmology products. The treatment for AMD involves injection of the sensitiser
then activation ofit five minutes later using a precise dose ofnonthermallight at 690 nm from a diode
laser. VisudyneTM has now been used in several clinical trials, some of which are on-going but initial
results are encouraging.83 In a recent clinical trial verteporfin PDT has been used to treat choroidal
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Figure 5. Srructure of rin eriopurpurin.

hemangioma of the eye. The results from this
trial demonstrate a good therapeutic resfonse
with some improvement in visual acuity.8

Tin Ethyl Etiopurpurin
(SnEt2' Purlytin, Rostaporfin)

The tin complex ofethyl etiopurpurin (Fig.
5) is a hydrophobic molecule that has several of
the photophysical properties required ofa good
photosensitiser.85 In methanol it has a strong
absorption maximum at 656 nm with a spe
cific absorption coefficient of42,800 M,lcm'l.
Because of its hydrophobic nature and its ten
dency to aggregate in aqueous solutions it has
to be prepared as a Cremophor emulsion or
similar formulation. It has been entered into a

Phase II/III clinical trial for palliative treatment for patients presenting with recurrent metastatic
breast cancer.86 Patients were injected with tin ethyl etiopurpurin at a dose of 1.2 mg kg'l and 24
hours later the tumours were irradiated with 660 z 3 nm light at a total dose of200 Joules/cm2

•

The results were encouraging with 92% ofall lesions treated showing a complete initial response
and 100% of lesions smaller than 0.5 cm showing a complete response. Although a long term
response was not reported the data suggested that PDT using SnET2 offers a good treatment for the
local control of recurrent disease. SnET2 has also been in clinical trials for PDT ofskin cancer and
AIDS-related Karposi's sarcoma.8?

SnEt2 (rostaporfin) has been developed by Miravant MedicalTechnologies under the name Photrex
for treatment ofage-related macular degeneration (AMD) in competition with Verteporfin. It is in
phase III development for the wet form ofAMD, where it has shown a significant benefit to patients
compared to placebo.

Mono-L-Aspartyl Chlorin e6 (Npe6, MACE, Talaporfin)
Another chlorin type photosensitiser is mono-L-aspartyl chlorin e6 (Fig. 6). This sensitiser has

the advantage over some of the other chlorin sensitisers of being water soluble due to its four
carboxylic acid groups. The parent tetrapyrrole, chlorin e6, is derivatised with aspartic acid and
mono derivatisation results in three possible structural isomers. One of these (Fig. 6B) has been
developed under the generic name talaporfin sodium. Like other chlorins Npe6 is a good singlet
oxygen producer and has a good absorbance around 664 nm.88 The specific absorption coefficient
in methanol is 15,000 M'I cm'l at 664 nm.

A small phase I clinical study ofNpe6 for the treatment ofcuraneous lesions including basal and
squamous cell carcinomas as well as adenocarcinomas showed that the sensitiser was both safe and
effective.89 With a drug dose of around 3 mg kg'l and a light dose of 100 Joules/cm2

, 66% of the
tumour sites treated remained tumour free for the time of the study. One observation from this
study suggested however that there was a lack of tumour selectivity at high sensitiser dose and some
normal tissue damage was apparent. Although the follow up period for this study was short the data
was sufficiently encouraging to warrant further evaluation. Another phase I clinical trial in patients
with primaty and secondary cancer of the skin and mucosal surfaces reports a 91% response rate.
The photosensitiser produced little skin photosensitivity probably due to its rapid clearance from
the circulation.9o

A Phase II clinical study for early superficial squamous cell carcinoma in early stage lung cancer91

confirmed that PDT with Npe6 was safe and gave excellent anti-tumour effects producing 85%
complete tumour response in 35 patients. The authors concluded that use ofNpe6 in combination
with a suitable diode laser could become a standard modality for PDT ofear~ superficial squamous
cell carcinoma ofthe lung. More recently a multicentre phase I clinical study 2 has been carried out,
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Figure 6. Structures of mono-L-asparryl chlorin e6 (derivatisation on ring C is also possible).
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using talaporfin sodium, to assess its safety for intratumoural PDT of a number of solid tumours.
The study concluded that the treatment was safe and could offer patients with this type of resistanr
tumour another viable treatment option.

Palladium-Bacteriopheophorbide (TOOKAD, WST009)
Palladium-bacteriopheophorbide (Fig. 7) is a novel bacteriochlorophyll-a derived photosensitiser

currently being developed by Steba Biotech and Negma-Lerands for the photodynamic treatment of
prostate cancer. The first report of its photodynamic activity was from the group at the Weizmann
Institute in Israel in 1999. Subsequent preclinical testing and development has demonstrated that it
has many of the requirements of a good photosensitiser that is suitable for clinical use.

TOOKAD, as it is commonly known, has a very high extinction coefficient in the near infra-red
and it has two main absorption maxima that can be utilised for photodynamic therapy. It is a hydro
phobic sensitiser that is highly aggregated in aqueous media and therefore requires a disaggregating
solvent formulation for efficient photodynamic activity. In the formulation developed for intrave
nous administration the photosensitiser (called WST09 in this solvent) has a major absorption peak
at 762 nm with an extinction coefficient of 88,500 M-1cm- j and a second suitable peak at 538 nm
with an extinction coefficient of 23,100 M-1cm -I. It has been determined that the penetration
depth (attenuation coefficient) 0062 nm light through canine prostate is abour 2.5 times greater
than that of 630 nm light used for Photofrin PDT. This therefore allows for much larger lesions to
be rreated.93 Irradiation of the green absorption peak ofTOOKAD ( 538 nm) could be utilised
for superficial lesions where deep light penetration is not necessary. The quantum yield of
singlet oxygen formed following Palladium-bacreriopheophorbide irradiation is very high bur
other reactive oxygen species such as hydroxyl radicals, superoxide and peroxides can be formed
depending upon the cellular microenvironment.94

TOOKAD also has many of the biological characteristics required of a good photo-sensitising
agent. A pharmacokinetic study in mice bearing the mammary adenocarcinoma EMT6 has shown
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Figure 7. Structure of Pd-bacteriopheophorbide
(TOOKAD).

that it is cleared from the body very quickly. The
plasma levels of Pd-bacterio-pheophorbide
(WST09) follow a biphasic decaywith avery rapid
initial halflife ofless than 2 minutes followed by
a second short half-life of 1.3 hrs. The
photo-sensitiser could not be observed in the tu
mour tissue at any time during this study sug-

H gesting that the photodynamic activiry was more
than likely due to an effect on the tumour vascu
lature and not as a result of direct tumour cell
phototoxiciry.95 This hypothesis is supponed by
the observation that the optimum drug to light
treatment interval for TOOKAD in a hamster
cheek pouch model was as early as ten minutes

Hooe post administration and that there was no response
at four hours.96 Similar photodynamic treatment
of human prostatic small cell carcinoma
xenographs using TOOKAD have shown good

long term cures of relatively large tumours using a protocol whereby the light dose was administered
immediately following drug administration. This further supports the idea that TOOKAD (WST009)
acts by directly effecting the vasculature.97

Tookad is currently undergoing phaseIlII clinical trials for prostate cancer. The first reports of
human clinical trials came from the groups in Canada and Israel in 2005 were dosimetry and initial
efficacy were optimised.98 TOOKAD was administered in a Cremophor-based formulation to patients
with locally recurrent prostate cancer at doses up to 2 mglkg. Light at 762 nrn was delivered via
interstitially placed optical fibres. Initial results have been promising and have demonstrated that
TOOKAD-PDT could produce large volumes ofnecrosis in the prostate. In general the treatment was
shown to be well tolerated with minimal systemic effects. Further clinical trials are currently underway.

2-[l-hexyloxyethyl]-2-Devinyl Pyropheophorbide-a
(HPPH, Photochlor)

The chlorophyll-a derivative 2-[I-hexyloxyethyl]-2-devinyl pyropheophorbide-a (Fig. 8) is a
hydrophobic chlorin-based photosensitiser derived from methyl pheophorbide-a extracted from
Spiro/ina species.99 The large specific absor~ion coefficient at 663 nm (~47,000M'I cm'l) and the
good singlet oxygen quantum yield (0.48)1 makes it a good candidate for photodynamic therapy.
Initial preclinical studies in a mouse model suggested that this sensitiser could produce significant
tumour control. Mechanistic studies showed that the sensitiser was acting predominantly as a me
diator ofvascular photodamage and not causing substantial direct tumour cell phototoxiciry.lOl The
photosensitiser is now being developed at the Roswell Park Institute in Buffalo, New York as Photochlor
and is being evaluated for PDT of basal cell carcinoma, obstructive oesophageal carcinoma and
Barretr's oesophagus as well as early and late stage lung cancer. A recent pharmacokinetic and safery
study in 25 patientsl02 demonstrated that the treatment was well tolerated. Although sensitiser was
detected in the plasma of these patients several months afrer administration there was no evidence of
skin photosensitiviry. Phase IIII clinical PDT studies using HPPH-PDT for the treatment of ob
structive oesophageal cancer have been carried out as a palliative therapy. In these patients the sensitiser
was administered at a dose of 0.15 mg kg'l and the tumour irradiated endoscopically 48hours later
with 665 nm light at a dose of 150 Joules cm'l. The treatment was shown to improve the qualiry of
life in six out of eight of these patients. Treatment of basal cell carcinomas resulted in most of the
lesions giving a complete response at a drug to light interval of 24 hrs and initial data for the
treatment oflung tumours are also encouraging. I02 A subsequent study offotty eight patients showed
that Photochlor produced much lower skin photosensitisation than either Foscan or Photofrin. This
was thought to be a result of rapid plasma clearance. 102,103
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Figure 9. Structure of unsubstituted zinc phthalo
cyanine.

Phthalocyanines
Phthalocyanines (Fig. 9) are synthetic tetrapynolic macrocyles that differ from porphyrins in

that aza nitrogen atoms instead of methine bridges link their pyrrole rings. Phthalocyanines gener
ally have high absorption in the 675-750 nm range of the spectrum due to the addition of benzene
rings to the reriphery of the macrocycle. 104 The macrocycle can chelate many elements and is easily
modified. 1O It is known that a phthalocyanine chelated with a diamagnetic metal atom (such as
aluminium or zinc) have extended triplet life-times and consequently a higher yield ofsinglet oxy
gen production. In conrrast, phthalocyanines chelated with paramagnetic metals (such as iron and
nickel) have very little photodynamic activity due to their shonened triplet lifetimes.! 06 At presenr
there is much inrerest in the phthalocyanine class of photosensitisers.

The Silicon-based phthalo;ranine Pc4 (V.I Technologies), is currently being tested for the
sterilisation ofblood products1 and also the treatmenr ofneoplasms. 107 QLT in collaboration with
Ciba-Geigy Ltd have developed a liposomal preparation ofzinc phthalocyanine (CGP55847), which
has shown promise in the treatmenr of squamous cell carcinomas. 107

The Oncological Cenrre of the Russian Academy ofMedical Sciences, in collaboration with the
Moscow Medical Academy have used "Photosense", a mixture ofaluminium sulphonated phthalo
cyanines (AlPeSn) to treat manr types of cancer including breast, skin, lip, lung and larynx. Their
results as described elsewherelO have been encouraging.

Lutetium Texaphyrin (Lu~tex, Motexafin Lutetium)
Texaphyrins are not strictly tetrapyrroles but photosensitisers with an extended conjugation of

the porphyrin ring system resulting in a strong absorbance peak at 732 nm making them suitable for
the treatmenr of large or pigmented rumouTS. Lutetium texaphyrin, Lu-tex, (Fig. 10) has shown
high selectivity for tumours, compared to normal skin, in subcutaneous melanoma lesions. 10S It is
cunently in phase I trials for recurrent prostate cancer and cervical intraepithelial neoplasia. Lu-tex
is also cunently in phase II clinical trials for treatment of breast cancer. Texaphyrin derivatives are
also being developed by Pharmacyclics in the USA for use in the treatmenr of age-related macula
degeneration (AMD) as the product morexafrin lutetium (OPTRIN™).,o4 A number of separate
clinical trials are investigating the use oftexaphyrin PDT for the prevention of restenosis and for the
primary treatment of atherosclerotic lesions. Motexafin lutetium (as ANTRIN™) is also being
developed for angioplasry of atherosclerotic cardiovascular disease. An open-label phase I trial in-



140

OH

Tetrapy"o!es: Birth, Lift and Death

OH

Figure 10. Structure oflutetium-texaphyrin, (Lu-tex).

volving eighty patients showed that the treatment of coronary atherosclerosis by motexafin
lutetium-based PDT is safe and well tolerated. 109

5-Aminolaevulinic Acid
The use of 5-aminolaevulinic acid (ALA) in photodynamic therapy is quite a different concept

to that using the tetrapyrrole photosensitisers. ALA can be classed as a natural pro-dru? as it is an
early precursor of the natural porphyrins. Early human studies by Kennedy and Pottier 10 showed
that topical administration ofhigh concentrations ofALA overloads the haem biosynthetic path
way giving rise to a temporary accumulation of the intermediates of the haem biosynthetic path
way particularly protoporphyrin IX. The normal feedback inhibition ofALA synthase by haem is
overcome by the addition of this excess ALA, and protoporphyrin accumulates. Funhermore,
rumours and some rapidly dividing tissues are able to accumulate much more protoporphyrin
than the surrounding tissue. The reasons for this are thought to be due to the differences in the
activity of porphyrin biosyntheric pathway in tumours compared to normal tissues. I I I Measure
ment of the activity of the enzymes of the pathway in tumour tissue suggest that there is an
increased activity of porphobilinogen deaminase together with a lower ferrochelatase activity. The
ratio of the activity of these enzymes has been termed the power index and a high value for this
increases the overall levels ofprotoporphyrin IX and decreases its metabolism to haem. I 12 Another
explanation is that the availability of ferrous iron is rate limiting preventing the efficient conver
sion of protoporphyrin to haem. l13 This accumulation of protoporphyin is only transient and
consequently the time between ALA administration and light treatment is critical. One of the
advantages ofthis shorr window ofopponunity is that there is no prolonged skin photosensitisation,
a problem with many other photosensitisers. This favourable accumulation ofprotoporphyrin has
been utilised and developed into a highly successful photodynamic treatment ofcenain superficial
diseases. Many different treatment protocols have been tested but a typical ALA-PDT treatment
for skin lesions involves the topical administration of 20% ALA in a oil-in-water emulsion. The
ALA is len on the lesion for 3 to 4 hours during which time protoporphyrin accumulates to a
therapeutic level. Irradiation of the area with a predetermined 630 nm light dose, usually lasting
10 to 20 minutes, is then carried out. During the light treatment some pain can be experienced,
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the severity of which depends not only on the site of treatment but also on the person being
treated. In most cases pretreatment with some son of analgesia overcomes this problem. The
precise mechanism for the cause of this pain is not known but as it is only during the irradiation
step of the treatment it is thought to be a photochemical effect probably due to accumulation of
photosensitiser in specific nerve endings in the skin.

Clinical AlA-PDT
ALA-PDT has been used to treat a number of dermatological conditions. I 14.1 15 Treatment of

superficial epidermal premalignancies such as Bowen's disease (a squamous cell carcinoma) has ~i
cally achieved around 90% complete responses without recurrence and is now relatively routine. II - 19
A clinical trial comparing ALA-PDT to conventional cryotherapyI 20 showed that PDT resulted in
better clearance rates of the lesions than cryotherapy and was panicularly better for treating larger
areas. The cosmetic results observed following PDT were also much better due to excellent healing
of the normal tissues. ALA-PDT has been used to treat actinic keratosis, a condition caused by
chronic exposure of skin to sunlight and a condition that could lead to squamous cell carcinoma.
OUSA Pharmaceuticals have developed Levulan® a stable preparation of ALA and this has now
been approved by the FDA. A clinical Phase III trial ofLevulan® PDT for actinic keratosis involving
243 patients and 1500 lesions showed around 90% complete resgonse after two treatments. Clinical
treatment of psoriasis using ALA-PDT has also been assessed I -123 and the data obtained showed
that although there was evidence ofa therapeutic effect the overall conclusion was that the treatment
was no better than other currently available therapies.

Basal cell carcinomas are small tumours that can be categorised into differenr types depending on
whether they are nodular or invasive. ALA-PDT gives a good initial response with superficial BCCs
after a single treatmenrl19,124 but long term follow-up studies suggest that this is not mainrained and
the recurrence rate can be as high as 50%.117,125 In conrrast, repeat treatmenrs several days apan
have improved the overall long term outcome. 126 The initial response ofnodular BCCs to ALA-PDT
however is much poorer. This failure is thought to be due to insufficient penetration ofthe ALA inro
the deeper regions of the lesion. Several methods have been used to try and increase the penetration
ofALA. These have included the use of penetration enhancers such as dimethyl sulphoxide, tape
stripping away the stratum corneum prior to ALA application and ionrophoretic delivery. 127-129 The
overall clinical effects of these have not been thorougWy investigated at presenr.

Other Applications ofAlA-PDT
There are several nondermatological indications that have been treated with ALA-PDT. These

include treatmenr of the uterus for the condition menhorragia,130,131 treatmenr for cervical
inrraepithelial neoplasia (CIN), carcinoma in situ of the bladder and the metaplastic premalignant
condition of the oesophagus called Barrett's Oespophagus. In the ALA-PDT treatmenr of Barrett's
the ALA is given orally at a dose of around 30-60 mg kg'l. The data from clinical studies using
irradiation with either 635 nm red light l32 or 514 nm green light 133,134 are encouraging and have
shown that ALA-PDT could become a suitable treatment for this condition.

Clinical data collected over the last few years has suggested that ALA-PDT has great potential for
the treatmenr of some conditions but will probably be limited to superficial lesions. The treatmenr
of larger tumours may be limited by the penetration ofALA throu~h the tumour tissue. In order to
try and overcome this problem ALA esters have been deveioped. 13 ,136

Aminolaevulinic Add Esters
Carboxylic acid esters ofALA can be thought of as preprodrugs. The increased lipophilicity of

these compounds would enable them to cross cellular membranes more easily. Once inside the cell
the esters are thought to be hydrolysed by nonspecific esterases releasing ALA, which then enrers the
haem biosynrhetic pathway. In vitro studies on the formation of porphyrins in cells in culture have
shown that the longer chain ALA esters, such as pentyl and hexyl esters, are far more efficienr than
ALA itsel£ The shoner alkyl esters such as the methyl, ethyl and propyl esters are no better than ALA
alone. I 35 The most efficienr ester appears to be the hexyl ester which, in cultured cells, can produce
the same amounr of porphyrin at about one hundredth of the concenrration. It has not been pos
sible however, to demonstrate this dramatic improvemenr in skin models in vivo. 137
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ALA methyl ester (Metvix@) has been developed by a Norwegian company, Photocure ASA and
a recent randomized clinical studyl38 for treatment ofactinic keratosis showed that the PDT treat
ment gave a 91% response rate whereas cryotherapy gave only a 68% response rate indicating that
PDT using methyl aminolaevulinate is a good alternative particularly where large treatment areas
are involved. Metvix@ has also been used in the treatment of superficial and nodular basal cell
carcinoma and under the protocol employed there was a 95% response rate. Clinical studies using
ALA methyl ester for PDT treatment of basal cell carcinoma have also been encouraging. 139 It has
recently been shown in a clinical trial involving rwo hundred and eleven patients that a single treat
ment with topical ALA-methyl ester-based PDT is an effective treatment for thin actinic keratosis
lesions giving rise to a 93% complete response rate. Thicker lesions or nonrespondinft lesions were
shown to benefit from repeat treatments, producing an 88% complete response rate. 40

Photodetection ofTumours
The early work ofLipson and coworkeil used haematoporphyrin derivative as a fluorescent tumour

marker that could be used to visualise tumours prior to surgery. HpD however did not have a particularly
good specificity for the tumours and skin photosensitisation was also a problem. Because of this the
photodiagnostic application ofHpD was not studied with the same vigour as its photodynamic use.

The recent advances in photosensitiser development that have seen improvements in tumour selec
tivity and reductions in skin photosensitivity have brought about a renewed interest in photodiagnosis
and photodetection. Foscan (m-THPC) has recently been used for the diagnosis and fluorescence
guided resection of malignant brain tumours and initial patient data is encouraging.141 The develop
ment ofALA and ALA esters for photodetection oftumours and lesions has continued over the last few
years, and a number ofcentres and manufacturers are designing and producing specialised equipment
for this purpose. The fact that highly fluorescent protoporphyrin is produced preferentially in
tumours compared to the normal surrounding tissues when exogenous ALA is applied, has been
utilised to develop techniques such as fluorescence guided surgery or biopsy acquisition.

Tumour photodetection and di~osis using ALA has been assessed in a number of conditions
including neoplasias of the bladder,1 lung, 143 cervix,144 and breast. 145 This fluorescence technique
has been shown to be more specific and sensitive than conventional white light endoscopy. 146 More
recently ALA esters have been employed for photo-detection and whereas ALA hexyl ester is not
significantly better than ALA in dermatological PDT applications, it is considerably more efficient
than ALA in the photo-detection of lesions in the bladder. A recent study147 in 25 patients com
pared the ability ofALA and ALA hexyl ester to induce porphyrin fluorescence in neoplastic bladder
tissue. The authors showed that, compared to ALA, the hexyl ester could produce a rwo-fold in
crease in protoporphyrin IX fluorescence at 5% of the dose . The hexyl ester is currently being
developed by Photocure ASA as Hexvix@ for photodetection in the bladder and is now approved in
rwenty six European countries. The benzyl ester (Benzvix@) is also being developed for similar pro
cedures in gastroenterology.

Concluding Remarks
There are many photosensitisers being tested for use in photodynamic therapy but only a vety few of

these have progressed into clinical trials. Of these most are tetrapyrroles or closely related molecules.
There are also several other tetrapyrrole-based sensitisers that show promise. These include Lemuteporfin
(benwporphyrin derivative 1,3-diene CoD-diethylene glycol ester A ring),148 ~hthalocyanine PC4 (a
silicon phthalocyanine),149 BOPP ( a boronated derivative of protoporphyrin) 50 and di-sulphonated
aluminium phthalocyaninel51 to name only a few. As yet no clinical data has yet been published al
though some of these are currently undergoing clinical evaluation.

PDT is not a new therapy but has been developed over the last four decades to become a signifi
cant alternative approach to treatment ofcancer and other diseases. Since the approval ofPhotofrin
as the first photosensitiser and the subsequent accumulation of encouraging patient data there has
been increased interest by a number ofpharmaceutical companies in the development ofnew sensitisers
and in the development ofPDT as a therapy. It is true, I think, but not without bias that porphyrins
and tetrapyrroles have paved the way for the acceptance of Photodynamic therapy as an alternative,
and for some indications, the best treatment for cettain cancers and other diseases.
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CHAPTER 9

Heme Transport and Incorporation
into Proteins
Linda Thony-Meyer*

Abstract

Heme proteins are located in different compartments and organelles of pro- and
eukaryotic cells. For their biosynthesis and assembly heme needs to be delivered to
the polypeptides at the correct location. As heme is a hydrophobic molecule, it readily parti

tions into membranes and is bound to proteins, and the concentration of the free molecule in cells is
extremely low. Heme is synthesized from the precursor 5-aminolevulinic acid, with the last step taking
place in mitochondria in animals and fungi, and the plastid in plants. Some cells have the capability of
taking heme up from the envitonment. The question therefore arises, how is heme transported across
membranes and cellular compartments to its target proteins? The assembly ofheme with these proteins
is rather specific, and in many cases even stereospecific. For type c-type cyrochromes, which bind heme
covalently, specialized maturation systems have evolved that catalyze heme incorporation. It is likely
that other heme proteins also need appropriate assembly factors for heme insertion. The current knowl
edge ofintracellular heme transport and the biogenesis ofheme-containing proteins is limited, and has
only recently been recognized as an anraetive field of research.

Introduction
Heme is the cofactor ofa large number ofcellular proteins and is important generally for aerobic

life. Heme proteins are present in different subcellular compartments of bacterial and eukaryotic
cells and in the blood serum. Heme is not water-soluble and readily aggregates in aqueous solutions
at micromolar concentrations. It associates nonspecifically with lipids and proteins where it pro
motes peroxidations. I Due to this toxicity, the pool of free heme must be kept low. The last step of
heme biosynthesis, the insertion ofiron into protoporphyrin by the enzyme ferrochelatase occurs in
the mitochondria, chloroplasts or in the bacterial cyroplasm. From these locations heme is distrib
uted to the various cellular heme proteins by essentially unknown mechanisms. Importantly, it has
to traverse biological membranes, to which it has a high affinity due to its amphiphilic nature.
Predictions for heme transport range from postulating exclusive proteinaceous transport systems to
autonomous diffusion across lipid membranes. The cellular interactions of heme with proteins and
lipids are summarized in Figure 1. In the serum heme is bound by a number of specific binding
proteins and transported to the liver, where it can be internalized. Pathogenic bacteria have devel
oped strategies to capture heme for their own benefit as a source ofiron. They require specific uptake
systems for heme utilization. Our understanding of how heme is incorporated as a cofactor into its
target proteins is very limited. The best investigated example is the posrrranslational maturation of
c-type cyrochromes, where heme is attached covalently to the polypeptide.2

•B Here, a specific heme
delivery system is required. It is not known whether heme inserts spontaneously into proteins that
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bind it in a noncovalent way in vivo, or if additional factors ate needed to assist in this type of
maturation. In this chapter, I summarize the current picture on heme traffic in the cell with empha
sis on the recent progress that has been made in bacterial systems.

Localization of Heme in Prokaryotes
In bacteria, heme is synthesized in the cytoplasm; the last step is the incorporation of iron into

protoporphyrin IX catalyzed by the enzyme ferrochelatase, which is a cytoplasmic enzyme9 that has
been shown to be membrane associated. 1O Some pathogens are able to capture heme from their
environment as a source of iron. Heme formation or acquisition and its delivery to proteins within
the bacterial cell is depicted in Figure 2. In the cytoplasm, heme is distributed to proteins such as
bacterial hemoglobins, ferritin, catalase, or heme-containing sensor proteins involved in gene regu
lation. It is not known how heme is incorporated into these proteins. It is generally believed that the
pool of free heme is extremely low under physiological conditions (in the range of 10-8 M). II Free
heme can be defined as heme that is newly synthesized and has not been incorporated into heme
proteins, or heme that has recently been released from heme proteins and is not immediately utilized
or degraded. It seems unlikely that soluble heme proteins incorporate their prosthetic group ran
domly. Hence, the working hypothesis is that ferrochelatase delivers heme either directly to the
hemoproteins or to intermediate cytoplasmic heme chaperones.

A number of respiratory and photosynthetic proteins known as the cytochromes contain heme
as their prosthetic group for electron transport. Most ofthem are integral proteins of the cytoplas
mic membrane. The question ofhow heme is incorporated into these polypeptides or polypeptide
complexes has not been sufficiently addressed and our understanding of this problem is incom
plete. Heme is found in protein domains of both, the inner and outer leaflet of the membrane.
Many cytochromes also reside on the periplasmic side of the membrane or in the periplasm. This
is particularly true for cytochromes of the c-type, where heme is bound covalently to the polypep
tide by two thioether bonds formed between heme vinyls and cysteine thiols ofthe motif CXXCH
that is a hallmark of this class of cytochromes. 12 In this case heme must be transported across the
lipid bilayer of the cytoplasmic membrane. Type c cytochromes are ideal tools to study heme
incorporation, as the covalent heme binding can be detected experimentally. Incorporation of
heme into c-type cytochromes requires specific maturation systems of which three different types
can be distinguished? Two of them contain putative heme delivery systems that will be discussed
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Figure 2. Bacterial heme routing. Heme (white squares) is either synthesized in the cytoplasm from its
precursor ALA (b-aminolevulinic acid), whereby iron is inserted in the last step. Alternatively, heme can be
taken up by aspecific transport system. The molecule is then distributed to cytoplasmic, membrane-integral
or periplasmic proteins.

below. One of the cytochrome c maturation factors, the heme chaperone CcmE, is known to bind
heme transiently in a covalent fashion, thus behaving like a c-type cytochrome.J3 Besides the
c-type cytochromes, some periplasmic b-type cytochromes have been described, for example the E.
coli cytochrome b562 whose function is unknown (for see ref 8). Even though it has not been
addressed how heme is inserted into these proteins, it is clear that they do not use the cytochrome
c maturation (ccm) system,14,15 because cern deficient mutants can still incorporate heme into
these cytochromes. In Gram-negative bacteria, certain heme binding proteins are also found in the
outer membrane. These are c-type cytochromes l6,17 as well as heme receptors. 18-20

Bacterial Heme Transport

Heme Uptake
The best example of heme transport is the uptake of heme by bacterial pathogens for iron utili

zation. Due to extremely low solubility of Fe (III) salts at physiological pH in the presence ofoxygen
(IO-18 M) bacteria have evolved special strategies to capture heme from their host as a source of
iron. 18-20 They contain specific receprors for heme or heme proteins in their outer membrane,
which bind heme and import it across the outer membrane by a system that required the
TonB/ExbBD proteins and an intact proton motive force across the cytoplasmic membrane.21 Some
Gram-negative bacreria even secrete small, so-called hemophores, which extract heme from a variety
ofheme containing proteins. The 19 kDa HasA ofSerratia marcescens is excreted upon iron starva
tion and functions like a siderophore by binding circulating or hemoglobin-bound heme, returning
to the cell surface and delivering heme to the outer membrane heme receptor HasR. 22 A similar
function was described for the unrelated HxuA from Haemophilus influenZiU.23 Structural analysis
of HasA indicates that heme can bind to this protein in two orientations relative to its a, y-meso
axis. 24,25 Heme is bound between two loops by the axial ligands His32 and Tyr75 and remains
highly exposed to the solvent. Nevertheless it is well anchored to the protein by a network ofhydro
gen bonds around the heme ligands that involve the heme propionates, a situation referred to as
"propionate zip". The formation and breaking of this propionate zip plays a key role in the mecha
nism ofheme binding and release. HasA most likely captures heme diffusing from hemoglobin due
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to its higher affinity, protein-protein interactions between HasA and the HasR heme receptor have
been reponed, suggesting the formation of a (transient) complex.22

The mechanism of heme internalization by outer membrane heme receptors is not known. As
heme receptors share homology with siderophore receptors, they probably have a beta barrel struc
ture with an N-terminal cork-like domain that blocks the pore from the periplasmic side.19.26 Once
in the periplasm, heme is bound by a periplasmic heme binding protein (Yersinia enterocolitica HemT
homologs) that associates with an ABC-type transponer. Members ofthis class ofperiplasmic bind
ing proteins share a high degree of sequence identity (34-90% over the entire length) and are also
homologous to the periplasmic vitamin B12 binding protein BtuF. Classical heme binding residues
acting as heme iron ligands are not conserved strictly, with the exception ofTyr200 (Y. enterocolitica
HemT numbering). The hem Thomologous genes are coexpressed in operons also containing genes
coding for the subunits of an ABC transponer that is needed for heme uptake through the inner
membrane. The periplasmic heme binding proteins are believed to interact with the permease sub
unit of the ABC transponer. The ABC-type heme transponers are composed of a permease and an
ATP subunit (e.g., hemUand hemV; respectively of Y. enterocolitica), which form a heterotetramer.
The mechanism of heme transpon by this ABC-type transponer is unknown, but based on pro
posed ideas ofother ABC transponers it is likely that the periplasmic heme binding protein docks to
the permease for heme delivety, and during the transpon two ATPs are consumed, one before and
one after substrate binding. A heme binding or heme interaction site within the permease has not
been identified, nor is it known whether heme is released into the cytop'lasm or into the membrane.

Certain Gram-positive bacteria such as Corynebacterium diphterial7 and Staphylococcus aureu?8
can use heme as an iron source. The C. diphteriae HmuT protein is a homolog of the periplasmic
binding protein ofheme uptake systems and is coexpressed with the genes humU and hmuVencod
ing the ABC transponer subunits. It was expressed in E. coli and shown to be a lipoprotein anchored
to the cytoplasmic membrane. Affinity chromatography on hemin-and hemoglobin-agarose proved
the heme binding capacity of this polypeptide, suggesting that it functions as a heme receptor at the
cell surface.27 Similar genes are present four times in the S. aureus genome. Moreover, characteriza
tion of the isd locus has identified additional genes, isdA, isdB and isdC encoding a novel set of cell
wall associated heme relay factors. IsdA and IsdB bind heme and hemoglobin, respectively, at the cell
surface. Heme is transferred to the cell-wall associated IsdC and then internalized by the
membrane-bound !scD, IscE and IscF transponer. 29

Cytoplasmic Heme Transport
Cytoplasmic heme exists as a result of either heme uptake or heme synthesis. How is cytoplasmic

heme distributed to its target proteins or channeled into a degradation pathway? In ShigelJJz dysenteriae
the cytoplasmic protein ShuS binds heme with a Kd of 13 I1M.3o It has no sequence similarity to any
proteins ofknown function, and its role in heme acquisition has not been determined. It forms soluble
oligomers of ~ 650 kDa that are composed ofa single type ofsubunit with a molecular mass of37 kDa
and binds one heme per monomer. Since ShuS was also shown to nonspecifically bind double-stranded
DNA, the protein may function both as a heme storage protein, during periods ofactive heme trans
pon, and as a DNA binding protein to protect the DNA from any ensuing heme mediated oxidative
damage. So far, this protein is the only candidate for a cytoplasmic heme chaperone.

Heme Export
An expon of heme, i.e., the transpon from the cytoplasm to the periplasm, must be postulated

for biosynthesis of periplasmic b-type and for all c-type cytochromes. In fact, putative heme expon
ers are found in database entries and review anicles because cenain mutants in genes for typical ABC
transponers have a defect in cytochrome cformation.2.5.7.31-33 One class maps to ccmABCD/helABCD
encoding components ofa cytochrome cmaturation system. Albeit the hypothesis that such a trans
poner is involved in heme export is highly attractive, no experimental proof for this has ever been
presented. On the contrary, several lines ofevidence point against this possibility,34-36 most ofall the
fact that cytochrome b as well as the periplasmic heme chaperone CcmE can bind heme in the
absence of CcmAB.14.15.37 At present it is still not clear whether heme expon is facilitated by an
ABC transponer, by any other proteinaceous transponer, or if it can happen spontaneously by trans
membrane diffusion at sufficient efficiency.
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Heme Transport in Eukaryotes

IntTaceOular Heme Transport
In eukaryotes, the distribution ofheme and its transport is more complex because heme is present

in cyrosolic, organellar and some nuclear proteins, but also in extracellular fluids such as the blood
plasma (Fig. 3). Not much is known about the delivery offreshly synthesized heme in the eukaryotic
cell. The last step ofheme biosynthesis takes place in mitochondria in animals and fungi. Ferrochelatase
is located in the inner mirochondrial membrane with its active side facing the mitochondrial ma
trix.38 Newly synthesized heme is either incorporated into respiratory enzymes of the inner mem
brane and the intermembrane space, or must pass through both mitochondrial membranes before it
can combine with cyrosolic apoprotein such as hemoglobin type proteins (Hb Mb, lb), or organellar
heme proteins such as endoplasmic reticulum (ER)-Iocalized P-450 oxygenases and cyrochrome b,
or peroxisomal catalase.39 There is also evidence for heme in the nucleus,40 where it is used for
heme-responsive transcriptional regulators such as HAPl, a transcriptional activator in yeast.41 In
plants, plastids possess their own active ferrochelatase. 42

It has not been elucidated how heme is exported from the mitochondrial matrix to the inter
membrane space. A possible mitochondrial heme transporter is the erythroid ABC transporter
ABC_me.43 Overexpression of ABC-me was found to enhance hemoglobin biosynthesis, and the
expression of the ABC-me transcript is induced during erythroid maturation. Alternatively, the
transit of heme into the cyrosol by diffusion cannot be excluded. In this case, heme has to penetrate
across the inner and outer mitochondrial membrane, whereby a flipping from inner to outer leaflet
is likely (Fig. 4). Uptake of heme from the mitochondrial outer membrane may then occur sponta
neously due to higher affinity of cyrosolic proteins to heme. A number of cyrosolic proteins have
been proposed to be involved in intracellular heme transport (Fig. 3), in particular the Z-protein,

LYSOSOME Hb-HAP

--0

Figure 3. Heme uptake and distribution in the eukaryotic cell. Heme is represented by a gray square. Hb:
hemoglobin; HAP: haptoglobin; AL: albumin; HPX: hemopexin; MHBP: membrane heme binding pro
tein; GST: glutathione-S-transferase. The involvement ofcytoplasmic heme carriers such as the Z-protein,
or GSTlligandin in heme delivery to heme proteins or organelles is not clear. Whether or not cellular
proteins are participating in the intracellular transfer steps indicated by arrows is an important issue of
current and future research.
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Figure 4. Heme rranslocation across membranes. Different possibilitiesare shown. 1) Spontaneous insertion
of the hydrophobic heme molecule (black symbol) into a membrane leaflet. Ferrochelatase is
membrane-associated and thus heme is dose to the membrane at the last step of its synthesis. 2) Flipping
of heme from one leaflet ro the other. The flipping is more likely than a simple diffusion without reorien
tation, because the more hydrophilic propionate head groups of heme can be exposed to the solvent. 3)
Extraction of heme from the membrane by a protein with high affinity. 4) Transport of heme across the
membrane bilayer by a specific heme transporter. 5) Unassisted transfer of heme between different mem
branes: diffusion from one to another hydrophobic compartment. 6) Protein-assisted release ofheme from
the membrane by a heme chaperone for delivery to its target protein.

also known as the fany acid binding protein, and glutathione transferases (GSn such as ligandin.44

The former is also known as fany acid binding protein or heme binding protein and has an affinity
for heme in the range of 10-6 - 10.7 M, whereas the latter, besides its enzymatic function, can bind
heme and other tetrapyrroles with similar affinities.

ExtraceOular Heme: Transport and Uptake
Extracellular heme occurs because it is released from senescent erythrocytes into the serum in the

form of hemoglobin (Hb), which is bound as a dimer by haptoglobin (HAP), or in its free form,
where essentially all is bound to albumin (AL) and hemopexin (HPX). These serum proteins have a
high affinities for heme (Kd of10·8 and <10.13 M, respectively), protect cells from oxidative damage,
and preserve cellular iron by binding heme and transporting it to hepatocytes for receptor-mediated
endocyrosis. 11•44,45 Moreover, heme binding proteins are inhibitory to growth of microbial patho
gens that depend on heme as a source of iron. Among the extracellular heme transport proteins
albumin is the most abundant. It has a specific heme binding site and a l(,j of 10.8 M and multiple
secondary heme binding sites of lower affinity. Free heme in the blood stream is sequestered with
great efficiency by HPX, one of the four most abundant proteins in the blood serum (5-20 mg/I). It
is a glycoprotein that is synthesized by the liver and binds heme with the highest affinity known for
a heme protein (l(,j =10-13 M).44 The HPX crystal structure shows that heme is bound in a surface
pocket formed at the interface between two structurally similar fl-propeller domains, and embraced
by an exposed flexible loop. The heme propionates are anchored into the protein domain-domain
interface. The heme iron is bis-histidyl coordinated.46 The ligand is released upon interaction with a
specific heme receptor on the liver cells. HAP is a heterotetrameric glycoprotein circulating in the
plasma that binds hemoglobin. It delivers Hb dimers to liver parenchymal cells through a
receptor-mediated mechanism (Fig. 3).11 Several other mechanisms have been postulated for heme
uptake across the hepatocyte membrane (Fig. 3):44.45 (i) interaction of heme-HPX with a
HPX-receptor that would be transiently internalized by endocytosis and recycled after release of
heme; (ij) delivery of heme from a HPX-receptor complex to a membrane heme binding protein
(MHBP) that transports heme across the membrane and via vesicles to the ER; (iii) a plasma mem
brane heme receptor that binds heme delivered from albumin.
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Unassisted Heme Transport
In vitro, heme can be transported into and within membranes without the assistance of special

proteins, i.e., by passive diffusion (Fig. 4).36,47.49 This is because it is an amphiphilic molecule which
has no net charge at neutral pH in the reduced state. Heme can diffuse passively through model lipid
bilayers. Its transmembrane movement from one leaflet to the other is a function of the chain length
of the lipid50 and perhaps also depends on the protonation state of the heme propionates. 18 How
ever, more difficult is the exit ofheme from the membrane. Heme has been demonstrated not to exit
isolated intact mitochondria unless there is protein in the medium.51 Hence, only proteins with a
high affinity for heme are able to efficiently remove it from the lipid environment. Heme was shown
to be extracted efficiently from single bilayer phospholipids and egg lecithin vesicles by albumin,
hemopexin and apomyoglobin and apohemoglobin.47

,49 AI; transfer ofheme between lecithin bilay
ers has also been observed, it has been postulated that migration of heme from the mitochondrial
inner membrane to the ER and other subcellular companments may occur spontaneously and rap
idly without the help of protein heme carriers.47 Figure 4 represents a scheme for both spontaneous
as well as protein-assisted transmembrane movements of heme. How much unassisted heme diffu
sion contributes in vivo to intracellular heme trafficking is difficult to answer and may also depend
on the efficiency ofhemoprotein biosynthesis, in panicular if heme-less apoproteins are unstable. If
large amounts of heme proteins have to assemble in a short time, there may be a need for specific
heme delivery mechanisms.

Heme-Protein Assembly

Noncovalent Assembly ofHeme Proteins
The noncovalent association of heme and protein has been studied in detail for hemoglobin,

which is a heterotetramer composed of two alpha and two beta chains, each carrying heme. Never
theless, the precise pathway of subunit assembly and heme incorporation is still unclear. Heme can
insert into apo-hemoglobin in two structurally distinct orientations, referred to as heme disorder.52

In vitro heme assembly with apohemoglobins involves the formation ofsemihemoglobins, in which
only one of the two chains is occupied with heme.53 However, no specific chaperone type molecules
are required for heme insertion. In vivo, an abundant erythroid protein, AHSP, was recently discov
ered to stabilize free alpha hemoglobin durin§ assembly of hemoglobin that apparently prevents
cytotoxic precipitation of free alpha subunits. 5

For the noncovalent assembly of heme polypeptides in the outer leaflet of the membrane or in
the periplasm such as in heme copper oxidases, the cytochrome bCI complex, the bd oxidase or the
periplasmic b-type cytochromes (e.g., cytochrome b5d, heme must be transported across the lipid
bilayer, bur so far no heme-specific transporter has been identified. The E. coli cytochrome bd oxi
dase containing hemes b and d close to the periplasmic side of the membrane requires an ABC
transponer for maturation.55 Initially, it was believed that the CydDC transponer exports heme for
assembly of this oxidase, but studies with radiolabelled heme for transpon through membranes ofa
cydD mutant failed to prove such heme transport. 36 More recently, CydDC was reponed to trans
port cysteine.56 However, in an E. coli strain overexpressing the cydDC genes, a novel heme com
pound with an absorption maximum at 574 nm (thus called P-574) was discovered57 and it was
suggested that CydDC forms a complex with heme that establishes a link between heme transport
and assembly with the oxidase.

AI; there is no other repon in the literature on specific heme chaperones that direct heme to
nonc-type cytochromes, hemoglobin-like apoproteins, ferritin, catalases or heme regulatory pro
teins, it is possible that these proteins prefold and adopt a conformation which is suitable to acquire
heme. Heme copper oxidases ofren contain more than one type of noncovalently-bound heme: for
example, the E. coli bo oxidase carries one heme b and one heme 0 (having a hydroxyfarnesyl tail),
and the heme 0 is found exclusively at the binuclear heme copper center. This indicates that there is
specificity for the assembly ofthese hemes, either provided by the molecular structures of the hemes
and the encompassing alpha helices, or by unknown assembly factors.
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Heme Delivery during Cytochrome c Maturation
Much insight into heme delivery to proteins has come from studies on the biogenesis of c-type

cytochromes, where the cofactor is bound covalently and irreversibly. Among a number of cyto
chrome c maturation factors, the heme chaperone CcmE found in E. coli and other Gram-negative
bacterial3 is of particular interest. A heme chaperone has a dual function of (i) transient storage of
heme in a form which protects the cell from oxidative damage and (ii) the directed delivery ofheme
to the target protein. CcmE has three domains: an N-terminal membrane anchor, a periplasmic
soluble beta barrel and a C-terminal, highly flexible tail of approximately 30 amino acids.58•59 It
binds heme transiently at a hydrophobic surface on the beta barrel and forms a covalent linkage to
H 130 that resides at the interface of the beta barrel and the flexible domain. The heme- binding
form of CcmE is an essential intermediate of the cytochrome c maturation pathway. When heme is
added to apo-CcmE in vitro, it initially binds noncovalently to the protein, which results in the
spectral propenies of a b-type cytochrome.58 Upon reduction, heme is covalently crosslinked to
CcmE, resulting in the typical shift of the a-band to a shoner wavelength, and from there the
transfer of heme to apoeytochrome c was achieved.6o In vivo, heme bindin§ to and release from
CcmE requires two other cytochrome maturation factors, CcmcG1 and CcmF. 2These are polytopic
membrane proteins with a striking W-rich motif (WDXXWXWD) in a periplasmic domain and
two or more conserved histidines, which are all essential for protein function and thus might panici
pate in heme delivery. The current model is that heme reaches the periplasmic side ofthe membrane
either by active transpon or by diffusion, is bound and perhaps extracted from the membrane by the
periplasmic domain ofCcmC and then delivered to CcmE, which has been shown to form physical
contacts with CcmC and to interact with hemin agarose.61 CcmC is required for the formation of
the covalent heme His130 bond. CcmE transiently buries heme, thereby preventing it from causing
oxidative damage.34.37 Finally, CcmE interacts with CcrnF,62 the putative cytochrome c heme lyase
that is necessary for the formation of the thioether bonds. CcmF also interacts with CcmH, a
periplasmic oxidoreductase that helps to keep the CXXCH heme binding site of apoeytochrome c
reduced in order to allow covalent heme attachment. Heme is transferred by CcmF to the reduced
cysteines ofapoeytochrome c.3 Heme insertion into c-type eytochromes occurs stereo-specifically in
only one orientation. Two obvious questions regarding this type of cytochrome c maturation re
main: (i) why does this process involve so many proteins, and (ii) what is the reason for using a
covalent bond in the holo-CcmE intermediate that seems to have a primary role in heme transfer?

It has become clear in recent years that some Gram-negative bacteria, Gram-positive bacteria,
cyanobacteria and plant chloroplasts use a cytochrome c maturation system (known as system II)
that is simpler than that described above (system I) in that it does not involve a CcmE-type heme
chaperone. Instead it uses a single polyto£ic membrane protein with a W-rich motif and flanking
histidines for periplasmic heme delivery. .63.64 The two bacterial heme delivery and eytochrome c
maturation systems are depicted in Figure 5.

Finally, most mitochondria (except those from plants and protests, which use system I) seem to
use a simple cytochrome c heme lyase localized in the mitochondrial intermembrane space to attach
heme to the imponed apoeytochrome. It is unknown whether the heme lyase can extract heme from
the mitochondrial inner membrane (see Fig. 4) or whether there are additional as yet unidentified
assembly factors in this organelle.

Oudook
Even though heme proteins have been known and heavily investigated for decades, we know

little about how they are synthesized and matured in living cells. The hydrophobicity and soapiness
ofheme make studies of transpott and assembly difficult as these usually are carried out in aqueous
solutions. Moreover, free heme is almost absent in cellular fluids, and, when used in experiments,
can lead to anifacts. Thus, studies oftranspon and assembly ofheme bear a high risk of misinterpre
tation and must be carried our with great care. Imponant questions for the future are manifold: (i)
does heme diffuse within membranes and subcellular companments? (ii) Which are the proteins
that enable or facilitate heme transpon across membranes? Can the mechanisms of transpon be
defined? (iii) Are there intracellular and intra-organellar heme carriers/heme chaperones? (iv) Can
specific assembly factors that interact with heme and/or apoprotein be identified? (v) What mecha
nisms direct the stereo-specific insenion ofheme into a protein? Recent progress involving structure
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Figure 5. Bacterial systems for cytochrome c maturation. Specific factors are needed for transporr and
delivery of heme ro apocytochrome c. Covalent attachment occurs at the SH groups in the heme binding
site (CXXCH) ofthe apocytochrome that must be reduced. CcmGH and DsbD in sysrem I and CCSX and
CcdA in system II are thoughr to keep the heme binding site reduced. CcmC and CcmF in system I and
CcsA in system II have a periplasmic W-rich motif that might interact with heme. System I but not system
II involves a specific ABC transporrer (CcmAB) and a heme chaperone (CcmE).

determination of heme binding and heme interacting proteins provides valuable informarion to
design experiments addressing heme protein interactions. A combination of biochemical, biophysi
cal, genetic and cell biological work will be necessary to give more insight in the biogenesis aspect of
heme metabolism.
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CHAPTER 10

Heme and Hemoproteins
AndrewW. Munro,* Hazel M. Girvan, KirstyJ. McLean, Myles R. Cheesman
and David Leys

Introduction

Heme cofuctors are found in a wide range of proteins, where they play various roles in
e.g., steroid l and bioactive lipid sflthesis,2 energy transduction,3 gene regulation,4
cellular signaling,5 oxygen transpon and antibiotic biosynthesis? The diversity of physi

ological functions performed by hemoproteins means that heme is among the most versatile of
protein cofactors.8 Aside from electron transferase functions observed in respiratoty cytochromes
(e.g., mitochondrial cytochrome creE 9), several hemoprotein sensoty or catalytic functions are
recognized that involve the binding of gaseous ligands to the heme iron and/or the dissociation or
switching of amino acid side chains as axial ligands to the iron.4.10 Moreover, heme-dependent
activation of iron-bound dioxygen (as seen in e.g., nitric oxide synthase and the cytochromes P450)
enables a broad repenoire of reactions, including hydroxylation, epoxidation, demethylation and
carbon-carbon bond cleavagey-13 This chapter reviews (i) the basic propenies and synthesis of
heme cofactors, (ii) the nature of their attachment to hemoproteins and the various types of protein
scaffolds in which hemes are incorporated, (iii) exemplary functions of hemoproteins that demon
strate their broad range of biochemical functions, and (iv) analytical techniques that facilitate the
understanding of the structural and redox characteristics of the protein-bound heme cofactor, and
the mode of its ligation to the protein.

The Heme Synthetic Pathway
Hemes and cholorophylls are the most imponant examples of tetrapyrroles in nature. The tet

rapyrroles are the result of four pyrrole molecules becoming linked via methine (-C=) bridges into a
circular arrangement, with a system of conjur,ated double bonds giving rise to the UV-visible ab
sorption characteristics of these compounds.1 The later steps in the heme biosynthetic pathway are
shown in (Fig. 1). The first common intermediate in heme synthesis across all life forms is
5-aminolevulinic acid (b-arninolevulinic acid or b-ALA). In mammals, birds and cenain prokaryotes
(e.g., Rhodobaeter) the b-ALA is formed from glycine and succinyl coenzyme A (succinyl CoA). In
non-plant eukaryotes the reaction is catalysed in the mitochondrion by the enzyme 5-aminolevulinate
synthase in a pyridoxal phosphate-dependent manner. 15 The intermediate 2-amino-3-oxoadipate is
convened to II-ALA with evolution of a molecule ofCOb and the product is then transponed into
the cytoplasm. In plants and several bacteria, an alternative pathway uses glutamate as the starting
material. The glutamate is attached to transfer RNA in an ATP-dependent manner by glutamate
tRNA ligase. Following NAD(P)H-dependent reduction by glutamyl tRNAGlu reductase, the inter
mediate (S)-glutamate-l-semialdehyde is transformed to II-ALA by glutamate-l-semialdehlde
2, l-aminomutase with the movement of the amino group from the C-2- to the C-l position. l In
plants these processes are contained in the chloroplast, and the first two reactions are subject to
feedback inhibition by heme.

·Corresponding Author: Andrew W. Munro-Faculty of Life Sciences, University of
Manchester, Manchester Interdisciplinary Biocentre, 131 Princess Street, Manchester
M1 7DN, UK. Email: andrew.munro@manchester.ac.uk

Tetrapyrroles: Birth, Life and Death, edited by Martin J. Warren and Alison G. Smith.
©2009 Landes Bioscience and Springer Science+Business Media.



Heme and Hemoproteins 161

Following convergence of the two different initial pathways at <'I-ALA, the later steps (indicated
in Fig. l) involve (i) the condensation of two molecules of <'l--ALA to form porphobilinogen (PBG)
catalysed by PBG synthase (also known as <'l--ALA dehydratase, AAD). There is species-specific metal
ion dependence and negative regulation by heme. Condensation offour molecules ofPBG results in
first the formation ofthe linear tetrapyrrole hydroxymethylbilane, catalysed by hydroxymethylbilane
synthase (also known as porphobilinogen deaminase, PBO), which contains an unusual
dipyrromethane cofactor (formed from two molecules of PBG) linked to a cysteine residue. The
hydroxymethylbilane would spontaneously cyclise into uroporphyrinogen I were it nor for the ac
tion of uroporphyrinogen III synthase (UPS), which inverts the pyrrole 0 ring prior to cyclisation
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Figure 1. Pathway of heme b synthesis. As detailed in section 2, the first common intermediate in the
pathways ofhemesynthesis in various organisms isb-aminolevulinic acid (Il-ALA). Two molecules ofb-ALA
are condensed to form porphobilinogen (PBG), catalysed byIl-ALA dehydratase (AAD), also known as PBG
synthase. Condensation offour molecules ofPBG leads to formation ofhydroxymethylbilane, catalysed by
porphobilinogen deaminase (PBO), also known as hydroxymethylbilane synthase. Uroporphyrinogen III
synthase (UPS) inverts the pyrrole ring 0 and cyclisation ofthe molecule produces uroporphyrinogen III.
Decarboxylation of the four acetate side chains by uroporphyrinogen decarboxylase (UPD) produces
coproporphyrinogen III. Oxidative decarboxylation catalysed by coproporphyrinogen oxidase (CPO) re
sults in conversion oftwo propionate side chains into vinyl groups and formation of protoporphyrinogen
IX. Oxidation of methylene bridges connecting pyrroles (to form methenyl bridges) is catalysed by
ferrochelatase (heme synthase) 14,1 .
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and leads to formation of uroporphyrinogen III. The next step is the decarboxylation of all four
acetate side chains of uroporphyrinogen III by uroporphyrinogen decarboxylase (UPD, with evolu
tion of four molecules of CO2). In eukaryotes, the product (coproporphyrinogen III) is transferred
back to mitochondria. Oxidative decarboxylation is then performed by the enzyme
coproporphyrinogen oxidase (CPO), with resultant transformation of two propionate side chains
into vinyl groups and formation of protoporphyrinogen IX along with two water molecules. The
final step in the manufacture of the heme skeleton is the oxidation of methylene bridges connecting
the pyrrole moieties into methenyl bridges, forming protoporphyrin IX. This reaction is catalysed
by protoporphyrinogen oxidase (PPO) and also results in production of three water molecules. 14.16

Protoporphyrin is the branch point for synthesis ofheme and chlorophyll. The insenion of ferrous
iron by fertochelatase (heme synthase) creates protoheme (heme b or ferriprotoporphyrin IX), the
heme molecule found in proteins/enzymes such as myoglobin, hemoglobin and the cytochromes
P450 (P450s).17·18 Heme b is the precursor for several other types of hemes found in nature, as
described in the section below (Fig. 2).

Structural Variations of the Heme Cofactor
A wide variety ofdifferent types of heme macrocycle are now recognized to occur naturally (Fig.

2). Heme b provides the starting point for synthesis of the other types of heme. Heme a is synthe
sized from heme b in two sequential reactions (with heme °as a stable intermediate) involving first
the addition of a 17-hydroxyethylfarnesyl moiety at the 2-position on the heme (forming heme °
and catalysed by heme °synthase), and then modification of the methyl group at the 8-position to
a formyl group. 19 The larrer reactions are catalysed by the enzyme heme a synthase, involving two
successive hydroxylations at C8 (to heme I), with the resultant formylation and conversion to heme
a likely a consequence of the breakdown of the unstable dihydroxylated intermediate with elimina
tion of a water molecule. The Bacillus subti/is heme a synthase is a heme-containing integral mem
brane protein.2o Heme a is the heme found exclusively in the terminal oxidases ofaerobic respiratory
chains - including cytochrome c oxidase (complex IV) of mitochondria and several bacteria.21.22 As
described, heme °also contains the 17-hydroxyethylfarnesyl moiery at the 2-position, but the 2-me
thyl group (as in heme b) is retained.21 Heme ° synthase performs the 17-hydroxyethylfarnesyl
addition reaction to heme b at the vinyl group on the 2_position.23.24 Recent studies indicate that
the heterologously expressed heme ° synthase and heme a synthase enzymes from both B. subti/is
and Rhodobaeter sphaeroides form complexes in vivo, helping to explain how the process of traffick
ing of heme b through to heme a occurs.25

In heme s (also referred to as chlorocruoroheme), a formyl group replaces the heme bvinyl group
at the 2-position, and this form ofheme is found in the hemoglobin ofmarine worms.26 Heme dhas
a more profound alteration to the heme b core structure. The propionate group at position 6 of
heme ring III is bound to the carbon both by the C-C bond seen in heme b, and by the carbonrl
oxygen. This results in the formation of a lactone, and in a fifth ring for the heme d macrocycle. 7

Heme d is found in cenain catalase enzymes and in many bacterial terminal respiratory oxidases,
and is the site for oxygen reduction to water in the latter enzymes (e.g., cytochrome bd from Escheri
chia cO/I).28 By contrast, heme d1 is a variant ferric-dioxoisobacteriochlorin structure unique to the
cytochrome cdl nitrite reductase enzyme class.29.3o

The c-type heme is found in mitochondrial cytochrome c (which shuttles electrons between
respiratory complexes III and IV), as well as in various other bacterial respiratory proteins.3l ,32 It
deviates from the b-type structure in that the vinyl groups ofthe heme are esterified to the apoprotein
via two cysteine residues. The mechanisms by which these covalent linkages to the protein backbone
occur are now becoming well understood. Heme attachment motifs in the protein are widely recog
nized in c-type cytcohrome. The motif CXXCH is commonly conserved, where X represents any
amino acid, the two cysteines are those involved in the covalent link to the heme and the histidine is
usually an axial ligand to the heme iron.33 Several multi-heme c-type cytochromes are now recog
nized in nature (e.g., a tetraheme flavocytochrome C3 fumarate reductase from Shewane/laputrefaciem
and octaheme cytochrome C3 from Desuifovibrio desulfuricam).32.34 It is possible that covalent at
tachment of the macrocyle is imponant for heme retention and enables close packing of heme
cofactors to facilitate efficient electron transpott in such systems (vide infra).35
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Figure 2. Stucrural varianrs of the heme cofactor in nature. As discussed in detail in this section, a series of
structural varianrs of the heme macrocycle (i.e., heme b) are observed in nature. Heme a is found in terminal
oxidases ofaerobic respiratory chains (e.g., cytochrome c oxidase), and is derived from heme bvia heme 0 as
an intermediate.21,22The c-type hemes are widespread in nature and are covalendylinked to their host proteins.
They are derived from heme b through esterification of two heme vinyl groups to protein cysteine residues.
Examples include mitochondrial respiratory cytochrome c and flavocytochrome c fumarate reductase from
Shewanella putrefaciens. 30,31 Heme s (found in marine worm hemoglobins) is modified with a formyl group
replacing the heme b2-vinyl group, while heme d (found in cenain catalases and bacterial terminal respiratory
oxidases) contains an additional lactone structure.26,27 Heme l (as found in the mammalian peroxidase lactop
eroxidase) is covalendy linked to the protein through esterification ofthe two heme methyl group substituenrs
toglutamate/aspartate residues.46,47 Heme m is observed in themammalian neutrophil enzymemyeloperoxidase,
and contains (in addition to lactoperoxidase-like covalent linkages between heme and protein) a sulfonium
bond between the heme 2-vinyl group and a methionine residue.48,49

In cytochromes c, thioether bonds are formed between the heme vinyl groups and the two ~teines,

with universally conserved stereochemistry and generally requiring the actions ofother proteins. 6Heme
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attachment systems can be as simple as a single heme lyase enzyme, as found in certain mitochondria.
However, three different types ofsystem have been characterized in detail. The system I or Cern (cyto
chrome cmaturation) apparatus involves up to nine different proteins and is found in most proteobacteria
and in the mitochondria of several eukaryotes, including plants and algae.37 System II occurs in other
proteobacteria, Gram positive bacteria, cyanobacteria and in the chloroplasts ofplants and algae. Itappear
to be composed oftwo essential proteins (ResB and ResC, sometimes as a single fusion protein) and two
accessory proteins required for oxidation/reduction ofdisulfide bonds.37.38 System III is the heme lyase
found in fungal mitochondria and in the mitochondria ofmetazoans and some protowa.37.39 Biological
diversity in these systems continues to be revealed. A fourth distinct system was proposed in trypano
somes, where a deviant heme binding motif with a single cysteine (XXXCH) is observed in certain
cytochromes c, and in the genomes ofwhich the genes for systems I-III are absent.39 The Cern system
(system I) includes the CcmE membrane-anchored heme chaperone, which has been well studied in E
coli.4O,41 This protein appears to bind ferric heme via a conserved histidine residue and with linkage to the
heme iron. In the ferrous form, other residues ligate the iron and the histidine (His130 in E colt) is freed
to enable a covalent linkage to a heme vinyl group. CernE binds heme covalently in the periplasm prior to
heme transfer to apoeytochromes.42 Again, diversity is observed in that motifS different from the typical
CXXCH can be matured by the E coli CcmE apparatus, and that an archaeal Cern system lacks one of
the major proteins (CernH, a disulfide oxidoreductase) and has the conserved CcmE His residue (that
ultimately covalently binds heme vinyl) replaced by a cysteine residue.36

While the above are among the most common types of heme observed naturally in biological
systems, a number of other modified hemes are also recognized. In mammalian peroxidase enzymes
(lactoperoxidase, eosinophil peroxidase and thyroid ~roxidase), heme is generally covalently artached
(esterified) to heme methyl groups autocatalytically. Enzymes in this family oxidize a wide range of
molecules (including phenols, catecholamines, steroid hormones and halides) in afseroxide-dependent
manner and can generate a wide spectrum ofproducts with antimicrobial activity. 5Lactoperoxidase is
synthesized in breast secretory epithelial cells and has important roles in host defence against bacterial
infections.46 For instance heme I (Fig. 2) is found covalently atrached to lactoperoxidase. The heme bis
covalently linked to the protein backbone in lactoperoxidase in a peroxide-dependent manner and via
esterification of the two heme methyl substituents to glutamate 375 and aspartate 225 in the bovine
enzyme.47 Similar bonds form in the other mammalian-type peroxidases.48

Heme m is the name given to the form of heme b found covalently linked to the protein
myeloperoxidase (Fig. 2). Myeloperoxidase is widely expressed in neutrophils and is considered to be
a key component of the "respiratory burst" in host defence against infections. It may also be an
important enzyme in inflammatory diseases.49 Atomic structures have been solved for the human
form of the enzyme.50S I In addition to the lactoperoxidase-like methyl linkages to glutamate and
aspartate residues, there is an additional sulfonium ion linkage between a methionine side chain and
the heme 2-vinyl group.50 This gives this heme a green colour and the additional modification also
allows the enzyme to oxidise cWoride and bromide ions.52

Other heme modifications are recognized. For example, in another class of the peroxidase super
family (class I, whose main members are cytochrome c peroxidase, ascorbate peroxidase and the
bifunctional catalase-peroxidase [KatG] enzymes, which have a conserved distal histidine heme iron
ligand), the linkage of a tryptophan residue to the heme macrocycle is observed in the case of the
soybean soluble ascorbate peroxide (APX).53 The relevant tryptophan becomes linked in a peroxide
dependent manner, and in the absence of the substrate ascorbate. The reaction is proposed to occur
via formation of the reactive ferryl-oxo intermediate of the enzyme (compound I), followed by
oxidation and deprotonation of the relevant tryptophan residue (Trp4l) and addition of the Trp41
radical across the heme 4-vinyl group.53 The comparable tryptophan in Mycobacterium tuberculosis
KatG (Trpl07) does not interact with the heme, but instead becomes cross-linked to a tyrosine
(Tyr229), which in turn is cross-linked to a methionine (Met255). The reaction again is peroxide
dependent and proposed to involve KatG compound I.54 A relatively recent discovery has been that
the heme b bound to cytochrome P450 (P450 or CYP) enzymes is not exclusively non-covalently
held in the protein matrix. In the case of various eukaryotic fany acid oxidase P450s (CYP4 family
members) it has been shown that enzlme turnover-dependent linkage of a heme methyl group to a
conserved glutamate residue occurs.5 The reaction is P450 turnover-dependent and is proposed to
involve abstraction of a single electron from the glutamate carboxyl group by the P450 ferryl-oxo
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intermediate, giving a protein carboxyl radical. This radical then abstracts a hydrogen atom from the
5-methyl group of the heme to generare a benzylic-rype radical, which is converted to a carbocation
by electron transfer to the heme iron. Trapping of the carbocation by the carboxylate forms the
heme-protein cross-link.44 The oxidation (hydroxylation) ofthe 5-methyl to a hydroxyrnethyl group
may occur if the glutamate carboxyl is not optimally positioned, and the carbocation is instead
trapped by a water molecule. This reaction was observed in a mutant ofCYP4F5, where the relevant
glutamate is absent in wild-rype enzyme. In the G330E mutant of CYP4F5, some glutamate-heme
cross-linking is observed, along with a proportion ofnon-covalently bound 5-hydroxyrnethyl heme. 56

A proportion of heme was also shown to be autocatalytically cross-linked via the 5-methyl group in
a G248E mutant of the well characterized Pseudomonas putida cytochrome P450 cam (CYPlOIA1)
camphor hydroxylase, suggesting that rational protein engineerinf might provide a means of stabi
lizing heme binding by covalent cross-linking to these enzymes.5

Among other naturally occurring heme variants are siroheme and heme P460. In the recent
atomic structure of the periplasmic cytochrome P460 protein from the ammonia oxidizing bacte
rium Nitrosomonas europea, a predominantly beta sheet structure was revealed and (in addition to
the rypical cytochrome ccysteine thioether links to heme vinyls) there is an additional covalent link
between the side chain nitrogen of a lysine (Lys70) and the B'-meso carbon of the heme. Loss of
conjugation at this position in the porphyrin ring occurs as a result of sp3 hybridization following
cross-link formation. 58 In the earlier characterized hydroxylamine oxidoreductase (HAG) from the
same bacterium, a similar Soret spectrum with maximum at 460 nm is observed as in the cyto
chrome P460. HAG catalyses the oxidation of hydroxylamine to nitrite, the second step in the
ammonia oxidation process.59 HAG is a 24-heme containing trimer, in which 21 of the hemes are
"regular" c-rype and participate in electron transfer from the three P460 hemes to acceptor cyto
chromes. Despite its similar spectral features, the heme in HAG is distinct from that of the cyto
chrome P460, with a ryrosine residue (Tyr467) cross-linked to the 5'-meso carbon directly opposite
that which is lysine-linked in the cytochrome P460 in the heme macrocycle.6o 5iroheme is used as a
cofactor (along with a 4Fe-4S iron sulfur cluster) in the six electron reduction reactions catalysed by
bacterial nitrite (to ammonia) and sulfite (to sulfide) reductases.6J It is distinct from "ttue" heme
structures in that its structure originates from a branch point prior to formation ofprotoporpyrin IX
(Fig. 1). 5iroheme is an iron-containing isobacteriochlorin formed bl, successive methylation, oxida
tion and iron insertion into the tetrapyrrole uroporphyrinogen III. 2

The modification of heme structure leads ro perturbation of thermodynamic properties of the
protein-bound hemes, and in many cases may enable them to participate in different rypes of
redox reactions at different redox potentials. The covalent linkage of heme to the host protein
backbone obviously stabilizes the binding of the cofacror, and again impacts on its thermody
namic features, and these may be the primary reasons underlying chemical modifications of this
rype in proteins such as cytochrome c and myeloperoxidase. Heme properties are obviously also
modulated by the nature of coordination of the heme iron, as explained in the following section.

Heme Iron Coordination in Hemoproteins
A wide variery of heme axial ligands are observed in nature. and these are clearly critical to the

modulation of heme iron reduction potential, and thus the abiliry of the relevant cytochrome to par
ticipate in the desired redox reactions. Ligands to heme iron may also be removed or replaced by other
ligands (internal amino acid sidechains or external molecules) during catalytic cycles ofcertain hemo
proteins to facilitate required reactivity. Variations in the nature ofthe protein environment, along with
rhe changes in the rypes ofaxial ligands to the heme iron, can cause substantial variations in heme iron
reduction potential. Examples of heme axial ligands observed in nature are shown in (Fig. 4).

Common amino acid axial ligands to heme iron include histidine, methionine and cysteine. In
the cytochromes c, the heme is usually hexacoordinated with axial ligands rypically provided by the
side chain nitrogen atoms of two histidine residues (Nt, his-His ligation) or by a histidine and a
methionine (56, His-Met ligation). Examples of his-His ligated proteins include hemes in cyto
chrome c554, one of the proteins responsible for shurtling elearons from the HAG protein to the
terminal oxidase in Nitrosomonas europea. 63 The protein's name derives from the spectral maximum
for one ofits major UV-visible absorption features (the a band) in the reduced form. In this tetraheme
cytochrome. hemes 3 and 4 exemplifY the rypical his-His coordination. However, in heme 1, one of
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the histidines (His 102) coordinates to the iron via the N° atom. The final heme (heme 2) is
penracoordinate, with a single histidine ligand.64 The hexacoordinated hemes 1, 3 and 4 have a
low-spin electronic configuration in the d-orbitals of the ferric heme iron, but the pentacoordinate
heme 2 is high-spin.

Other bis-His coordinated c-type cyrochromes include the tetraheme cytochromes C3 from
Desulfovibrio gigas and DesuljUromonas acetoxidans.65.66 The mitochondrial respiratory cyrochrome c
oxidase (COX) enzyme (which catalyses the 4-electron reduction of oxygen to water) has an a-type
heme with bis-His coordination (heme a). Electrons are transferred from cyrochrome c to COX
heme a through a copper centre (CuA, containing two copper atoms), and then on to a binuclear
centre formed from another heme a (heme a3) and a copper atom (CUB). The heme a3 is the site for
binding ofoxygen, which occurs across the heme a3 (in its ferrous state) and Cu(I)B. This heme iron
is pentacoordinate with a single histidine ligand in its resting (ferric) form, and with the vacant axial
position ready for binding dioxygen on reduction of the heme.67 Bis-His heme iron coordination is
also seen in the cyrochromes b5, which are small (<20 kDa) electron transfer proteins Widespread in
eukaryotes, and also recognized in cerrain prokaryotes.68.69 Among the many roles for eukaryotic
cyrochromes b5 are parricipation in cenain cyrochrome P450 oxidation reactions, and reduction of
methemoglobin in erythrocyres?0.7l

His-Met heme coordination is also observed in cenain c-type cyrochromes. For example, the
c-type heme component of mitochondrial respiratory complex III (cytochrome bCI or
ubiquinol:ferricyrochrome c oxidoreductase) has a His-Met coordinated iron.72 This parr of the bCI

protein is responsible for shuttling electrons to the peripheral membrane protein cyrochrome c,
which then transfers them to COX. The cytochrome cdl nitrite reductase from Paracoccuspantotrophus
is an imponant enzyme in bacterial denitrification, catalyzing the one electron reduction of nitrite
to nitric oxide?3 The four electron reduction ofoxygen to water can also be catalysed by cytochrome
cdl . The enzyme binds both c- and drtype hemes, with the dl heme being the site of nitrite (and
oxygen) reduction, and the c-heme being the electron conduit from partner proteins such as the
copper protein azurin?4 The c-type heme has bis-His coordination in the resting (ferric) state. How
ever, it was observed in structural studies that, on reduction of a cdl crystal, one of the histidine
ligands is exchanged for a methionine to give His-Met coordination in the c-heme?3 Unusual heme
ligation and ligation switches also occur in the non-covalently bound heme dl. In the oxidised form
the heme is coordinated by histidine and tyrosine ligands, with the tyrosine coordinating the heme
iron (via the 0'1 atom) originating from the protein domain that binds the other (c-type) heme. On
reduction, the tyrosine ligand is displaced to enable substrate binding to the heme dI iron?3 The E.
coli periplasmic cyrochrome b562 is another example of His-Met coordination?5

Several important enzymes are known to have cysteine (thiol or thiolate) coordinated heme
iron. Examples include the cyrochromes P450 (P450s), in which it is wide~ accepted that the
proteinaceous ligand (proximal ligand) to the b-type heme is a cysteine thiolate. 6The deprotonated
form of the proximal ligand appears essential for the catalytic activity of the P450s, involvin~

reductive activation ofmolecular oxygen bound in the final coordination position (as distal or 6t

ligand) on the heme iron?7 In the resting (ferric) state, the P450s generally have a weakly bound
water (or hydroxide ion) as the 6th ligand. Binding of substrate molecules (endogenous substrates
for eukaryotic P450s are typically lipophilic molecules such as steroids, farcy acids or hydrophobic
xenobiotics) may lead to displacement of the 6th ligand and a shift in heme iron spin-state from
low-spin towards high-spin, often accompanied by a large change in heme iron redox potential
that enables electron transfer to the P450 from a redox partner enzyme.78 Reduction of the P450
heme iron to its ferrous state allows oxygen binding, and a funher single electron reduction and
successive protonations ofthe oxy complexes ultimately leads to formation ofthe reactive ferryl-oxo
compound I, which oxidises a substrate bound close to the heme.79 The title P450 arises from the
unusual and diagnostic posirion of the Soret maximum in the (inhibited) ferrous-carbon monoxy
complex.80 An inactive cysteine thiol-coordinated form of the enzyme has this Soret band at -420
nm and is referred to as P420?6.8l Other cystein(at)e-coordinated heme enzymes include
chloroperoxidase and the nitric oxide synthases (NOS enzymes). The choroperoxidase enzyme
from the fungus Calderiomyces fumago participates in the synthesis of the natural product
caldariomycin, and has a range of activities including P450-, catalase- and peroxidase-like func
tions, and can catalyse halogenation reactions.82 Heme coordination (as for the P450s and NOS
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enzymes) is via the cysteine SY atom. In the resting form, chloroperoxidase is pentacoordinate with
a ferric, high-spin heme iron. The 6th coordination position is vacant for reaction with peroxide.
The NOS enzymes catalyse the P450-like hydroxylation ofL-arginine to form L-hydroxyarginine,
and in a second oxidation step conven the first product to L-citrulline and nitric oxide (NO).83
NO has imponant physiological roles in e.g., neurotransmission, immune response and vasodila
tion, and its binding to the protein guanlyate cyclase triggers signaling responses to give rise to
these effects.84,85 Electrons for NOS catalysis are derived from NADPH and delivered to the
eukaryotic NOS heme via a fused diflavin reductase domain and likely via both a FMN cofactor in
the reductase domain and a tetrahydropbiopterin cofactor bound close to the NOS heme in the
oxygenase domain.86 Known prokaryotic NOS enzymes are isolated heme-containing domains
that communicate with separate cellular redox partners (e.g., flavodoxins).87 In the resting state,
the NOS heme iron is pentacoordinate with the 6th coordination position vacant for oxygen bind
ing to the ferrous form. NOS is faced with the interesting problem of inhibitory affiniry of the
NO product for its heme iron, and the overall productive reaction rate in eukaryotic NOS en
zymes is governed both by rates of heme reduction and the rates of dissociation of NO from the
Fe(III)-NO adduct formed at the end of the NOS catalytic cycle.86

Recent studies indicate that cysteine is also a heme iron ligand in the heme-regulated eukaryotic
initiation factor 2a (eIF2a) kinase (HRI) that catalyses the phosphorylation of the eIF2a subunit,
which in turn inhibits protein synthesis under appropriate cellular stresses.88 The HRI enzyme acts
as a heme sensor, with heme dissociation activated by low heme levels in cells. The full-length HRI
enzyme is likely to have a hexacoordinated heme iron with Cys/His ligands provided by distinct
domains ofthe enzyme.88 Other enzymes with Cys/His heme iron coordination include the triheme
SoxAX enzyme complex from the bacterium Rhodovulum sulfidophilum, which is essential for pho
tosynthetic thiosulfate and sulfide oxidation. There are two hemes in the SoxA protein, both of
which are cysteinate-coordinated, and one of which has a histidine as the 6th axial ligand. The final
heme in the SoxX component of the complex has His-Met coordination.89

Further distinct types ofheme iron axial ligand coordination include Met-Met in bacterioferritin.
The E. coli bacterioferritin is an oligomeric protein of 24 identical subunits that come together to
form a hollow cube-like structure with rounded edges.90 Iron is stored at the core in a hydrated
oxide mineral form and the major physiological function of the protein appears to be iron uptake
and storage. Each subunit contains a binuclear iron centre, and there are also 12 b-rype hemes at
the interfaces between pairs of subunits that are bis-Met coordinated by the same methionine
residue in each of the two subunits.9o Other relatively unusual rypes of heme ligation states in
clude ryrosine (011) coordination in various catalases, where the resting state of the enzymes are
5-coordinate, enabling binding of peroxides in the vacant position on the heme iron.91 Tyrosine
coordination is also observed for the Tyr-His coordinated cytochromef, a component of the chlo
roplast cytochrome bqfcomplex. Cytochrome bqfis an integral membrane protein that transfers
electrons between reaction centre complexes in the photosynthetic membrane and participates in
creation of an electrochemical proton gradient. Cytochrome [has one covalently-bound heme c
and is the electron donor ro the copper protein plasrocyanin. Structural studies on this cyto
chrome indicate that the ryrosylligand is not derived from the amino acid side chain, but instead
from the Nn that is the amino terminus of the polypeptide.92 A further unusual ligation state is
observed in the CooA class of transcriptional regularor proteins, which are carbon monoxide (CO)
sensor proteins. The original CooA protein was from the phorosynthetic bacterium Rhodospirillum
rubrum, an organism able to derive energy from CO oxidation.93 The R. rubrum CooA atomic
structure has been resolved, revealing b-type ferrous heme iron coordination by histidine and by
the nitrogen atom of the N-terminal proline residue in the ferrous state, and by cysteine and the
proline side chain in the ferric state (Fig. 4).94 The CooA proreins are homodimeric, and the
proline ofmonomer A provides an axial ligand for the heme of monomer B, and vice versa. CooA
is activated by CO binding, which displaces the proline as a ligand ro the heme iron and induces
structural reorientation of the DNA-binding domain of the protein ro facilitate target DNA rec
ognition.95 Another unusual pattern ofheme coordination comes in the siroheme-binding bacte
rial sulfite reductases (SiR's). The structure of the E. coli SiR hemoprotein domain reveals a
pentacoordinate heme iron ligated by a cysteine thiolate, but where the thiolate sulfur is also
bridged to one of the irons of a 4Fe-4S cluster.96 His-Asn heme iron coordination is observed in
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the c-type cytochrome SHP from Rhodobacter sphaeroides. In this protein, the asparagine coordi
nation is lost on heme reduction, enabling binding of nitric oxide.97 Displacement of one of the
two histidine axial ligands (and switch in heme iron spin-state from low- to high-spin) is also
observed on reduction of the soluble cytochrome c" from Methylophilus methylotrophus. 98

Diversity of Hemoprotein Form and Function
Heme is possibly the most functionally diverse ofthe protein-bound cofactors, participating in a

wide range ofchemical reactions.8These include electron transfer (e.g., mitochondrial cytochrome
cand cytochrome b5),31,68 oxygen activation (e.g., P450 proteins and nitric oxide synthase)77.83 and
gene regulation (CocA).4 Heme-containing proteins are essential for the physiology and viability of
all living organisms and contribute to such diverse functions as respiration and oxygen carriage,
steroid synthesis, drug metabolism, cellular signaling and apoptosis. As shown in (Fig. 3), there is no
common protein fold for heme-binding proteins. Hemes are found in a diverse array of different
protein scaffolds. However, the reactivity of the heme is linked to its protein environment, as dis
cussed further in the Novel Aspects and Future Prospects section.

The roles ofhemes in hemoproteins can be broken down into a number ofgeneral classes. These
include (i) ligand-binding resulting in cellular transponldelivery or molecular response. Key ex
amples of this function include association ofgaseous molecules for storage, transport and/or deliv
ery. These functions are exemplified by proteins such as globins (e.g., myoglobin and hemoglobin in
their roles as oxygen carriers) and nitrophorins. Certain bloodsucking insects inject NO while feed
ing on the host in order to induce vasodilation and prevent coagulation of blood. The nitrophorins
are the proteins used for NO storage and delivery. In the nitrophorin from the bedbug (Cimex
leetularius), the b-type heme has a cysteine axial ligand with the other position on the iron free for
NO binding. In this nitrophorin, NO can bind either as the 6th axial ligand to the heme iron or (at
higher concentrations) as a S-NO conjugate of the cysteine, which dissociates from the heme iron
following heme reduction.99 Examples of histidine-coordinated nitrophorins also exist. 100 The gas
eous ligand-binding function extends to sensing of diatomic gases. This role is exemplified by pro
teins such as the sensory kinases DevS (also known as DosS) and DosT from Mycobacterium tuber
culosis. These two heme-binding kinases control the activity of DevR (also known as DosR), and
these systems are considered to be responsible for gene regulation that results in switching the bacte
rial pathogen from a replicating to a non-replicating and persistent infective state in response to NO
and anaerobic conditions. 101 For both the DevS and DosT proteins, the kinase activity is coupled to
the heme iron coordination state, such that carbon monoxide- (CO-) bound and NO-bound forms
were active, but oxygen-bound forms were inactive as kinases. 102 The DevS and DosT proteins are
histidine autokinases, and subsequently transfer the phosphate to an aspartate residue on DevR. In
turn, activated (phosphorylated) DevR attains enhanced affini% for its DNA recognition sequences
and activates the hypoxic response at the transcriptional level. I I Other heme-dependent gas sensor
regulatory proteins include CooA (CO and·NO activated);4 the NNR (nitrite reductase and nitric
oxide regulator) from Paracoccus denitrificam that activates transcription in response to NO;103 and
the oxygen-responsive FixL sensor kinase from Bradyrhizobium japonicum. 104

A related class ofheme proteins (ii) are those involved in redox sensing. The c-type heme bind
ing, chemotaxis signal transducing protein DcrA from Desulfovibrio vulgaris may act as both a redox
sensor and an oxygen sensor. A reduction-dependent heme iron ligand switch appears to occur in
DcrA, with a water ligand replaced by an amino acid in the reduced state. Oxygen and CO are both
able to bind the ferrous heme iron in place ofan endogenous ligand.105 In M tuberculosis, the DosS
sensor kinase is a further heme-binding protein that seems responsive to redox potential, as opposed
to hypoxia. I 06 Cystathionine beta synthase (CBS) is a heme b-and pyridoxal phosphate- (PLP-)
binding enzyme, with the heme iron hexacoordinated with histidine nitrogen and cysteine thiolate
axial ligands in the ferric state.107 CBS catalyses the condensation of homocysteine and serine to
generate cystathionine, which may then be converted (via cysteine) to the antioxidant glutathione.
Activity of CBS is decreased on heme reduction, suggesting that the heme functions as a redox
sensor. However, CO and NO (that can displace endogenous amino acid ligands in the reduced
state and inhibit activity) have also been suggested as potential physiological regulators of CBS
activity. 107 A further redox sensor protein is the E. coli heme-regulated phosphodiesterase £COOS,
which senses cellular redox state through its heme. £COOS has a N-terminal heme sensor domain
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Figure 3. Biodiversity ofhemoprotein structures. Heme is found in a huge number of different proteins
and enzymes. There is no common hemoprotein fold, and examples are shown that illustrate the diversity
of hemoprotein structures in nature. Heme cofacrors are displayed in atom-coloured spacefill, with
protein secondary structural elements displayed in cyan (alpha helices) and dark blue (beta sheets).
Proteins shown are (a) cytochrome cd] from Paracoccus pantotrophus (POB code I OY7); (b) cytochrome
c' from an Alcaligenessp. (lCGO); (c) human cydooxygenase (lIGZ); (d) bovine cytochrome b, (I CYO);
(e) the Mycobacterium tuberculosis P450 CYPl21 (lN40); (f) Rhodnius prolixis nitrophorin (1035); (g)
Saccharomyces cerevisiae cytochrome bc] (I P84); (h) sperm whale myoglobin (I AJG); (i) Shewanella
putreftciens (strain MR-l) flavocytochrome C3 fumarate reductase (I 040); (j) turnip (Brassica rapa)
cytochrome f (I CTM); (k) bovine cytochrome c oxidase (20Ce); and (I) rat neuronal nitric oxide
synthase (nNOS) oxygenase domain (lZVI).

and a C-terminal effector domain (a common theme in this type of enzyme). Heme axial ligand
switching occurs from His-water (or hydroxide) in the ferric enzyme to His-Met in the ferrous
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Figure 4. Axial coordination ofheme iron in hemoproteins.~ discussed in section 4, a variety ofdifferent
types of heme iron axial coordination are observed in hemoproteins. Examples shown are (a) the
pentacoordinate c-type heme in cytochrome c' from an Alcaligenes sp. (POB code lCGO); (b) the
cysteinate-ligated pentacoordinate b-type heme in rat nNOS oxygenase domain (1 ZVI); (c) the b-type heme
in Rhodospirillum rubrum CooA in its ferrous His-Pro coordinated state (lFT9); Cd) the c-type heme in
Paracoccus pantotrophus cytochrome cdl in its ferrous His-Met coordinated form (lOY7); (e) the b-type
heme in Saccharomycescerevisiaecytochrome bc) with bis-His coordination (1 P84); and (f) the hexacoordinated
c-type heme in cytochromejfrom turnip, with heme iron ligation from a histidine and from the Na atom
of the protein's N-terminal tyrosine residue.

enzyme. The ferrous enzyme is active as a cyclic AMP (cAMP) phosphodiesrerase and responds to
changes in environmental o~fen levels by modulating cellular cAMP concentration and altering
transcription oftarget genes. \ A wide range ofdifferent heme-based sensor proreins are now recog
nized, most having been characterized only within the last decade. 109

A further functional class of hemoproteins (iii) are those involved purely in electron transfer reac
tions. These include mitochondrial and other cytochromes c, cytochromes bs and eyrochrome f, as
discussed earlier in the chapter.8.31,68,92 However. electron transfer reactions through the heme iron can
be readily linked to catalysis, and heme enzymes with true catalytic functions (iv) include the P4S0s.
catalases and)Ieroxidases. cytochrome cdl nitrite reductase, nitric oxide synthase and respiratoty com
plexes.3,12,4s, 4,86,91 The P4S0s are particularly versatile catalysts. and can couple their reductive activa
tion of molecular oxygen to a variety of modifications of organic substrates bound close to the heme
iron, including: aliphatic and aromatic carbon hydroxylation. dealkylation. epoxidation at carbon-earbon
double bonds. reduction. carbon-carbon bond cleavage. dehydrogenation and deamination. 12 The
much narrower range ofoxidation reactions catalysed by the NOS enzymes are similar to those catalysed
by several P4S0s and also involve a thiolate-coordinated heme b. but occur within a very different
protein structural scaffold. I 10 Soluble guanylate cyclase (sGC) links NO/CO sensing with the conver
sion of guanosine triphosphate (GTP) to the formation of the second messenger cyclic guanosine
monophosphate (cGMP). The binding of NO to sGC leads to the formation of as-coordinate
ferrous-NO heme bcomplex (via displacement of an endogenous histidine ligand) and to an active
cyclase form. s Another class of hemoproteins (v) are those that appear to bind heme in a regulatory
fashion and to possess a heme regulatory motif (HRM). The HRM is a cysteine-containing peptide
sequence in a protein. and heme has been demonstrated to bind stoichiometrically to cysteine in
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synthetic HRM-containing peptides. lll HRM's are found in proteins such as the mammalian
5-arninolevulinic acid synthases (AlAS I and 2) and erythroid-specific elF2a kinase. Mutagenesis of
HRM sequences showed that these were essential for heme-mediated inhibition of mitochondrial
impon of AlAS 1. 112 A HRM sequence is also present in the iron regulatory protein 2 (IRP2), an
imponant regulatory protein in mammalian iron homeostasis. IRP2 activiry is modulated by
ubiquitination and degradation, and IRP2 degradation may be effected by heme-mediated oxidation.
The binding ofheme to IRP2 was demonstrated, and binding ofboth ferric heme (to a cysteine in the
HRM) and ferrous heme (to a HRM histidine) was suggested. 113 Heme also binds to a region contain
ing four Cys-Pro dipeptide motifs in the the C-terminal region ofthe mammalian transcription factor
BachI. Heme inhibits DNA repressor activiry ofBachI, but mutation ofthe Cys-Pro motifs abolished
Bachl interaction with heme. Thus, intracellular heme concentration modulates gene expression un
der control ofBach1.114 A final class ofhemoproteins (vi) would be those with uncenain physiological
role. This class could include cytochromes c', which are periplasmic cytochromes widespread in
protebacteria, liS and the cytochrome c" from Methylophiius methylotrophus. 116 In the human DGCR8
protein involved in microRNA processing, heme binding is of uncenain catalytic function, but is
imponant for dimerization of the protein and in enhancing primary microRNA cleavage activity. I I?

Spectroscopic Analysis of Hemoproteins
As discussed earlier in the chapter, there is a wealth ofstructural data available for hemoproteins

in various redox states and ligand bound forms. The bulk of these data originate from X-ray crystal
lographic studies, although NMR structures are also available for some of the smaller cytochromes
(e.g., cytochrome bS).118 However, in absence ofcrystallographic or NMR structural data there are
a number of useful spectroscopic tools that can applied to define structural and mechanistic aspects
of hemes in their protein environment. Some of the major methods are described briefly below.
However, the list is not exhaustive and several other spectroscopic techniques (e.g., electron nuclear
double resonance [ENDORj and Mossbauer) have been applied successfully to analysis ofhemo
protein structure and mechanism. 119,120

The hemes are probably the most easily identifiable cofactors in proteins. Their conjugated por
phyrin structures give rise to electronic transitions in the visible region and a strong red or redl
brown colour according to redox state, the nature ofthe ligands to the heme iron, and the heme iron
spin-state. This makes UV-visible absorption spectroscopy a very powerful tool in hemoprotein
analysis. The major absorption feature of the protein-bound heme cofactor (the Soret band) is an
excellent diagnostic feature and typically has a large extinction coefficient of around 100,000 M,I
cm,l at its absorption maximum. Redox state change invariably leads to alteration of heme spec,
trum. For instance, mitochondrial respiratory cytochrome c undergoes substantial changes in opti
cal spectrum on heme iron reduction, with large increases in absorption of the Soret band, and in
the visible region in which rhe smaller heme a- and ~-bands (or Q-bands) are found. Cytochrome c
is often used as a substrate in reactions with enzymes such as cytochrome c oxidase and the diflavin
reductase class ofNADPH-dependent enzymes (e.g., NOS), and the large cytochrome c absor~tion

increase at 550 nm on reduction (and vice versa on oxidation) is followed (ca 21-23,000 M,I cm' ).121
Penurbation ofa hemoprotein absorption spectrum on ligand association is common, particularly if
the ligand replaces a heme iron axial ligand, or else binds at a vacant coordination position on the
iron. Figure 5 panel A shows a rypical situation in the case ofa cytochrome P450 enzyme (CYr121
from M tuberculosis). The resting (ferric) form of the b-type heme-containing enzyme has its Soret
absorption maximum at ~416 nm. On binding the tightly-associating ligand econazole, the azole
nitrogen coordinates to the ferric P450 heme iron tram to the protein cysteinate ligand, and the
CYrI2] Sorer band shifts to 424 nm. On reduction of the P450 heme iron to its ferrous state
followed by binding of CO, a split Soret feature is seen with maxima at ~4]9 nm and ~448 nm.
These spectral features repon on formation ofhexacoordinate, ferrous Cys-Fe-CO complex in which
the cysteine is in the thiol (419 nm) and thiolate (448 nm) forms, respectively. 122 The binding of
substrate molecules to P450 enzymes also frequently effects the removal ofa weakly bound water (or
hydroxide) ligand ftom the 6th coordination position on the heme iron, and a concomitant switch in
ferric heme iron spin-state from low-spin (S = II2) to high-spin (S = 5/2) as a result of electronic
reorganization in the heme iron d-orbitals. A Soret spectral shift to ~390 nm is observed, and this
absorption shift can provide the basis for spectroscopic titrations to enable the determination of J<J
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for substrate binding. 123 Optical changes associated with transient reactive intermediate heme states
(e.g., oxy complexes or ligand switchovers) are also accessible using low-temperature and/or
stopped-flow absorption spectroscopy (e.g., reE 124). In addition, the large optical changes associ
ated with heme iron redox state change enable spectroelectrochemical approaches to be applied as a
means of determining the midpoint reduction potential for various heme iron redox transitions
relevant to enzyme function. 125 For example, Soret optical changes were titrated electrochemically
in reductive and oxidative directions to determine the midpoint potential for the heme iron Fe3t/
Fe2t transition in the P450 BM3 fatty acid oxidase system from Bacillus megaterium, and then to
demonstrate that the binding of a lipid substrate led to the potential becoming more positive by
~130mv.78

The heme chromophore is not fluorescent to any significant extent, meaning that fluorimetry of
heme in generally not a viable approach to characterizing heme propenies. However, other powerful
spectroscopic approaches exist. Imponant techniques include magnetic circular dichroism (MCD)
and electron paramagnetic resonance (EPR). MCD is a measure of the differential absorption ofleft
and right circularly polarised light, as a function of wavelength, in the presence of a magnetic field
orientated parallel to the direction of light propagation. Transitions observed in the absorption spec
trum correspond to features in the MCD spectrum, but the signed nature of the laner provides far
greater resolution and detail.126,127 Funhermore, for paramagnetic chromophores (such as ferric heme
iron and for selected higher oxidation states observed in cenain heme enzyme reaction cycles), the
MCD spectrum is also temperature dependent, allowing the extraction ofmagnetic parameters.126,128
The electronic bands ofheme in the UV-visible region are essentially It-lt* transitions located on the
porphyrin, but these are significantly influenced by the propenies ofthe iron. Variations in the form of
the UV-visible MCD spectrum are thus diagnostic ofspin and oxidation state. This correlation is well
established for the common b- and c-~e hemes and for others, for example heme 0, which contain
equivalent delocalised It-systerns.127•12 Comparable variations are observed in the MCD spectra of
other modified hemes, such as heme d1 or heme a which vary in the extent ofthe It-con~ugation, but far
fewer data are currently available with which to establish definitive benchmarks. Fe t b- and c-type
hemes also give rise to additional porphyrin(lt)-to-Felll(d) charge-transfer (Cn transitions at wave
lengths longer than 600 nm and into the near-infrared (NIR) region at ~800-2500 nm.127.130.131
Vibrational ovenones arising from solvent, buffer and protein preclude the measurement of these
bands using absorption spectroscopy. 126 They can, however, be located using MCD. It has been estab
lished that the energy ofa single positively signed NIR-MCD CT transition varies systematically with
the nature of the heme axial li~ands, and this has been used to establish a diagnostic scale for the
identification of these ligands.1 .132 This is illustrated in the lower pan of (Fig. 5) panel C for four
different heme iron axia/ligand combinations. A similar correlation berween the axia/ligands and the
position ofrwo derivative-shaped MCD CT bands has now been established for high-spin Felll hemes,
although fewer examples are available in these cases. 133 For example, (Fig. 5) panel C (upper) shows the
blue shift in the position of these bands in alkaline myoglobin.

In EPR spectroscopy, transitions berween ground state magnetic sub-levels (ms components) are
induced by fixed-frequency microwave radiation in a magnetic field swept experiment. Whereas

Figure 5, viewed on following page. Spectroscopic propenies ofhemoproteins. Panel ashows the UV-visible
absorption spectra for theM tuberculosis P450enzymeCYP121 (ca 71A-M) in its oxidised (ferric) form (black
spectrum); in complex with the heme-coordinating azole drug econazole (red); and in the reduced (ferrous)
complex with CO (blue spectrum). The spectra detail the extensive changes feasible on alteration ofheme
iron oxidation-, spin- and ligand-bound- status. In oxidised form, the presence ofspecies representing both
low-spin (416 nm) and high-spin (~390 nm) forms areevident from theSoret absorption. In theF~t-econazole
complex, the absorption is shifred to 424 nm. In the FeZt-CO complex, peaks at both 448 nm and 419 nm
reflect the presence of reduced heme iron coordinated by cysteine thiolate and thiolligands, respectively.
Panel b shows the X-band EPR spectrum of the decaheme protein OmcA from Shewanella jrigidimarina
(black line). The red and blue lines indicate the large gmax and rhombic EPR features arising from perpen
dicular and parallel histidine planes, respectively. The inset shows the single near-infra red (NIR) MCD
charge-transfer (CT) feature at awavelength characteristic ofbis-histidine ligation. Panel c shows examples
ofMCD CT bands for high-spin (top) and low-spin (botrom) fellI hemes with various different axial heme
iron ligand sets.
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detailed MCD spectra are obtained from hemes in any oxidation state, EPR spectra are, in general,
detectable only for odd-electron (Krarners) systems; rypically the Fe3• state in the case of hemes. In
both the high- and low-spin Fe3• state, the EPR spectrum arises from transitions between the ms =

±1/2 levels. While EPR can readily distinguish between the high- and low-spin states, it cannot
unequivocally identify heme ligands. Although historically atrempts have been made to do this for
low-spin Fe3• hemes,'34 rhe spectra are primarily determined by the relative orientation of the two
ligands and not their identiry. EPR spectra are therefore sensitive to more subtle changes in heme
coordination. For example, bis-histidine ligation will invariably give rise to an MCD CT transition
at 1500-1600 nm, but the EPR will vary according to the relative orientation of the two ligand
planes. This gives rise to two limitin~ rypes of EPR spectrum, the "rhombic" for parallel planes and
the "large gmax" for perpendicular. 13 This is illustrated in (Fig. 5) panel B for the case of OmcA, a
decaheme protein from Shewanella frigidimarina. 136 All ten hemes have bis-histidine ligation and so
the protein gives rise to a single MCD CT band in the NI R region at 1510 nm (inset). However, the
ligand conformations are a mixture of perpendicular and parallel, resulting in both rypes of EPR
spectrum. While EPR spectroscopy is perhaps a less useful technique than MCD with respect to
identification of heme ligands, it is a powerful quantitative method, able to accurately define heme
iron concentration. This is invaluable, since it frequently enables the definition of accurate optical
extinction coefficients for individual heme proteins, through correlation of EPR signal intensiry
with UV-visible absorption properties.

Resonance Raman (RR) spectroscopy is another method frequently used to investigate structure
and mechanism of heme cofactors. Raman spectroscopy involves inelastic scattering (or Raman
scattering) of monochromatic light (usually delivered from a laser) by the irradiated sample, result
ing in changes in energy of the laser photons that in turn report on the vibrational and rotational
properties of the sample. However, Raman scattering signals are rypically weak, and resonance Raman
is a far more sensitive and informative method for interrogation of heme systems. In resonance
Raman, the laser excitation is matched to a particular electronic transition of the sample, such that
vibrational modes associated with the excited electronic state of the chromophore are substantially
and selectively enhanced. RR onen enables an increase in sensitiviry of ~ 106 by comparison with
ordinary Raman spectroscopy. Thus, despite a large hemoprotein having thousands of vibrational
modes, RR spectroscopy enables one to focus specifically on the vibrational modes of the heme
centre. In the case ofheme-containing proteins, laser excitation in the Soret region is rypically used,
and a number ofcharacteristic vibrational bands have been classified for heme and hemoproteins. 137

RR spectroscopy, using Soret laser excitation, has been used successfully for several years in the
study of numerous hemoproteins. A series of diagnostic heme vibrational features have been identi
fied, and many have been correlated with specific properties of the heme iron and/or of the porphy
rin macrocycle and its substituent groupS.137.138 Of particular importance is the high-frequency
region (1000-1700 cm'l) ofthe Raman spectrum, in which features reporting on e.g., the heme iron
oxidation and coordination state are found. The position of the V4 vibrational mode (in the region
from ~ 1340-1380 cm· l) is sensitive to e1eerron densiry on the heme and is a good reporter ofrhe
heme oxidation state. 139 For instance, for the B. megaterium P450 BM3 enzyme it was shown that
the ferric state ofthe P450 had its V4 feature at 1371 cm,l, similar to that for the ferric M. tuberculosis
CYrl21 (1372 cm,I).122.140 The comparable feature for the ferric Psuedomonas putida P450 cam
enzyme is at 1370 cm,l, shining to 1345 cm,l on reduction of the heme iron. 141 The V3 vibrational
band (in the region from 1475-1520 cm,l) is sensitive to both coordination state and spin-state of
the heme iron, while the V2 band (from 1560-1590 cm,l) is sensitive to spin-state. For CYr121, the
V3 feature is split into two components (at 1500 cm'! and 1487 cm,I), reflecting both low-spin and
high-spin heme iron components, respectively. III For P450 BM3, there is a substrate
(palmitate)-induced heme iron spin-state shin from low-spin towards high-spin, with concomitant
shin of the V2 feature from 1585 cm,l to 1575 cm'1.140 Other imr,0rtant features are located in the
low frequency region of the heme RR spectrum (~200-800 cm' ), including modes reporting on
heme iron ligand bending and stretching, and heme our-of-plane modes. '39 For instance, in soluble
guanylate cyclase, a mode at 204 cm,l was assigned to a heme Fe2'-histidine ligand stretch. On
binding of NO, the histidine ligand was displaced in favour of NO (the ferrous heme remaining
5-coordinate) and new features at 1677 cm,l and 525 cm,l (both sensitive to isotopic labellin~) were
attributed to a N-O stretching vibration and a Fe-NO stretching vibration, respectively. 1 2 The
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heme iron-ligand stretch can be diagnostic of the nature of protein ligands, and in P450 BM3 a
band at 350 cm-I was assigned as the Fe3+-cysteine thiolate stretch. 140 In P450 cam, a band associ
ated with the stretching ofNO in a Fe2

+-NO heme iron complex was shown to be resolved into two
peaks (551 cm-1 and 561 cm-\ and the binding ofthe tedox partner (the 2Fe-2S protein putidaredoxin
in its reduced form) was shown to increase intensity of the high frequency component, providing
evidence for the perturbation ofthe electronic structure ofthe heme on redox partner binding. 143 In
other RR studies with P450 BM3, it was shown that coordination of ferric heme iron by imidawle
induced a more planar arrangement of the heme macrocycle and led to heme vinyl groups becoming
coplanar with the heme ring. 138 Recent studies have highlighted the application of RR spectroscopy
in detection oftransient catalytic cycle intermediates, with the assignment ofvibrational data to the
higWy transient ferric-hydroperoxo intermediate in the P450 cam catalytic cycle, and (~ain at cryo
genic temperatures) for the short-lived ferric-hydroperoxo intermediate of myoglobin. 44.145

Novel Aspects and Future Prospects
The field ofheme and hemoproteins is vast, and this chapter is, by necessity, highly selective in terms

of key details pertaining to aspects of structure, function and synthesis of these molecules. Structural
studies have clearly defined that there is no "common fold" for hemoproteins and that an extremely
diverse set ofprotein structural artangements are compatible with the binding ofheme macrocycles (see
Fig. 3). It is clear that hydrogen bonding, ionic and other interactions between the non-covalently bound
heme macrocycle and the protein scaffold are ofat least equal importance to srabilizing heme binding as
axial coordination by amino acid ligands. 146 However, much remains to be learned relating to why certain
types ofhemes are selected for different hemoprotein functions, and as to why heme is covalently linked
to certain hemoproteins. In the former case, there is clear evidence that different heme types exhibit
different thermodynamic properties. For instance, heme d1 is more saturated than heme band as a conse
quence the heme iron reduction potential is increased by ~200 mV. 147 The modifications made to heme
a also make this heme more hydrophobic and more electron-withdrawing than heme b. 148 Redox poten
tial of the heme centre can also be modified by the nature of the axial heme ligands. However, there are
considerable heme iron reduction potential variations between proteins with the same ligand sets. For
instance, bif-His coordinated hemes can vary in Fe3+/Fe2+midpoint potential by well over 700 mV in
their various protein scaffolds, highlighting the importance ofother protein-heme interactions and over
all heme environment in controlling heme thermodynamic properties. 148 With respect to covalent heme
binding (as in cyrochromes c), it has been proposed that this mechanism has its origins in the prevention
ofheme loss from bacterial periplasmic cyrochromes c (an environment in which de novo heme synthesis
does not occur), and that the mitochondrial c-type cyrochromes are evolutionary descendants of these
periplasmic forms. 149 The requirement for covalent heme ligation (in this case involving an unusual
histidine link to a heme b 2-vinyl group) to prevent ferrous heme dissociation was recently demonstrated
in the case ofa Synechocystif hemoglobin. 150 However, there are several arguments against the prevention
ofheme loss being the major reason for covalent heme ligation. These include the fact that yeasts do not
possess any ofthe genes required for bacterial-type c-type heme biogenesis (i.e., distinct systems for heme
c post-translational modification have evolved in prokaryotes and eukaryotes). More compelling explana
tions for covalent heme ligation may come from examination of the biological diversity of the c-type
cyrochromes, and could involve minimizing the ratio of amino acids to heme in a protein, or enabling
different types of folded hemoprotein structures that would not be available were the heme(s) not
covalently-linked.35 Clearly much remains to be leamed regarding the matching ofheme type to protein
function, and the mechanisms by which the hemoprotein scaffolds control the ligand-binding, thermo
dynamic and catalytic properties of their heme cofactors.

The heme cofactor exerts strong regulation over the pathway for its own synthesis, for instance at
various steps in the pathway to I)-AlA in all organisms, and at the level of the PBG synthase. 14 lt has
been shown that regulation of mammalian 5-aminolevulinate synthase by heme occurs through
heme-dependent destabilization of its mRNA. l5l At the translational level, it is well known that
heme regulates translational control mediated by the mammalian heme-regulated inhibitor kinase.
Effects are controlled by phosphorylation of the a subunit of the eukaryotic translational initiation
factor 2 (eIF2a), which in turn inhibits global protein synthesis in erythroid cells and enables tight
regulation over synthesis of alpha- and beta-globins; thus enabling tight control over hemoglobin
formation and ensuring stoichiometric heme incorporation. 152 Aside from control of protein
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expression at the transcriptional and translational levels, heme is also now known to be a critical
component ofthe DGCR8 protein, which is an essential protein for the preliminary step in microRNA
processing. I 17 Heme can also bind directly to protein to exert regulatory effects, as exemplified by
the inhibition of DNA repressor activity in the mammalian Bachl transcription factor on associa
tion of heme with Cys-Pro motifs in the protein. I 14 The first enzyme in the pathway for heme
degradation is also a hemoprotein. Heme oxygenase cleaves the heme to produce biliverdin, with
release ofboth Fe2

+ and CO, and this is the only known physiological pathway that generates CO.153
CO is a heme toxin (i.e., inhibitory ligand to ferrous heme iron) and a respiratory inhibitor, but also
a physiological effector (e.g., via action on sGC). CO is now well reco§nized to be involved in a
number ofphysiological processes, such as vasodilation and apoptosis.15 CO induces vasodilation
through the activation of smooth muscle large-condutance Ca2

+-activated potassium channels. Re
cent studies indicate that heme itself is an inhibitor of these Ca2

+ channels, but that CO binds to the
heme to effect activation of the channel.155 NO is also the product of a hemoprotein (NOS) and is
similarly implicated in a plethora of physiological functions. I I Thus, intricate regulatory netWorks
between heme, its ligands and pathways ofbiological systems regulation at transcriptional!microRNA,
translational and protein levels are obvious, and remain a major focus of scientific research.

With respect to hemoprotein catalysis, there is great research interest both in terms of identifYing
novel heme-containing catalysts and for adapting the activities ofheme proteins and enzymes to make
them useful for biotechnological exploitation, and to investigate structure and function relationships.
Novel roles for heme and hemoproteins are regularly found. Recent examples include (i) the potentiation
of the antibacterial activity of IgG following binding with herne, suggesting an inducible, innate-type
defence mechanism against invading baererial pathogens;156 (ii) the identification ofheme oxygenase-l
(also known as HSP32) as a survival fueror and possible therapeutic target in neoplastic mast cells;157 (iii)
the demonstration that deoxyrnyoglobin is an efficient nitrite reduerase ~enerating NO), with possible
ramifications for the role ofthe protein in the cellular regeneration ofNO; 8 (iv) a potential role for heme
in Alzheimer's disease as a consequence ofits formation ofa complex with the amyloid beta peptide, and
prevention ofaggregation of the ~f.tide. The amyloid beta peptide is strongly implicated in the pather
physiology ofAlzheimer's disease; 5 .160 and (v) the affinity ofcertain heme proteins (e.g., metrnyoglobin
and metcyrochrome c) for double stranded DNA, and hydrogen peroxide driven endonuclease activity
catalysed by these heme proteins. 161 As regards adaptation and evolution ofexisting hemoprotein activi
ties, much anention has focused on P450 enzymes, with the aim being the generation of high value
oxygenated molecules that may be difficult or inefficient to synthesise by organic chemistty routes. For
instance, forced evolution approaches have been used to produce variants ofthe P450 BM3 enzyme with
enhanced alkane hydroxylase activity, and chirneragenesis was em~loyed to generate hybrid P450 en
zymes with enhanced thermostability and some novel functions. 162. 63 Rational mutagenesis approaches
have also been used to generate novel P450 BM3 mutants with shon chain furry acid hydroxylase activity
and, more recently, to generate a variety of novel heme iron ligation states by systematic variation of an
amino acid residue at the distal fuce of the BM3 heme. I 64-166 Heme ligand-switch mutagenesis enabled
establishment ofthe spectroscopicand thermodynamic features ofthe novel heme iron ligand SetS (Cys-Glu,
Cys-His and Cys-Lys) in these cases. Much interest has also surrounded the manufueture of peptide
"maquenes" that bind and coordinate heme in different ways, in order to provide simple and tractable
models for the active sites of important heme enzymes and to understand factors (e.g., hydrophobicity)
that govern the reactivity ofthe heme centre (e.g. ref 167, 168). Protein engineering has also been used to
create novel genetic fusions of heme proteins to physiological and non-physiological redox partners,
usually producing functional electron transfer systems and sometimes enhancing their efficiency.77.169
The field ofhemoprotein biocatalysis and engineering is enormous and covers enzymes involved in func
tions as diverse as energy generation, oxidations of steroids and lipids, gene regulation, detoxification,
immune response and cellular signaling.

In conclusion, the hemes are clearly among the most biologically diverse and versatile cofuctors,
and participate in an extremely broad range of physiologically important functions. Their natural
repertoire of functions continues to expand as a result of identification ofnovel heme enzymes and
novel activities associated with known hemoproteins. Rational and random mutagenesis approaches
to evolving hemoproteins further broaden the spectrum of heme-associated activities. Collectively,
the hemoprotein field embraces virtually all major aspects of physiology and fuels massive research
efforts worldwide.
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CHAPTER 11

Novel Heme-Protein Interactions
Some More Radical Than Others
AnnSmith*

Abstract

Heme (iron-protoporphyrin IX), as well as being an essential cofactor for cyrochromes,
oxidases and oxygen-binding proteins, is an important biological regulator acting via
noncovalent, reversible interactions with a variety ofproteins. These include DNA-binding

transcription factors (e.g., Bachl, NPAS2 and Fur), and the cyroprotective, calcium-sensitive, K+
5101 channel. The biological processes affected by heme may be as complex as the control ofcertain
types ofmemory and the regulation ofcircadian rhythms. Heme contributes to the control ofglobal
iron homeostasis in mammals because heme catabolism generates iron, and heme and iron metabo
lism merge within the enterocyre after dietary heme uptake. Novel low-spin interactions of heme
with proteins (e.g., hemopexin) protect cells from heme-mediated oxidative stress. Receptor-mediated
uptake ofheme from hemopexin regulates gene expression (e.g., heme oxygenase) and ligand bind
ing to the hemopexin receptor activates a signaling network of three pathways. The acceptance of
control of heme synthesis with degradation thus stringently regulating heme levels has been called
into question with recent proposals that heme rransponers (e.g., ABCG2 and FLVCR) function to
limit intracellular heme toxicity in stem cells and that heme deficiency states develop that contribute
to neurodegeneration. How, and whether, the balance of regulatory heme-protein interactions is
controlled by moving heme via transporters through cell compartments as well as its uptake and
export across the plasma membrane will 'Soon be apparent.

Introduction
In this chapter we seek to present areas ofcell biology and specific examples ofnovel heme-protein

interactions in which heme is recognized as an important regulatory molecule. In many, if not all,
cases heme binding drives the mechanism of these biochemical and regulatory effects. These func
tions of heme require its transport through the cell and, thus, across membranes. Therefore one
focus here will be on the interaction ofheme with carrier proteins that is noncovalent and reversible;
a property needed for transporters and certain regulators. These heme-protein interactions are there
fore distinct from the well known heme-proteins like the mitochondrial c-type cyrochromes in the
electron transport chain, where heme is covalently bound, and enzymes like catalase, a peroxidase, in
which the heme group is responsible for catalysis. The degradation ofhydrogen peroxide to oxygen
and water is one of the most efficient enzymic reactions known (turnover number: 6 million mol
ecules H 20 2 per min) and, unusually, a tyrosine ligand of the heme-iron facilitates the oxidation of
Fe(I1I) and removal of an electron from the heme ring, generating a heme radical.

Rapid progress has been made in understanding not only the mechanisms whereby
heme-proteins act as regulators, but also how heme moves between subcellular compartments.
Heme makes its way from the cell surface to the nucleus for gene regulation and, also, must travel

"Ann Smith-School of Biological Sciences, University of Missouri at Kansas City, Kansas City,
Missouri 64110-2499, USA. Email: smithan@umkc.edu

Tetrapyrroles: Birth, Life and Death, edited by Martin J. Warren and Alison G. Smith.
©2009 Landes Bioscience and Springer Science+Business Media.



Novel Heme-Protein Interactiom 185

from its site of formation by mitochondrial ferrochelatase to other regions of the cell. A mito
chondrial heme transporter has recently been characterized, e.g., ABCB6 (discussed below) and
evidence provided that it moves heme from the cytosol across the outer mitochondrial membrane
[Schuetz,]. et al, unpublished data]. This may contribute to the regulation ofheme biosynthesis.
Much remains to be discovered about the incorporation of heme into newly-synthesized
apo-proteins in mammalian cells, a vital process for all cells that carry out aerobic metabolism.
Insight is being gained from other systems including the work of Dr. L. Thony-Meyer on the
assembly of cytochrome c (Chapter 9).

The concept of heme as a regulator was first published by Shigeru Sassa in 19861 and, subse
quently, by G. Padmanaban in 19892 who provided evidence for heme-mediated regulation ofcyto
chrome P450.3 It was an important concert for me when I investigated heme binding to the
histidine-rich bacterial global regulator Fur4

• and for studies on the hemopexin system, which pro
vided the first examples, respectively, of heme interacting with DNA binding proteins and of
receptor-mediated heme uptake for the regulation of the heme oxygenase-l (hoI) gene.6 Interest
ingly, the scope ofcellular processes in which heme is involved is intriguing and unexpected, includ
ing the regulation of the nucleo-cytoplasmic shuttling of transcription factors. The properties of
heme are significantly altered depending upon the protein environment in which heme finds itself,
yet little is established about how such redox potentials are controlled. Remarkably, the redox poten
tial ofthe heme in heme-proteins ofknown structure spans values from -550 in a protein HasA, part
ofthe heme acquisition system ofSerratia marcescem7 to +355 mY for heme fin cytochrome b6f, the
plastohydroquinone:plastocyanin oxidoreductase for photosynthesis with a similar role to mito
chondrial bel complexes.8 Heme-protein assemblies have recently been reviewed (ref 9). In addi
tion, heme may drive the formation or dissolution of multimeric complexes that control transcrip
tion as shown for Hapl in yeast. iO New heme-protein-protein interactions will reveal more details of
how this hydrophobic, amphipathic, redox active -molecule acts. Do heme chaperones exist? Are
they needed to direct heme from a transporter to intracellular sites as shown for copper? How does
heme arrive in the nucleus, from where in the cell, and how does it leave?

Current knowledge will be summarized here of how heme moves across the plasma membrane
and through subcellular compartments in mammalian cells. These are two areas in which new mo
lecular players, heme transporters, have recently been identified. Crystal structures of the heme
transporter, hemopexin, have the heme binding site with a unique orientation of the heme. The
heme propionates are anchored at the domain interface and the vinyl groups are exposed near the
protein surface (see Fig. 2 below).

Proteins also sequester heme to minimize heme-mediated oxidative damage; proteins target heme
to cells and transport heme across the plasma membrane; proteins move heme across the mitochon
drial outer membrane; proteins export heme from cells across the plasma membrane; transcription
factors bind heme and act to regulate gene expression positively or, alternatively, to relieve repres
sion; heme binding regulates mitochondrial import of ALA-Sl enzyme and enzymic activity (see
Chapter 7); and, heme-protein interactions regulate protein synthesis at the rranslationallevel: heme
binds directly to eukaryotic transcription factor, eiF2a also termed heme regulated inhibitor [HRI]. II
Heme is used in both mammalian and prokaryotic cells to detect the gaseous signaling molecule
nitric oxide (NO·) and its proposed "counterpart" neurotransmitter from heme catabolism, carbon
monoxide (CO), as well as diatomic oxygen. Even complex biological processes like the mainte
nance of circadian rhythms, the "biological clock", are controlled in part by novel heme-protein
interactions via the transcription factors, mPERl and NPAS2 that are influenced by CO from heme
catabolism (see ref 12).

Intracellular heme levels and heme availability within a subcellular compartment will drive
heme-protein interactions. The term "heme pool" to denote intracellular "free" heme, implying a
discrete population ofequivalent heme molecules, has its proponents and detractors. A concentra
tion of 30nM - 1 !tM has been calculated, assuming a steady state, from the known cellular con
tent of heme-proteins and their established heme affinities. 13 For comparison, a concentration of
ca. 3!tM is equivalent to 1 million molecules of heme distributed within the volume of the mito
chondria in a single cell (521 micron3 in a cardiac myocyte http://www.nanomedicine.com/NMIW
15.6.3.5.htm). Alternatively, "free heme" can be considered as any heme molecule moving from
one protein binding site to another.
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Heme levels within cells are tightly controlled by a balance between synthesis and degrada
tion. The regulation of heme biosynthesis differs between erythroid and nonerythroid cells. The
effects of heme, and hence heme-protein interactions, also differ in these cell rypes as described
further below. Heme is known ro regulate its synthesis at the level of feedback inhibition of the
rate limiting step 5-aminolevulinate synthase (ALA-S). A housekeeping form ALA-Sl controls
basal heme levels and ALA-S2 is responsible for generating heme in sufficient amounts for hemo
globin production in erythroid cells. If this balance is altered, heme transporters may play key
roles in regulating intracellular heme levels in certain subcellular compartments, particularly in
erythroid progenitor cells.

Heme deficiency states have been proposed to develop as a consequence of either decreased
heme synthesis or elevated heme catabolism. Heme deficiency was first shown in cells from mice
in which ALAS2 had been disrupted. 14 No hemoglobin was detected in embryos from these mice,
which died by embryonic day 11. The differentiation of erythroid cells was arrested and iron
accumulated in the cytoplasm of primitive cells. However, in adult mice made chimeric for
ALAS2-null mutant cells, iron accumulated in the mitochondria of definitive erythroid cells.
Thus, the mechanism of iron accumulation differs between primitive and definitive erythroid
cells. Clearly, heme supply via ALAS-2 is necessary for the differentiation and iron metabolism of
erythroid cells. Biochemical changes in the cells of patients with Alzheimer's disease (AD) are
similar to those in cells treated with succinyl acetone or N-methyl protoporphyrin to inhibit,
respectively, the second (ALA dehydratase) and last (ferrochelatase) steps in heme synthesis (see
Chapters 3 and 4). Increased heme catabolism may contribute to the pathology in neurodegenerative
conditions including AD,15 although it is not known whether simultaneously there is a lack of
compensatory heme synthesis. In acute intermittent porphyria, one type ofgenetic defect in heme
biosynthesis (Chapter 5), a peripheral neuropathy develops in response to fasting and certain
drugs by unknown mechanism(s), although a very recent publication provides a link with nutri
tion via the peroxisome proliferator-activated y-coactivator 1(1.16 Generally, porphyries have about
50% normal enzyme levels. Less than 30% of normal activity may be required to produce patho
logical symptoms that nevertheless do occur in this multifactorial disease.

Importantly, heme availability can contribute to yet another aspect of cellular homeostasis for
processes that require functional heme-proteins. For example, in the control of surface events in
mammalian cells such as the oxidative respiratory burst in neutrophils. When heme synthesis is
decreased, synthesis ofactive holo cytochrome b55s, a component ofthe NADPH:Oz oxido-reductase
may be compromised. This may be a factor in chronic granulomatous disease.

Heme as a Sensor: Interactions of Heme with Proteins That Lead
to Recognition of Gaseous Molecules: Oxygen, Carbon Monoxide
and Nitric Oxide

In several bacterial and mammalian heme-proteins, heme acts as a sensor not only for oxygen
(e.g., hemAT in BaciOus subtilis) but also for other gaseous signaling molecules including nitric
oxide (N0 0 , e.g., soluble guanylyl cyclase) and carbon monoxide (CO, e.g., CooA in Rhodospirullum
rubrum). Fifty such sensors have been identified, most within the past ten years and an excellent and
comprehensive review has recently been published. I? Briefly, these proteins are comprised of a do
main or subunit that binds heme in a coordination that allows diatomic gases to bind to the second
axial ligand position of the heme-iron. This heme binding controls the activity ofanother region or
module ofthe protein that transmits signals to other nonheme proteins. These modulating domains
include a histidine protein kinase, a cyclic-dinucleotide phosphodiesterase, a nucleotide cyclase, a
chemotaxis receptor and DNA-binding transcription factors. The features of the heme-binding do
mains present novel heme binding sites that include modified globin domains, the Per-Arnt-Sim
(PAS) domain and the cAMP-receptor-like domains.

Novel Mammalian Globins
The coordination of the heme iron that is most familiar to biologists is that for oxygen bind

ing in the globins, hemoglobin (Hb) and myoglobin. The proximal ligand of the heme-iron is
oxygen with a distal histidine and for such coordination the iron must be reduced (ferrous). The
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heme in Hb may also act as an NO- sensor by first binding NO- which is then transferred to a
cysteine thiol. This reversible formation of S-nitrosylated hemoglobin (SNO-Hb) has been pos
tulated to regulate blood pressure in humans. 18 It binds to Band 3 on red blood cells and upon
deoxygenation the NO- is transferred to a cysteine thiol on Band 3. Although how this contrib
utes to the vasodilation the mechanism is unknown. However, whether this is physiologically
relevant has been disputed because of the known tight binding of oxygen to the ferrous heme
iron,19,20 which would compete with NO-. It may contribute to the vasocclusion in hypoxic
vascular beds in sickle cell disease because HbS has a lower O 2affinity.21 Four unusual nonvertebrate
globins have been identified that have unique structures and properties and their function has not
been defined, but they have in common globin domains that bind heme.22 In mammals,
neuroglobin (Ngb), so named because it is expressed in neurons of brain and spinal cord, periph
eral neurons, (but also in cells ofendocrine glands), not only binds oxygen like the typical globins
Hb and Mb but also binds NO_.23 This is similar to several bacterial heme-proteins where heme
is a sensor for diatomic gases including CO (e.g., CooA in Rhodospirullum rubrum), as well as
oxygen. Ngb protein and mRNA are expressed in regions of the brain basal ganglia, cerebral
cortex, hippocampus and cerebellum.24 Ngb is induced by hypoxia and ischemia25 which can be
a cause ofstroke. Interestingly, over-expression ofNgb allows cells to survive low levels of oxygen
but also, paradoxically, oxidative stress.26 N~b levels decline with age in neurons of cerebellar
neocortex and hippocampus of mouse brain. 4 These are the same areas of the brain that deterio
rate in neurodegenerative conditions like Alzheimer's and Huntington's patients. Therefore, this
globin is thought to have a protective function but no mechanism has been proposed.

NO- Binding to Heme-Proteins Leads to Activation ofSigna/ing Events
via Second Messengers

Nitric oxide synthase (NOS) is a dimeric heme-protein that catalyzes the conversion ofL-arginine
and O2 to citrulline and NO-. NO- binds to a heme with one axial coordinated histidine in the
N-terminus of the III subunit of soluble guanylate cyclase, an all heterodimer. It is this heme binding
that activates the cyclase, which synthesizes the second messenger 3'5' -cyclic guanosine monophos
phate (cGMP) from GTP. There are many downstream effector molecules established for this system
that include protein kinases, ion channels and cyclic nucleotide phosphodiesterase that in turn control
vascular smooth muscle tone improving blood How and neurotransmission, among several other events.
This important molecule has not been crystallized. However, a soluble ortholog of the NO- binding
domain of human guanylyl cyclase was cloned from Clostridium botulinum which has a femtomolar
affinity for NO- and an ortholog from the extremely thermophilic Thermoanaerobaaer tengongensis
was crystallized.27 This protein, termed tSONO for sensor ofNO-, has an allllallll motif and a distal
a-helical domain which is a novel fold. The heme-nitrosyl coordination is modified by a ryrosine
residue. Furthermore, Raman and colleagues arrer comparing the domain architecture oftSONO with
a SONO ortholog cloned from the eukaryotic unicellular green alga, Chlamydomonas reinhardtii pro
pose that NO signaling via cGMP may have arisen before multicellular eukaryotes.

CO is one of three catabolites ofheme generated by two heme oxygenase (HO) isozymes, HO-l
and 2. Both require oxygen and NADPH to cleave the substrate heme producing the linear tetrapy
rrole, biliverdin (BY), and from the methene bridge carbon, CO. These two small molecules have
protective roles in cells and evidence is accruing for additional roles for the protein itself The iron is
used for regulation inducing the storage protein ferritin and decreasing iron uptake via the transfer
rin receptor and increasing efflux via ferroportin. This can also be viewed as protective since the
overall effect is to decrease intracellular iron levels. Unlike HO I, which is readily inducible, H02 is
constitutively expressed at high levels in the CNS and functions to protect neurons. Using a model
of focal ischemia of vascular stress, mice with a targeted deletion of H02 had far more extensive
damage compared with control mice.28 Intriguingly as now described, heme and its metabolites as
well as H02 interact with a membrane protein to regulate its transport functions.

Heme Binding to Ion Channels
Heme regulates, directly and indirectly, calcium sensitive, K' channels (i.e., Slol BK channels),

expressed in neurons and residing in the inner mitochondrial membrane of human glioma cells.29

When open they have a eytoprotective role arrer trauma, ischemia or hypoxia. Heme alters the



188 Tetrapyrroles: Birth, Life and Death

opening and closing ofthe channel stabilizing the nonconducting conformation. This was shown by
experimentally exposing heme to the intracellular side of the channel, which extensively reduces the
amplitude of the K+ current.30 Expressed BK channels, comprising both hSlol and the auxiliary
subunit ~1, as well as native BK channels in single rat hippocampal neurons are inhibited by heme
to the same extent. Calcium opens these BK channels and if sufficiently high (at least 5 t-tM) over
comes heme inhibition. EPR reveals that heme binds tightly (half maximal inhibition at 45-120
nM) to a 23 amino acid long peptide (hSloHBP23) containing CKACH (residues 612-616 of the
channel protein) with a stoichiometry of 1:1 (heme: Slo-HBP23). Mutagenesis (either C615S or
H616R) eliminated the inhibitory effect ofheme. This heme site is therefore proposed to resemble
that in a cytochrome c-derived undecapeptide CAQCH with binding to the histidine residue, but in
c-type cytochromes the heme is covalently bound to an amino acid.

In the carotid body, BK channels are modulated by oxygen and recent evidence suggests that CO
from heme catabolism is a physiological messenger affecting its activity. As oxygen levels decline, BK
channels are acutely and reversibly inhibited leading to cell depolarization. Immunoprecipitation of
rhBK channels stably expressed in human embryonic kidney cells revealed that y-glutamyl
transpeptidase and H02 were physically associated with the channel. H02 has been proposed to act
as the oxygen sensor for the BK channel and to enhance channel activity in normoxia by generating
CO from heme.3' BY increased channel activity 4-fold and CO, from a chemical donor, activated
the channel under normoxia (p02 ca. 150mmHg). Heme alone did not alter BK channel activiry
but low concentrations of heme (l nM) with the coenzyme NADPH, under normoxia, increased
the number ofopen channels. The CO is now derived from heme catabolism. However, even in the
presence of substrates, when oxygen tension was decreased fewer channels were open. H02 inhibi
tion leads to excitation of the carotid body. The interesting and provocative model presented is that
the channel senses changes in oxygen levels via the close proximiry of H02 which in normoxia
produces CO and BY from heme, both ofwhich open the channel. BY is rapidly reduced to biliru
bin by cytosolic biliverdin reductase ifNADPH is available. When oxygen levels are low, CO cannot
be formed by H02 and the channel remains closed.

Novel Low-Spin Heme-Protein Interactions
In proteins, the ligands for the heme iron in the fifth and sixth positions vary and the heme

coordination by globin is a typical high spin heme with distinctive absorbance at 620nm. When the
heme-iron is coordinated by two histidine residues (strong field ligands) a low spin heme-protein is
generated. The spectral characteristics: 0. and ~ peaks in the region of about 530-550 nm without
absorbance at 620 nm. The importance of low-spin bis-histidyl coordination of heme to dampen
down the chemical reactiviry of the heme as shown for hemopexin, has been reinforced by recent
crystal structure data that reveal that a small protein a-hemoglobin-stabilizing protein (AHSP) binds
to individual monomeric a-hemoglobin subunits. This leads to large conformational changes in the
organization of helices producing an oxidation of the ferrous heme and a bis-histidyl coordination
of the heme-iron.32 aHb is inherently unstable releasing heme and generating reactive oxygen spe
cies, and both processes are prevented by AHSP.

Additional examples oflow spin bis-histidyl coordination are the b-type cytochromes, e.g., cyto
chrome bs for farty acid synthesis. Two forms ofbs from different gene products exist: one in the
endoplasmic reticulum and another in mitochondria33 with a much lower redox potential.34 Cyto
chrome bs together with P450 reductase increases the efficiency of cytochrome P450 mediated
reactions by acting as another electron donor. The yeast, Saccharomyces cerevisiae, utilizes the damage
resistance protein 1 (Dap1) to protect itself from DNA damage caused by exposure to the methylat
ing agent, methyl methanesulfonate (MMS). Dapl is predicted to resemble bs structurally with a
homologous heme-domain. The rat and human homologs of Dap I bind heme but their redox
potentials have not yet been determined. Dap I targets the p40 protein Ergll p/Cyp51 pinS. cerevisiae
by utilizing heme to stabilize Erg11p which regulates both ergosterol synthesis and the resistance to
MMS toxiciry.3S While many mechanistic details remain to be established, this regulatory role for
the P450s is expected to be highly conserved because Dap homologs are present in genomes of
human, porcine, eukaryotic and in fission yeast as well as flowering plants, Drosophila and
Caenorhabditis elegans.
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Heme-Binding Proteins That Are Protective, Preventing
Heme-Mediated Oxidative Stress

Heme (iron-protoporphyrin IX) is vital to aerobic life. However, the heme-iron readily accepts
and donates electrons (i.e., is redox active), and therefore heme is potentially toxic. The chemical
reactions that occur in the presence ofoxygen can destroy most biological molecules. Under normal
circumstances the reactiviry of heme is modified by its ligation to proteins. In a number of patho
logical circumstances, involving cell lysis and hemolysis, heme may be liberated from its conjugate
protein.36.37 In plasma there are several heme binding proteins and many of their counterparts are
also found in fluids like CSF that bathe cells in barrier tissues like the brain and eye. Lipoprotein
panicles also bind heme38 and heme readily causes the peroxidation of membrane lipids.

The Hemopexin System
Hemopexin has the highest affiniry for heme (Kd less than pM) so even with a plasma concentra

tion of0.5-1.2 mglml (20 IlM) it effectively competes with albumin (35-55 mglml; heme binding
sites in HSA, Kds 1 and 10 IlM). Hemopexin protects low densiry lipoproteins from heme-mediated
oxidation.39 Another low abundance protein, histidine proline rich glycoprotein (HPRG), also binds
heme (Kd ca. 1 IlM) with multiple sites due to its extensive histidine content40,41 and heme bound
to HPRG has been detected in patients after extensive hemolysis or heme-arginate treatment. How
ever, HPRG induces the apoptosis of activated endothelial cells leading to potent anti-angiogenic
effects.42,43 The domain responsible is the histidine and proline rich domain that presumably would
be influenced significantly during hemolysis by heme in the circulation.

Mechanisms whereby Heme Binding by Hemopexin Protects Cells against
Redox-Active Heme

When hemoglobin is oxidized (methemoglobin), the ferri-heme is bound less tightly and is
readily removed by hemopexin.44 Hemopexin binds this heme and also that from other heme-proteins
released by cell lysis not only with high affiniry thus sequestering it from cells, but also in a manner
that "dampens down" rhe chemical reactiviry of heme. Hemopexin is therefore imponant in pro
tecting cells against the toxiciry ofheme from hemoglobin especially in the absence ofhaptoglobin,
which binds hemoglobin dimers.45 Haptoglobin does not recycle but is degraded in the Iysosomes
after delivering hemoglobin to cells.46 Protection by hemopexin is apparent when mice are exposed
to extensive hemolysis. In hpx null mice, the kidney damage was far more extensive and life thteat
ening in than in normal mice.47 The hpx null mice have normal albumin levels demonstrating that
the presence of albumin was not protective. Thus, hemopexin is considered the first line of defense
against heme-mediated damage to cells during hemolysis, trauma and ischemia reperfusion injury.

The hemopexin system is a physiologically relevant model for heme transE0rt and was the first
system shown in mammalian cells to require specific hemopexin receptors. 8,49 Hemopexin was
shown, both morphologically and biochemically, to colocalize with the iron transporter transferrin,
the paradigm for recycling receptors. Apo-hemopexin recycles intact after heme delivery, and its
endocytosis is modeled on rhat of transferrin.50 The endocytosis of heme-hemopexin complexes
provides a mechanism for the cellular accumulation of heme in a controlled and safe manner.
Hemopexin receptors are expressed by several different cell rypes of the liver,51 kidney (A. Agarwal
and A. Smith, unpublished observations), and eye,52 immune,53 peripheral54 and central nervous
systems55 [R.-c. Li, J. Lee, A. Smith and S. Dort~, unpublished data]. When tissues are injured and
red blood cells are destroyed, the ensuing inflammatory response leads to the generation of reactive
oxygen species. These are the conditions in which the binding of heme by hemopexin plays a dual
protective role in vivo. First, it acts as an extracellular anti-oxidanr by sequestering heme from all
cells, especially important for those that lack hemopexin receptors. Second, it targets heme and
transpons it to cells expressing hemopexin receptors for catabolism by heme oxygenase-l (HOI).

A cell surface scavenger receptor protein, CD91/LRP (low densiry-like li~oprotein receptor)
with more than 50 ligands has recently been shown to bind heme-hemopexin. 6 After uptake into
CD9I1LRP overexpressing COS-l cells heme-I 251-hemopexin, labeled using chloramine T a strong
oxidizing agent, was degraded within I hour. This contrasts with our published work, using differ
ent isolation and labeling procedures, where hemopexin has a long plasma half-life in intact rats.57 It
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colocalizes with transferrin, as shown biochemically and morphologically, as well as recycles intact in
cultured HepG2 cells50 and is not rapidly degraded after injection as heme-125I-hemopexin in intact
rats.48 The slow rate of catabolism of certain ligands of CD9I/LRP has been ascribed to lack of
consistent targeting to lysosomes56 and to their resistance to protease digestion. More than 80% of
the LRPI ligand apolipoprotein E is recycled. While heme-hemopexin complexes are relatively resis
tant to plasmin and trypsin, asialo125I-hemopexin or heme-asialo 125I-hemopexin is rapidly de
graded in viv058.59 presumably after uptake via the galactose receptor. In contrast, a heme complex
of the N-domain ofhemopexin, but not intact apo-protein, was rapidly removed from the circula
tion and degraded.57 Most of the ligands for CD911LRP are no longer native but have been modi
fied by cleavage and covalent modifications that occur during clorting or inflammation.60 A sorting
nexin 17 targets LRPI to the recycling pathway rather than to lysosomes.61 However, what deter
mines whether hemopexin recycles intact after endocyrosis or is degraded remains to be established.
Significantly, we have shown that the binding of heme-hemopexin complexes to the hemopexin
receptor leads not only to heme uptake but also to the activation of several signaling events. But
these have not yet been shown to be due to binding to CD911LRP. The consequent changes in cell
behavior playa key role during oxidative stress in protecting cells from heme and its iron by induc
ing HOI, metallothioneins -1 and -2 (MTs) and ferritin. Elevated HOI is anti-inflammatory and
anti-apoptotic.62 MTs protect against oxidative stress and redox-active copper, and ferritin stores
iron in the cytosol. Receptor-mediated heme uptake from heme-hemopexinis associated with tran
scriptional activation of the ho-1 gene.6 Furthermore, signals from the hemopexin receptor, but not
heme uptake, are associated with transcriptional activation of the mt-1 gene,63.64 activation of the
stress activated protein kinasel N-terminal c]un kinase (SAPKI]NK) cascade,65 and stimulation of
the nuclear translocation of the transcription factor MTF-I, which binds to metal responsive ele
ments.66 Evidence has been presented that these events are copper-dependent [see C below and refs
66,67]. In addition, after hemopexin-mediated heme uptake, the iron released from heme catabo
lism down-regulates expression of transferrin68 and the transferrin receptor (TfR).6 The release of
iron from the breakdown of heme is generally viewed as dangerous for cells because the product of
Ha reaction in mammalian cells is Fe(lI) , a pro-oxidant. However, iron release can also be viewed as
protective at least in certain cell types where iron regulates iron uptake systems (decreasing transfer
rin receptor) and iron exporters (increasing ferroportin), via iron responsive proteins and iron regu
latory elements, thus lowering intracellular iron levels.

Novel Mode ofHeme Binding by Hemopexin: A Paradigm for Heme
Transporters?

The link between structure and function is a basic tenet of modern biology. Hemopexin is com
prised of an edge-to-face association of two 4-bladed ~-propeller "pexin" domains (Fig. 1, ref. 69),
considered important for protein-protein and protein-ligand interactions. Hemopexin binds heme
extremely tightly as required by an anti-oxidant molecule. Hemopexin also binds heme noncovalently
and reversibly, as required by a transporter. The heme-binding site in hemopexin is unique (F~. 1).
Heme is anchored between the two domains by two histidine residues that coordinate with 5 and
6th axial ligand positions of the heme-iron (Fig. 1, center) and by ionic interactions between the
propionate side chains and the basic R and K residues (Fig. 2, RHS).

This produces an unusual orientation of the heme in which the hydrophilic propionates are not
exposed at the surface. Significantly, these propionates are anchored via ionic interactions with side
chains ofbasic arginine residues (Fig. 2 RHS). This type ofinteraction may be a feature oftransport
ers. It is an important means whereby the heme molecule is orientated for stereospecific cleavage of
methene bridge carbons in the active site ofheme oxygenase?O Perhaps the ligands ofthe heme-iron
play lesser roles especially in transporters and proteins that bind both heme and porphyrins like
ABCG2 (see below). Both ferric- and ferro-heme are bound by hemopexin and recent
electrospectrochemistry studies support that ferro-heme is bound less tightly143. In hemopexin, the
heme-iron may serve to help orientate the heme as well as to move it into or out of the binding site
via docking at the wide end of the tunnel in the N-terminal pexin domain. The isolated N-, but not
Co, terminal pexin domain binds heme.57 The interactions at the domain interface lock the heme
propionates into place and the linker peptide wraps around the heme, stabilizing the bis-histidyl
coordination and the fit ofheme within the binding pocket.
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Figure I. Crystal structure ofheme-hemopexin (HPX) complexes. A novel high affinity heme-binding
site is formed between two similar ~-propeller domains [N-terminal (upper) and C-terminal (lower)1
and bounded by the inter-domain linker peptide (see center). The heme-iron is coordinated by two
histidine residues (center). Rotation of this structure around a vertical axis reveals the 4 blades of the
propeller (C-domain, LHS) which is the smallest known domain with a folding topology. A third
view (RHS) shwos the novel orientation of the heme between the two domains, the strand of the
~-sheet blades and the ions that line the central tunnel ofeach domain. These figures were generated
using pdb file IQHU with PyMol.

Such tight binding must require a specific mechanism for release of the heme so that it can be
transported into cells. We had proposed that interaction with the receptor contributes to this pro
cess, probably by a confotmational change in hemopexin opening up the heme site. In addition, not
only does reduction of the heme iron generate a weaker complex but reduction is facilitated as the
pH is decreased, over the range pH 7.2 to pH 5.5 143

• A 100 mV increase in £1/2 is brought about by
a decrease of 1.8 pH units consistent with a hemopexin equilibrium reaction involving a single H+
that stabilizes the reduced formed of the protein. Acidic pH is associated with the maturation of
endosomes (ca. 6.5 in early endosomes) where heme is expected to be released from hemopexin.
Models for heme uptake from hemopexin, characterized by ligand binding, include one process of
binding and uptake shown to be of high affinity and low capacity we termed "specific", whereas
another was oflow affinity, high capacity termed "selective".71The latter was not due to nonspecific
effects because heme-hemopexin complexes were required. Significantly, studies with several meta
bolic inhibitors distinguished between these two hemopexin-mediated processes, and between them
and "uptake" ofexogenous "free" heme. Currently, the role ofCD9I /LRP in the specific and selec
tive processes is being evaluated.

Models ofIron Transport in Eukaryotic Cells Set Precedents for Heme
Uptake into Mammalian Cells

Models for iron uptake in mammalian cells, particularly enterocyres and hepatocytes, are based
on concepts developed from genetic studies in yeast. Certain parallels can be expected to exist as the
mechanism of heme uptake is deciphered. Ferric iron uptake across the plasma membrane in yeast
requires three proteins: a tran~orter (FtrIp), a reductase (Fre Ip) and a multi-copper oxidase (Fet3p).
After reduction by Frel p. .73 a £lavo-hemoprotein of the cytochrome b-type NAD(P)H
oxido-reductase class, the iron is reoxidized by Fet3p before transport across the plasma membrane
by a high affinity, specific ferric transporter, Ftrl p. Fet3p resides with Ftrl p at the plasma mem
brane. Reduction generates a more soluble form ofiron but the divalent transporters are not specific
for iron whereas the ferric transporter is. Hence the proposed need for the "reoxidation" step al
though this seems like a futile cycle. Interestingly, Fet3p has a b-type heme and heme availability will
affect the activity/amount of active holoenzyme. A lack of heme will decrease Fet3p function with
lower Fe(II!) uptake. The Fre I system, which reduces both copper and iron, may be a multi-component
electron transport chain.74 Thus, heme metabolism is linked with iron and copper.
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Figure 2. Heme binding site ofhemopexin. LHS: a preponderance ofaromatic and basic residues line the
heme site, with side chain stacking oftryptophan 268 between histidine 266 and arginine 174 contribute
to the tight binding. RHS: Propionates are anchored. A positive potential is derived from 4 arginine and
4 histidine residues and note the tyrosine and arginine residues around the pyrrole 0 ring.69 These figures
ofthe heme bindingsite ofhemopexin were kindly generated by Dr. Max Paoli, (UniversityofNoningham,
UK) using MOLSCRIPT program.

Iron in the gut exists predominantly as ferric iron. Therefore, before transport across the brush
border membrane by the divalent metal transporter (OMTl; sometimes termed OCTI for divalent
cation transporter) iron is first reduced by a ferrireductase, duodenal cytochrome b (dCyrb) also in
the brush border.75 Iron is rransported out of intestinal cells via ferroportin (FPN I, also termed
IREGl) for loading after diffusion across the extracellular matrix onto plasma transferrin (Tf). Tf
binds ferric not ferrous iron, which is why a multi-copper oxidase is thought ro be required for iron
loading of transferrin. There are two Fet3p homologs: intracellularly, hephaestin, an unlikely candi
date because it is found perinuclearly, or extracellularly, ceruloplasmin. In the "mobilferrin" system
for ferric iron uptake by a cell surface ~3-integrin, reduction of iron is proposed to take place in a
cytosolic complex not at the cell surface.76.77

Iron in plasma is bound ro T£ Iron uptake by liver from diferric-Tf consists of two processes.
Specific iron uptake occurs by the classical high affinity, low capacity clathrin-mediated endocyrotic
pathway mediated via transferrin receptor 1 (TfRl). A second pathwa~ of low affinity and high
capacity is mediated by a second Tf receptor, TfR2-a, via endocyrosis.78. 9The alternatively spliced
form of TfR2, TfR2-~, may function as an iron binding protein in cytosol. TfR2-a is expressed
predominantly in hepatocyres, binds iron with lower affinity than TfRl,80 and is up-regulated by
iron.8l The Tf-bound ferric iron is reduced before export from early endosomes via OMT_I.82-84

Iron uptake and efflux were impaired in cellular copper deficiency (Caco2 cell line from colon, one
model of intestinal cells), implicating cO~fer in iron transport in mammalian cells, as in yeast, but
the mechanism remains to be defined.75.

Heme 1ransporters
In mammalian cells, hemopexin is currently the only known heme transport protein with a

specific cell surface receptor. Heme from [55FeJheme-hemopexin complexes is transported to the
liver in intact rats,48 and into isolated hepatocytel1 and several distinct types of cultured cells in
cluding human HepG2 cells via endocytosis of heme-hemopexin complexes.6.53.86-88

Three trans-membrane heme transporters have recently been identified in mammalian cells
(described further below). Heme carrier protein 1 (HCPl), at the brush border membrane of
enterocytes ofthe duodenum for the uptake ofdietary heme89 and Cac02 cells take up 59Fe_heme.9o
In erythroid and nonerythroid cells, heme is moved across intracellular membranes including the
outer mitochondrial membrane and between subcellular compartments to Hal in the smooth
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endoplasmic reticulum, and from its site of synthesis by ferrochelatase in the mitochondrion for
holo-heme protein synthesis. Some heme transporters utilize energy from ATP hydrolysis e.g.,
ABCB6, a member of the family of ABC transporters. Another type, the feline leukemia virus
receptor subgroup C, FLCVR (below), exports heme along a concentration gradient passively and
is ubiquitously expressed.

Heme Transport across Enteroeytes and Proof of Principle
Iton balance in the body is principaUy controlled by absorption of iron from the intestinal cells

because humans are limited in their ability to excrete iron and there is no known active process.91

Interestingly, studies with radioactive hemoglobin have established that heme iron is far more effec
tively absorbed than inorganic iron by cells of the gut. In humans eating an average normal diet,
more than one third ofthe body's total daily iron requirement of3 mg comes from dietaty heme-iron
[hemoglobin and myoglobin; refs. 92,931. The duodenum and proximal jejunum are considered the
main sites of absorption, not the stomach. There is indirect evidence that heme is absorbed intact
from the gut lumen, since iron chelators do not inhibit absorption of iron.94 Even in iron-replete
rats, heme from [55Fe1-heme-histidine is rapidly absorbed in vivo from the duodenum.95 A putative
heme recefttor with a high affinity for heme (l0.6_ro·7M) was identified on the surface of pig intes
tinal cells 6 and on murine97 and human erythroleukemic (K562) cells.98 Most recent work on
heme uptake utilizes in vitro studies with the line of Caco 2 cells.90.99 Some morphological studies
suggest that heme moves from the apical surface to within tubular structures and then to secondary
Iysosomes; but to date there is no clearly defined pathway. Thus, neither the chemical state of the
heme transported nor the mechanism of heme absorption by duodenal enterocyces in vivo have yet
been defined. Significant progress has been made in identifYing the likely candidate for this and it is
heme carrier protein I (HCP!) identified in a subtractive hybridization used to isolate several pro
teins involved in iron uptake by hypotransferrinemic mice.89 Hcpr has homology to bacterial
meta-eetracycline transporters with a conserved motifalso present in the heme exporter FLVCR (see
below). HCPI is higWy expressed in duodenum, noe ileum; moves from ehe cytosol to the brush
border in iron deficiency and, thus, would provide a clear mechanism for heme uptake from the gut
lumen into duodenal enterocyces.

We had begun to characterize the route of heme and its iron across ehe enterocyce several years
ago utilizing a monomeric form of heme (a bis-histidyl complex) thae is soluble in aqueous solu
dons. This [55Pe1-heme-hiseidine is rapidly absorbed in vivo from the duodenum of iron-replete
adult rats. 95 The model under inveseigaeion is that a heme eransporter is presem in the brush border
membrane ofduodenal enterocyces for absorption ofheme from the lumen ofthe gut. After uptake,
intact heme may move to imracelIular sites such as the nucleus to mediate gene regulation and in
other cell types heme binds to a repressor, BachI, allowing access of a robust transcription factor
NFE-related factor, Nrf2, to the enhancer to activate the hal gene.IOO.IOI Heme is also expected to
undergo catabolism by Hal generatinfi the linear tetrapyrrole biliverdin, co and ferrous iron and
heme is degraded by imestinal cells102

• 04 presumably by Has. Thus, heme-iron rather than imact
heme is expected to be transported out of the cell across the basolateral membrane. Iron efflux via
the iron transporter ferroportin l05 allows iron to eventually reach Tf in the plasma for circulation,
although enterocytes are not bathed in plasma. This iron efflux from enterocytes requires a
copper-protein with ferroxidase activity similar to hephestin or a homologous protein.

To address whether intact heme reaches the circulating plasma and is bound by hemopexin, or is
degraded wiehin the emerocyce and the heme-iron released reaches Tf in the circulaeion, blood was
taken from ehe mesenteric vein that drains the duodenum, 30 minutes after ehe introduction of
[55Fe1-mesoheme-histidine solution (47 nmol heme per roOg body weight) into the lumen of the
duodenum of an anesthetized rat. 95 Gel permeation of an aliquot of this plasma revealed a single
symmeerical peak of radioaceivity with an apparent Mr of 78 kDa (Fig. 3) close to Tf (Mol. we.
79570). Immunoprecipitation of plasma samples with mono-specific, polyclonal anti-bodies to rat
Tf and rae hemopexin showed that the [55Fe1-radioactivity is associated wieh Tf, not hemopexin
(Fig. 4). Thus, these studies demonscrate a proof of principle chat radioactive heme presemed to
enterocyces in the lumen of the GI tract is absorbed and extensively catabolized by emerocytes and
that, under physiological conditions, the pathway ofheme-iron joins that ofiron within the emerocyres
and, furthermore, the iron of this heme is transferred to serum Tf (Fig. 5).
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Figure 3. Detection of [55Fe]-iron-transferrin, not [55Fe]-heme-HPX, in plasma after administration of
heme into the duodenal lumen ofintact rats. An aliquot ofserum was applied to a Sephacryl S-200 column
(1.7x 25 cm) and eluted (l0.3 ml per h) with 10 mM sodium phosphate buffer, pH 7.4, containingO.15M
NaC!. Recoveryofradioactivirywas 88%.Thearrows indicate the elution volume ofstandards used: aldolase
(A), bovine serum albumin (B) and ribonuclease (C). Blue dextran was used to determine the void volume
ofthe column (V0) and L-tyrosine the total column volume (Vn. The radioactive iron bound was detected
by liquid scintillation counting. Intact heme would bind to hemopexin and iron to transferrin.
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Figure 4. Identification of [55Fe]-iron-transferrin (Tf), not [55Fe]-heme-hemopexin (HPX), in r,lasma by
immunoprecipitation of [55Fe]radioactiviry. These data represent the amount of radioactive [5 Fe]- cpm
recovered after the proteins in aliquots ofserum were precipitated by addition ofmono-specific polyclonal
antibodies raised against rat hemopexin or rat transferrin. Standard immunoprecipitation techniques using
PEG 6000/8000 were employed and the data represents the mean +/- S.D. (n = 3).
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One point for the coordinated regulation ofuptake ofdietary heme and iron is proposed to be at
the basolateral membrane transporter, ferro~ortin (FPNl). Recently, FPNI has been implicated in
the global regulation of iron absorption,106.1 7 it dearly represents a site where our data indicate that
uptake ofheme and iron would be coordinated. Circulating iron levels alter transferrin saturationI 08
and regulate secretion ofhepcidin by the liver which in turn affects FPNllevels by binding physi
cally to it and causing its internalization and degradation. Thus, iron release from enteroeyres into
plasma is decreased. I 6 Nevertheless, a heme exporter, that is expressed on enterocytes (see below),
the receptor for feline leukemia virus group C (FLYCR) has recently been identified. The studies in
rats described above were designed to use doses of heme that represented normal and ten times
normal levels ofdaily heme requirement for humans. The data demonstrate extensive catabolism of
heme by enteroeyres. However, excretion oflow levels of heme might have been undetected. Inges
tion of large amounts of heme, perhaps a "half-pounder" hamburger on an empty stomach, may
generate sufficient heme within enterocyres to cause export across the basolateral membrane of
intact heme into the systemic circulation.

Interactions of Heme with Transcription Factors
Heme panicipates in gene regulation in prokaryotes, yeast and also higher eukaryotes in pan by

binding directly to several functionally distinct DNA binding proteins. In bacteria, heme binds to
the global regulator, ferric uptake regulator [Fur; refs. 4,5], in yeast, to the damage resistance protein
1 (Dap19 reE 35) and HAPI, 10 and in mammalian cells, to the basic leucine zipper (bZip) protein
Bach1.1 One short motif for heme binding that has been identified in these proteins is the heme
regulatory motif (HRM) that contains cysteine and proline residues often referred to as a "CP"
motiE HRMs were first shown to bind heme in a functional manner in yeast to a multi-rrotein
complex containing HAPI, 110.111 which often include heat shock proteins 70 and 90.112.11 Hapl
binds to its own promoter and represses transcription in a heme-independent but Hsp70-dependent
manner. I 12 How heme binds to proteins containing HRMs has not been defined since no crystal
structures are yet available. A role for heme-transcription factor interactions for Hal regulation was
first suggested after the discovery of the E. coli Fur-heme binding.5 Here, we focus on heme-Bach I
interactions in mammalian cells for regulation of heme oxygenase! gene (ho-1), an enzyme cata
lyzing the rate-limiting step in heme catabolism.

Bach I, a basic leucine zipper (bZip) protein, is the specific target for Maf recognition element
(MARE) binding proteins that regulate the expression of proteins including Hal for protection

Heme receptor! uptake
Heme Carr1~eIn1
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Figure 5. Model for heme uptake in enrerocyres. Heme is transponed from the gut lumen by HCPl and
rhen catabolized in the enrerocyre, presumably by heme oxygenase-I (HO). In experimenrs described here,
no heme was detected on circulating hemopexin but radioactive iron from 55Fe-heme was bound to trans
ferrin in plasma. Thus, these data provide evidence thar the pathway for heme-iron joins that ofiron within
the duodenal enterocyre. One poinr for the coordinated regulation of uptake ofdietary heme and iron is,
therefore, at the basolateral membrane transporter, FPN 1. Additonallevels of regularion may occur via
HePl whose mechanism of action is not yet established.
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against oxidative stress and also enzymes for phase II metabolism, e.g., quinone oxidoreductase,
GSH S-transferase and enzymes needed for glutathione synthesis. When heme levels rise in the
nucleus, heme binds to the repressor, BachI , which then dissociates from its DNA binding partner,
a small Ma£HlO.I09 These heterodimers reside on two enhancers at binding sites termed stress re
sponse elements (StREs), which share some sequence homology with antioxidant response elements
(AREs). Transcription is activated when the robust transcription factor Nrf2 also binds to a small
MafK on the enhancers ofhol. lOl

When over-expressed, Bachl was serendipitously found to be colored brown. 1l4 Subsequently,
binding studies with radioactive heme and absorbance spectroscopy (A max in the Soret region of
421 nm) have revealed a stoichiometry of 1.3 mol heme bound per molecule of Bachl (Kd 140
nM). In mammalian cells, spectral data in the Soret region indicate that heme binds directly to the
transcription factor Bach 1. Unlike in Hap I, where a single peptide with a CP motif is sufficient,
Bach 1 has six CP motifs, four of which are involved in heme binding as shown by deletion and
mutation analyses (Cys to Ala). Thus, each CP is considered a potential heme binding ligand with a
stoichiometry ofbinding of 1:1, and the Kd of 140 nM represents a high affinity interaction. These
CPs surround the bZip domain and act independently of the BTB [BR-C, uk and bab;115] domain
needed for DNA binding. Heme binding is presumably noncovalent. Heme inhibits the DNA
binding of Bachl/MafK in EMSAs but not by inhibiting the interaction of these transcription
factors via their leucine zipper domains. The metal iron is important for the binding of heme to
Bach1 since both proto- and meso-heme bind to Bach1, whereas the porphyrins, PPIX and mesoPPIX,
do not. Importantly, BachI also represses the ~-globin genes via a MARE and this repression is
relieved by heme.1l4

•
116 Additional Bachl- regulated genes will soon be identified and it will be

interesting to see how regulation by this heme-responsive transcription factor differs in erythroid
and nonerythroid cells. While repression by Bachl is a common control, activation of the genes
differ and globin is not activated by Nrf2 as is the hal gene. Significantly, two CPs are needed for
heme-mediated export of Bachl that requires the nuclear export receptor Crm1.117 Thus, heme
contributes to the regulation of nucleo-eytoplasmic shuttling of DNA-binding proteins. 117

HRMS Mediate Effects on Proteins That Are Neededfor Heme Biosynthesis
and the Regulation ofHemoglobin Synthesis

In the rate limiting enzyme for heme synthesis, ALA-S, two heme-binding motifs in the leader
sequence, as well as one present in the N-terminus of the mature ALAS-I function in vivo in the
heme-regulated translocation of ALAS-1. 118 Heme also regulates ALA-S for feed back inhibition
(for detailed review ofALA-S regulation see Chapter 7). The eukaryotic initiation factor 2a kinase
(elF a kinase) also needs an HRM for the heme-mediated regulation of hemoglobin synthesis. I1.1 19

The ALAS-2 gene is specifically expressed in erythroid cells producing heme in the mitochon
dria for hemoglobin synthesis from the condensation ofglycine and succinyl CoA. Heme regulates
both the expression and localization ofALA-S2 and the housekeeping ALA-S I that is expressed in
all tissues. Mutation ofthe HRM (cysteine to serine) inhibited the mitochondrial import ofALAS-I
but not ALAS-2 expressed in quail QT6 fibroblasts. 120 Thus, heme acts differently in the regulation
of these two isoenzymes. In erythroid cells, it appears thar iron responsive elements playa more
important role in regulation ofALA-S2 reflecting the predominant role of iron in heme synthesis in
this cell type.

Heme-Protein Interactions and the Control of Circadian Rhythms
Every 24 hours we each experience a rhythmic fluctuation of our body temperatures, endocrine

function, physical activity and metabolic rates - due to the well-known biological clock. This cycle is
extremely well conserved in metazoans from fruit flies to mammals. It is synchronized (or entrained) by
the dark-light cycle but persists even without environmental cues not only in cells of the brain in the
suprachiasmiatic nucleus but also, and somewhat unexpectedly, in nonneuronal cells even in vitro. In
the mouse, the rhythm requires a feedback loop at the level of transcription including cyclical changes
in histone H3 acetylation synchronous with a cycle that controls steady state messenger RNA level of
key molecular players. 121 In the light, two transcription factors Clock and BMALI (brain and muscle
aryl hydrocarbon receptor nuclear translocator-like protein I) bind as a heterodimer to the promoter of
3 period (Per) and 2 ctyptochrome (Cry) genes to activate transcription. However, the Per and Cry
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proteins do not accumulate in the cytosol due to rapid turnover mediated by phosphorylation before
proteasomal degradation. Per:Cry heterodimers migrate to the nucleus where they positively and nega
tivdy regulate Clock:BMALl transcriptional activity - hence the oscillation. However, the regulatory
interactions of Per and Cry with Clock:BMALl are complex, and it is not clear that the interactions
modded completdy explain the circadian timing of Clock:BMAL1 activity. Much remains to be un
derstood about the mechanism of negative and positive feedback (Fig. 6A).

From this perspective, an extremely exciting area in heme-protein interactions is the recently
described link berween heme metabolism and a Clock-related protein, neuronal PAS domain pro
tein 2 (NPAS2). This is pan of the clock in mammalian forebrain 122 and NPAS2 is similar to the
heme-based PAS sensor proteins in bacteria. NPAS2 has a DNA-binding N-terminal basic
helix-loop-helix region (bHLH) next to rwo PAS domains before the C-terminal400 amino acids.
Both PAS domains bind heme. 123 (It is not yet established whether Clock binds heme.) Food intake
regulates and is regulated by the biological clock. NPAS2-deficient mice do not adapt to food re
striction,124 and entrainment of the cycle by food restriction may be linked to NPAS2:BMALI
regulation of the promoter of lactate dehydrogenase (LDH). 125 This enzyme is needed to generate
NAD+ under anerobic conditions to maintain glycolysis. To bind to DNA in enhancers and regulate
genes NPAS2, like Clock, needs BMALl, also a bHLH PAS protein, as partner. Intriguingly, this
DNA binding is increased in vitro as the ratio ofNADH or NADPH relative to NAD+ and NADP+
increases at physiologically relevant concentrations {low mM} for normal cell metabolism.125 The
reduced coenzymes were proposed to increase the affinity of NPAS2:BMALl for DNA by acting as
a molecular ligand rather than modifYing the redox state of the transcription factors. 125 Currently, it
is not clear what the redox state of the heme was or even whether it was bound to these proteins
under the experimental conditions. A heme-mediated regulator ofthe NPAS2:BMALI heterodimer
is likdy to be co. Heme catabolism by Has release CO, which at concentrations >3 ~M inhibits
the binding ofNPAS2:BMALl to DNA.123 Generally, CO binds to ferro-heme. Kaasik and Lee126

have demonstrated a reciprocal relationship berween heme synthesis and clock gene expression.
Their data provide a model linking heme synthesis and its degradation, with the generation of CO,
to clock gene expression. The circadian regulators include another PAS domain transcription factor
mPER2 as well as NPAS2. Heme synchronizes clock gene exptession in NIH 3T3 cells. When intact
mice housed in constant darkness are injected with heme (intraperironeally at 30 mg/kg body weight,
which is often employed route but neither the site ofaction or form ofheme can be discerned) there
is a decrease in mPER2 mRNA particularly during subjective night (during constant darkness, the
daily interval in which lights were turned off in the previously imposed light/dark cycle). Wheel
running activity, used to demonstrate regulation of circadian rhythms, was also inhibited by heme
when injected during subjective night but not subjective day. Knock out mice lacking the circadian
factors NPAS2, mPER2 and mPERl (Npas2m1m

, mPER1I2m1m
) revealed that the effects of heme

required NPAS2 and mPER2, but not mPERl. A weak circadian rhythm has also been observed for
ALA-Sl mRNA, with peak expression late in the subjective day, which is altered in Npas2m1mmice.
The expression of promoter constructs of fragments of the Alasl promoter and a luciferase reporter
gene were stimulated 2-fold by the coexpression of both BMALI and NPAS, and up to 3.5-fold by
NPAS2 and BMAL 1 together with mPER2. Thus, NPAS2 is proposed to be a primary regulator of
Alasl in vivo, and mPER2 stimulates this positive regulation (Fig. 6C).

The tole for heme seemed likely because both mPERs and NPAS2 contain the PAS motif, a
known heme based PAS sensor protein domain in bacteria (see above). A direct interaction with
heme is possible because mPER2 binds to a heme-Agarose affinity column but mPER2 with a
mutated PAS domain does not. Reponer gene assays in culture suggest that mPER2 is a positive
regulator of transcriptional activation by NPAS2:BMALl. For the full expression of AlasI, the
transactivators BMALl and NPAS2 are needed under the positive control of mPER2. The proposed
model is that since ALA-S catalyzes the rate limiting step in heme synthesis, i[ controls intracellular
heme levels. Although sufficient iton must be available for ferrochelatase to synthesize heme from
proroporphyrin IX in the mitochondrial matrix, heme can be viewed as [he prosthetic group ofthese
rwo transcription facrors, NPAS2 and mPER2. As heme levels rise a balance may be achieved by
degradation ofexcess heme via heme oxygenase that releases CO (as long as oxygen levels and suffi
cient NADPH are available). With CO bound to [he heme on BMALI and NPAS2, [hey no longer
bind to DNA and transcription stops. Also, contributing [0 [his decrease in transcription, [here will
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Figure 6. Relationships between endogenous CO production and regulation of AlA-S, HO and clock
proteins. Panel A represents the increased transcription of murine AlA-S in response to activation by the
heterodimer of PAS domain proteins NPAS2 and BMALl, further augmented by mPER2. Carbon mon
oxide (CO) binds to NPAS2 and BMALI leading to their dissociation from the Alas promoter. Panel B
shows two theoretical curves: one for CO production (dotted and dashed line) and the other for AlA-S
activity levels (dashed line). Key questions here concern the phase lag between AlA-S activity increasing
heme levels that are then degraded by H 0 generating CO; since AlA-S mRNA accumulates during the late
day in murine liver, 126 there would have to be a phase lag in CO production to maintain high levels ofCO
during the dark phase, when NPAS2:BMALl transcriptional activity is low. In addition, whether local
cellular or global levels ofCO are most imponant in regulation is not known. There are diurnal variations
in pulmonaty levels ofCO in humans.140 In hamsters, HO increases in the suprachiasmic nucleus (SCN)
at night in the dark phase. 141 However, in Drosophila, AlA-S mRNA increases when the lights are offand
is regulated in a reciprocal fashion with HO-like Mrna. 142 Heme acts to regulate AlA-S protein directly by
direct repression of its enzymic activity as well as via effects on its cellular location. Perhaps these occur
initially in response to changes in heme levels followed by the transcriptional effects shown here. Panel C
shows the links between the activation of Per and Cry genes by ClocklBMALl and the consequent chro
matin modification by Cry/Per heterodimer that that turns off transcription of their own genes thus
generating the cyclic protein modulations. The time course ofPer and Cry nuclear localization (high during
the period when lights are on and ClocklBMALl dependent transcription is also high) does not fit neatly
with the postulated negative regulation ofClock:BMALl activity, suggesting a potentially imponant role
for CO and heme oscillations in this negative regulation.
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be less mPERl in the cell. This provides a neat and efficient regulatory cycle that may generate part
of the negative feedback on gene products essential for circadian rhythms. Nevertheless, several
important questions remain to be answered especially with respect to the known phase lags between
several key molecules (see Fig. 6).

Novel Heme-Protein Interactions for the Control of Intracellular
Heme Levels

Recently, heme transporters have been identified in erythroid and progenitor cells. 127
,128 To

provide a basis for their function and regulation, these transporters have been proposed by Jonker
and colleagues l29 and John Schuetz and colleaguesl28 to protect hematopoietic cells from the toxic
effects ofheme. Mitochondrial function becomes impaired when heme and porphyrin levels rise. 130,131

Protection is important for maintaining genetic integrity. There are distinct differences in the way
intracellular heme levels are controlled in erythroid cells specialized to synthesize hemoglobin. Dur
ing differentiation, heme synthesis increases then globin synthesis. Hemoglobin synthesis is regu
lated via a heme-mediated decrease ofBach1 repression ofthe ~-globin gene and, at the translational
level, via a heme-mediated inhibition ofa specific eukaryotic initiation factor 2(eIF2) a kinase (also
termed HRI). This kinase, active when heme levels are low, phosphorylates eIF2a thus inactivating
iL II When heme concentration increases, HRI activiry decreases and eIF2a, no longer phosphory
lated, acts in the initiation phase of protein synthesis to translate globin mRNA. Iron uptake is
required and maintained by suitable levels of eXfression of the transferrin receptor. 132 An erythroid
specific AlA-52 gene regulates heme synthesis. 4 AlAS-2 (as described above) is also regulated by
heme. In contrast in nonerythroid cells, raising intracellular heme levels rapidly induces activation
of transcription of the hoI gene for heme degradation. Oxygen tension regulates heme levels via
HOI since oxygen is a substrate. Certainly, there is evidence for clear differences in the way iron
responsive proteins regulate iron metabolism at physiological oxygen tension (2-6%) where IRP2 is
the principal regulator and hyperoxia (20%) where IRPI prevails. 133 Heme is involved directly in
the regulation of IRPI and IRPi 34,135 but perhaps only by providing iron to regulate IRPI at
higher oxygen concentrations.

Cellular heme levels respond to environmental oxygen and the heme content of cells increases
in hypoxia. 136 Perhaps this is due in part to impaired heme catabolism because oxygen is required
by HOI. Stem cells, unusually, thrive in hypoxia. Hematopoietic stem cells are found in large
numbers in areas of rhe body where oxygen tension is low and as oxygen concentrations decline
adapt by increasing surface glucose transporters, obtaining sufficient ATP from glycolysis. ATP
hydrolysis provides the energy for the active transport of substrate molecules across the plasma
membrane. 137 In humans, 49 ATP binding cassette (ABC) genes have been described with a vari
ety of substrates, including heme. They are highly conserved proteins containing both ABC and
transmembrane domains and are either a single polypeptide chain or two separate proteins (half
transporters) that must dimerize for function. An ABC transporter subfamily G, member 2
(ABCG2) is also called the breast cancer resistance protein (BRCP), since several substrates for it
are chemotherapeutic agents like mitoxantron. BRCP is needed for stem cells to survive hypoxia
and bcrp null erythrocyres accumulate the fluorescent heme precursor, protoporphyrin IX [PPIX,
refs. 129,138]. Patients with erythroprotoporphyria develop extreme photosensitiviry due to el
evated PPIX because heme synthesis is impaired due to abnormally low levels of mitochondrial
ferrochelatase, the enzyme that incorporates iron into PPIX generating heme. Photosensitiviry
developed when bcrp null animals were fed a diet containing high levels of a molecule similar in
structure to PPIX, the degradation product of chorophyll pheophorbide a. 129 BCRP expressing
cells do not survive hypoxia when BCRP function is blocked. Jonker et al therefore concluded that
BRCP transports PPIX and heme also. When heme synthesis is blocked with succinyl acetone at
the AlA dehydratase step, brcp null cells survive hypoxia, suggesting that at low oxygen tensions
heme is toxic. Using membrane vesicles prepared from insect cells that expressed wild type human
BRCP, heme increased the velociry of transport ofanother BRCP substrate, E3S. Such cooperativity
is found with the multidrug resistance protein, another ABC transporter. Thus, BRCP is needed
by hematopoietic cells to regulate intracellular porphyrin IX and/or heme levels in hypoxia.

Heme must be available for the continued development of eryrhroid progenitor cells. Burst
forming units (BFU-Es) mature into colony forming units (CFU-Es) and then erythroid precursors
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cells take up iron and heme biosynthesis begins. Cats become sevetely anemic when infected with a
nononcogenic retrovirus, the feline leukemia virus subgroup C (FeLV-C). As the infection develops,
the levels ofBFU-E cells are normal but there are very few CFU-E and erythroid precursors, suggest
ing that erythropoiesis is arrested before maturation to the CFU-E and proerythroblast stages. A cell
surface protein that serves as a receptor for the feline leukemia virus subgroupC (FLVCR), is ho
mologous to members of the major super facilitator group of proteins. These are transporters that
move small solutes, including sugars and amino acids, across membranes in response to chemi-osmotic
gradients. Thus, in contrast to ABCG2 (BRCP), ATP is not required.

Feline FLVCR is down regulated by the production ofviral envelope components intracellularly
with a specific loss of CFU-E, implicating FLVCR in CFU-E differentiation or survival. Heme
synthesis is decreased at the CFU-E stage ofdifferentiation or soon afterwards. Heme export, mea
sured in kidney (NRK) cells expressing human FLVCR, is rapid complete within 30 min, but only
when HOI is inhibited by the heme analog ZnPPIX. Otherwise, heme levels decrease rapidly and
independent ofFLVCR expression. Inhibition ofcell surface expression ofFLVCR or FLVCR func
tion impaired differentiation into erythroid cells and induced apoptosis. FLVCR expression is down
regulated both at the protein and mRNA levels in mobilized PBCD34+ cells undergoing differen
tiation. Thus, heme excess is proposed to prematurely initiate globin translation producing apoptosis.
FLVCR may prevent a rise in heme levels, interfering with normal hematopoeisis at the CFU-E
stage of differentiation. This regulation by heme mayor may not override the regulation of heme
synthesis by iron availabiliry. If in early stags of erythropoiesis heme levels fluctuate, FLVCR may
provide a safety mechanism or "overflow". 7

FLVCR orthologs are found in bacterial, plant and animal genomes and FLVCR is fairly ubiqui
tously expressed in tissues and in several different cell lines (hepatoma, neuroblastoma and in Cac02
cells derived from a primary human colonic adenocarcinoma). High levels ofFLVCR protein were
found on mobilized PB CD34+ cells and lines expressing the early erythroid phenotype (HEL-DR
and KS62) but was not detected in the mature erythroid cell line, HEL-R. Heme can potentially
regulate FLVCR expression since a consensus sequence for an NF-E2 site has been identified in the
region berween -370 and -1030 nucleotides relative to the initiation site as well as GATA1, -2 and
c-myb sites. It will be interesting to determine whether FLVCR responds to intracellular heme in
nonerythroid cells including enterocyres. Schuetz and coauthors conclude that the estimated 100
flM intracellular heme levels in erythroid cells during globin synthesis is probably high enough to
drive export by passive diffusion via FLVCR although its capacity is not yet established. Important
biological processes ofren have backup systems, perhaps FLVCR is needed as well as ABCG 2 to
maintain heme levels even ifATP is unavailable.

Another ABC transporter, ABCB6, has been linked to sensing both heme and porphyrin levels
within erythroid cells and proposed to import heme into mitochondria [Krishnamurthy, P., Du, G.,
Sun, D., Fukuda, Y., Sampath, J., Mercer, K., Wang, ]., Sosa-Pineda, B., Murti, G. and Schuetz, J.D.,
unpublished data]. Once synthesized, heme is conserved by transfer from cyrosol into the mitochon
drion rather than to H0 for degradation or export. Heme, not iron, induces both ABCB6 mRNA and
protein levels in murine erythroleukemia (MEL) cells but onlywhen globin is being synthesized. ABCB6
levels and PPlX increase when MEL cells are incubated with the heme precursor, AIA, but not when
heme synthesis is inhibited by suceinyl acetone. Suceinyl acetone alone did not alter ABCB6 levels
revealing that while ABCB6 expression is linked with porphyrin levels bypassing the regulation nor
mally imposed by rate-limiting AIA-S is required. Over expression ofABCB6, but not BRCP, blocks
induction ofglobin expression by heme, but not by DMSO and prevented the decrease in phosphory
lation ofeIF2a implicaring additional effects on eiF2a kinase (HRI).

Most ABC transporters are a single peptide with rwo transmembrane and two nucleotide binding
regions. ABCB6 is a homodimer, forming a functional transporter from two half transporter peptides
each with a single transmembrane and nucleotide site. An expressed C-terminal FLAG tagged ABCB6,
although lacking a mitochondrial target sequence, was detected in the outer mitochondrial membrane
with its hydrophilic C-terrninus that hydrolyzes cyrosolic ATP exposed to cyrosol. Site directed mu
tagenesis and heme Agarose affinity chromatography revealed that a transmembrane domain binds
heme, a region in ABC transporters known to bind their substrates. The C terminal of ABCB6 is
predicted to bind heme as a homodimer before transport.
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Over expression of wt ABCB6 in MEL and 5aos2 cells. but not ABCB6 mutated in the Walker
ATP binding domain. increased PPIX content; porphyrin synthesis (6-to 13-fold); expression ofthe
transferrin receptor and ALA-52 as well as increased activity of ALA dehydratase and
coproporphyrinogen oxidase (CPO). It is well established that ALA-5s contain HRMs that bind
heme which not only acts as a feed back inhibitor but also blocks translocation of the enzyme into
the mitochondrial matrix for condensation of glycine and succinyl CoA. Schuetz and colleagues
speculate that. in non erythroid tissues such as liver and also in other proliferating cells. ABCB6
transpons heme into the mitochondria where it contributes to the regulation ofALA-S by releasing
heme into the inner membrane space.

Relationships between ATP Concentrations, Oxygen Tension and
Heme Transporters, Many ofWhich Also Interact with Porphyrins

The availability of oxygen affects HO enzymic activity for heme degradation as well as fWO

enzymes for heme synthesis. coproporphyrinogen oxidase (CPO) and protoporpyrinogen oxidases
since all three require oxygen as substrate. CPO has been suggested as another rate limiting step in
heme synthesis. In addition. transpon ofcoproporphyrinogen III into mitochondria via an 18 KDa
peripheral-type benzodiazepine receptor. 139 which may also direct impon ofprotoporphyrin IX into
mitochondria,138 may be a regulatoty step. Heme transponers like ABCG2 (BRCA) and HCP189

are regulated by hypoxia inducible factor, HIE 128 Consequently, they are induced under conditions
of low oxygen tension. HO is also regulated by HIF but will be enzymically inactive if oxygen is
unavailable. Do heme transponers. heme biosynthesis and heme oxygenase complement each other
by responding not only ro heme concentrarions but also to oxygen levels? A hierarchy of events
presumably unfolds, in rum regulated by the availability of ATP. Heme transponers like ABCB6
and ABCG2 use the energy of ATP hydrolysis whereas FLYCR does not and heme flows down a
concentration gradient. Under anaerobic conditions. given a supply ofglucose and NAO< regenera
tion, glycolysis provides ATP. However. significantly less ATP is generared than from aerobic me
tabolism via the electron transport chain. With sufficient ATp, ABCB6 may bring heme into the
mitochondria and decrease de novo heme synthesis by decreasing ALAS activity. FLYCR remains as
a cyrosolic safety valve for heme efflux. Overall, oxygen levels will influence not only the extent of
heme synthesis and its catabolism but also heme movement by ABC and other transporters perhaps
with consequences for gene regulation.

Concluding Remarks
These most recently described heme-protein interactions provide examples of a plethora of di

verse environments for heme as it moves through the cell, allowing a wide range of biological pro
cesses to be influenced. Are all ofthese heme molecules "regulatory hemes"? Genetic model systems
are currently being used to probe in detail the role of heme in complex biological processes and.
imponantly. how the homeostasis of heme also affects, or is affected by. several metals, in particular
iron and copper. Further insights into vertebrate heme and iron metabolism are being revealed in
zebrafish. and even fruit flies can potentially help contribute to our understanding of the biological
roles of heme in mammals. for example in controlling the circadian rhythm. Unusually. heme to
gether with at least one of its catabolites CO, ofren acts in synchrony to regulate gene expression,
e.g.• via PAS domains in neuronal cells. Thus. heme continues to intrigue its aficionados and to
surprise its skeptics. and the research summarized here is providing avenues for enhanced knowledge
of the biological roles of many metal-tetrapyrroles and tetrapyrroles.
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CHAPTER 12

Synthesis and Role of Bilins
in Photosynthetic Organisms
Nicole Frankenberg-Dinkel* and Matthew J. Terry

Abstract

Bilins are linear tetrapyrroles that function as the chromophores of the light-harvesting
phycobiliproteins and light-signalling phytochromes in photosynthetic organisms. The
biosynthesis ofbilins proceeds through a ferredoxin-dependent heme oxygenase that oxidises

heme to biliverdin IXa, the precursor of all functional bilins in these organisms. Biliverdin IXa is
subsequently convened to one of three major bilin classes, phytochromobilin, phycocyanobilin and
phycoerythrobilin, by a recently discovered family of related ferredoxin-dependent bilin reductases.
Bilins are usually bound to apo-proteins through single or double covalent linkages and can be
funher modified during this process. This reaction is autocatalytic for the photoreceptor phyto
chrome but requires speciallyases for phycobiliproteins. The binding to the latter results in a great
diversity ofbilin chromophores that completely span the visible light spectrum.

Introduction
Bilins are open-ehain teuapyrroles that are usually derived by cleavage ofcyclic meralloporphyrins

such as heme and chlorophyll. As the first bilins were isolated from animal bile, the term bilin was
adopted. The basic structure ofbilins is shown in Figure lA and is characterised by a conjugated double
bond system that results in very distinct colouration. The different colours ofthe individual bilins arise
from the various number ofdouble bonds in conjugation and often determine the pigmentation ofthe
organisms in which they are found. Bilins occurring in photosynthetic organisms have two major roles.
They act as sensors of light quality, intensity, duration and direction when associated with the protein
moiety ofthe photoreceptor phytochrome (Fig. lA).' When bound to phycobiliproteins, phycobilins,
like phycocyanobilin (PCB), harvest visible light and efficiently transfer this energy to the photosyn
thetic reaction centres (Fig. 1C).2This enables certain photosynthetic bacteria to colonise light-limiting
environments unsuitable for other photosynthetic organisms. This chapter focuses on the biochemical
properties of the key enzyme families of bilin biosynthesis, the heme oxygenases and bilin reduerases,
and discusses the variety of roles played by bilins in photosynthetic organisms.

Structure and Spectral Properties of Protein-Bound Bilins
Most naturally-occurring bilins in photosynthetic organisms are covalently anached to proteins

via one or two thioether bonds and examples of different bilin attachments are shown in Figures
IB,C and 2. Single thioether bond-attached bilins can be released ftom the protein by heating to
reflux temperatures in methanol. The methanolysis ofthe thioether bond results in the generation of
an ethylidine group that is conjugated with the chromophoric double bond system. Therefore, "free"
bilins have slightly different absorption propenies than the protein-bound form of the pigment.3,4
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Figure 1. Structure of bilins. A) Basic bilin srrucrure according to the IUPAC convention.57

B) Phytochromobilin is bound to the plant photoreceptor phytochrome via a thioether linkage.
C) PhycocyanobiIin in its protein-linked conformation as it occurs in cyanobacterial phytochromes and
phycobiliproteins.

Funhermore, binding to apoproteins can result in additional bilin isomers yielding a variety of
phycobiliproteins whose absorption spectra completely span the visible light spectrum. These addi
tional bilins do not occur in their free form and include phycoviolobilin (PVB), phycourobilin (PUB),
mesobiliverdin (MBV), bilin 584 and bilin 618 (Fig. 2B). Based on their spectroscopic properties
phycobiliproteins have been classified into four different spectral groups: 1. phycoerythrins (PE)
with "'max = 565-575 nm: 2. phycoerythrocyanin (PEC) with "'max = 575 nm, 3. phycocyanins (PC)
with "'max = 615-640 nm and 4. allo-phycocyanin (APC) with "'max = 650-655 nm. This remarkable
spectral diversity is due to the chemically distinct chromophores with varying numbers of double
bonds, different chromophore-protein linkages (single versus double linked; see Figs. lA,B and 2),
and distinct chromophore environments provided by the different polypeptide chains.5 Funher
more, chromophore-chromophore interactions, as well as interacrions with non-pigmented linker
polypeptides, conrribure [Q the spectral diversity of phycobiliproteins. Due to their role in light
harvesting and energy transfer reactions phycobiliproteins exhibit not only strong absorption prop
erties but are also highly fluorescent. 5 This property has provided a helpful cell biological tool.
Phycobiliprotein-labeled detection reagents have been used extensively in flow cytometry to detect
cell-specific expression of surface antigens.

In conrrast to the wide variety of spectral forms of phycobiliproteins, the spectral properties of
the phytochromes are relatively simple. Phytochromes can exist in two distinct spectral forms that
are photointerconvertibIe. The Peform of P$B-bound oat phytochrome has a "'max = 668 nm (with
a second peak at '" = 378 nm) and can be converted into the Pre form through absorption of red light.
The resulting Pre form has "'max = 730 nm with the second peak shifred to '" = 402 nm.6 For
cyanobacterial phytochromes that utilise a PCB chromophore both the P, and Pre maxima are blue
shifred. For Cph 1 from Synechocystis sp. PCC 6803 the "'max =656 nm and 704 nm respectively,7,B
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Figure 2. Representatives ofprotein-linked bilins. A) Cys-phycoerythrobilin (PEB) and di-Cys PEB as examples
ofthe attachment ofbilins to phycobiliproteins via either one or two thioether bonds (B) Cys-phycourobilin
(PUB), Cys-phycoviolobilin (PVB), Cys-mesobiliverdin !Xu, Cys-bilin 618, Cys-bilin 584 and diCys-bilin
584 are bilins that do not occur in their free form and are only found linked to phycobiliproteins.

Synthesis of Biliverdin IXa by Heme Oxygenases
Biliverdin (BY) !Xu is the precursor of all functional bilins found in photosynrhetic organisms

and is derived by the action of heme oxygenase (HO; [E.G 1.14.99.3]), which oxidises heme at the
a-meso position exclusively to give the !Xu isomer of BY (Fig. 3). There is evidence for at least one
HO with a differenr regiospecificity in rhe opportunistic pathogenic bacterium Pseudomonas
aeruginosa,9 but no equivalenr enzyme has been found in photosynthetic bacteria. The HO reaction
re~uires molecular oxygen and electrons from, ultimately, NADPH and also results in the release of
Fe + and CO. Extensive mechanistic studies on mostly mammalian HOs have led to a good under
standing of the basic HO mechanismlo (see Chapter 6) and currenr evidence suggests that this is
broadly conserved in H Os from photosynthetic organisms. II

One property in which substantial differences have been observed between mammalian HOs
and H Os from photosynthetic organisms is the direct source ofelectrons for the reaction. Mamma
lian HOs require cytochrome P450 reductase while HOs from photosynthetic organisms use ferre
doxin. This was first shown by Cornejo and Bealel2 following partial purification of HO from the
red all1a Cyanidium caldarium, but has subsequently been demonstrated for the cyanobacterial13 and
plant I enzymes. In this larter case it was shown that ferredoxin-dependenr HO activity could be
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Figure 3. The heme oxygenase reaction. In most heme oxygenases the heme macrocycle is cleaved at the
a-meso position to yield BY IXa. To date, only one othet heme oxygenase has been described that has
a different regiospecificity towards heme.9

driven in vitro by light in the presence of rhylakoid membranes, although an NADPH:ferredoxin
oxidoreductase can also be used. II It was recently observed that flavodoxin can partially substitute
for ferredoxin in the cyanobacterial phycocyanobilin:ferredoxin oxidoreductase reaction l4 and it is
possible that flavodoxin could also be used by HOs, although this has yet to be tested.

Two further features of the HO reaction in photosynthetic organisms differ from that previously
observed for HOs from other organisms. Firstly, there appears to be a strong requirement for a second
reductant. Ascorbate is the most effective reagent found to date and stimulates the algal, I5cyanobacrerial16

and plantI I enzymes. Indeed in the absence ofany second reductant the activity ofH0 I fromArabidopsis
thaliana (AtHOl) was reduced by 90%. I J The algal15 and plantI I enzymes also show a requirement for
an iron chelator for full activity. This may reflect the fact that these plastid-localised HOs are usually
operating under very high endogenous iron concentrations that are present in chloroplasts.

The progress in our understanding of the HO reaction in photosynthetic organisms is a reflec
tion of recent developments in the cloning of HO-encoding genes. Two genes with homology to
HOs were identified following the sequencing of the genome of the cyanobacterium Synechocystis
sp. pee 6803. 17 The hoI gene encodes a protein with a predicted molecular mass of27 kDa, which
was shown to be a functional HO by expression in Escherichia coli. 16 However, recombinancly ex
pressed h02 did not show HO activity nor could h02 mRNA be detected in Synechocystis cell cul
tures. 16 It is therefore unclear whether h02 is a functional gene. Genes encoding putative HOs have
also been found in the cWoroplast genomes ofred algae (e.g., Rhodella violacea; ref 18), but it has yet
to be demonstrated that they encode proteins with HO activity.

Plant HO genes were first cloned through the isolation of HO-deficient mutants. The hyl mu
tant ofArabidopsis was originally identified based on its phytochrome-deficient phenotype. 19 The
HYI gene was cloned by chromosome walkinio and a combination of mapping, genome sequenc
ing and candidate gene complementation studies. 21 The HYI protein, now called AtH0 I, is com
prised of 282 amino acids with a predicted mass of 32.6 kDa. This includes a chloroplast transit
peptide of 55 amino acids, which is cleaved to give a mature protein of 26.6 kDa followinli cWoro
plast import.2o Mature AtHOl has also been demonstrated to have HO activity in vitro. I ,20 Both
the plant and cyanobacterial enzymes contain the conserved His residue (His-86 [His-31 afrer tran
sit peptide cleavage] and His-17 respectively refs. 11,16) that serves as the proximal heme ligand
in the mammalian enzymes (His-25; ref. 10).

Remarkably, there are actually four putative HO genes in Arabidopsis, more than have been identi
fied in any other organism to date.22,23 These genes fall into two sub-families: the HOI-like genes that
include HOI, H03 and H04, and H02. HO activity has yet to be demonstrated for any Arabidopsis
HO other than AtHOl. There is some physiological evidence that AtH02 can contribute to
phytochromobilin (P<I>B) synthesis implying some functional activity,22 but given that AtH02lacks
the conserved His residue required for heme binding, this observation will require further verification.
Analysis ofthe expression ofAtHOl and AtH02 indicate that both genes are expressed throughout the
plant,22 but in contrast to AtHOl the cellular location of AtH02 is not known. This is also true for
AtH03 and AtH04 although all three also have putative cWoroplast transit peptides.22
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Comparative analysis ofHO sequences across all organisms demonstrates that HOs from photosyn
thetic organisms all lack the C-terminal membrane anchor present in marnmalian HOs. lO However,
while the biochemical properties of HOs from photosynthetic organisms are conserved, and indeed
nuclear-encoded Arabidopsis proteins predicted to be ofplastid origin have generally been shown to be
similar to proteins from cyanobacteria, such a close relationship is not supporred by current sequence
alignments ofthe core catalytic domain (i.e., excluding N-terminal targeting sequences and C-terminal
anchors; refs. 22,23). In these cases, plant HOs were equally divergent from cyanobacterial and mam
malian HO genes with these latter two groups being more closely related. Whether these analyses ad
equatdy refleer the evolutionary rdationship of these genes is unclear at present.

Biosynthesis ofBilins by Ferredoxin-Dependent Bilin Reduetases
The major breakthrough in the study of bilin reduerases was made through the identification of

the genetic defect in the P4>B-deficient hy2 mutant ofArabidopsis thaliana. 24 The cloning ofthe HY2
gene was the basis for an extensive bioinformatics approach that led to the identification of a whole
new class of enzymes.24,25 As shown in Figure 4, ferredoxin-dependent bilin reduerases catalyse the
second step ofthe biosynthesis ofthe chromophore precursors ofphytochromes and phycobiliproteins
via three major independent pathways. Enzymes bdonging to the ferredoxin-dependent bilin reduc
tase family are involved in the two- or four-deerron reduction ofopen-chain terrapyrroles. Formally,
these reaerions resemble those catalysed by mammalian biliverdin reduerases (BVRs; see also Chapter
6), but instead use ferredoxin as a reductant (Fig. 4). However, ferredoxin-dependent bilin reduerases
and BVRs are not evolutionarily rdated.26 The following paragraphs will describe the distinct bio
chemical pathways leading to the three major bilins found in photosynthetic organisms:
phytochromobilin (P4>B), phycoeryrhrobilin (PEB) and phycocyanobilin (PCB).

Biosynthesis ofPhytochromobilin
The biosynthesis of the direct chromophore precursor of the plant photoreceptor phytochrome,

P4>B is catalysed by phytochromobilin synthase (P4>B synthase; E.e. 1.3.7.4) through the two-deerron
reduction ofBV IXu to 3Z-P4>B. The reaction requires reduced ferredoxin as an electron donor and
targets the 2, 3, 31,32-diene system of BV IXu and therefore formally represents a phytochromobilin:
ferredoxin oxidoreduerase.26 In contrast to the multiple genes encoding HOs, the Arabidopsis thaliana
P4>B synthase is encoded by a single gene.24 Moreover, P4>B synthase is a very low abundance enzyme
in plants with a high turnover rate.27 The HY2 gene encodes a protein with a predicted molecular mass
of 38.1 kDa including a 45 amino acid chloroplast transit peptide.24 Chlor~last localisation was
confirmed both biochemicall17 and through the use of GFP fusion proteins? The cloning of HY2
enabled the direer comparison ofthe biochemical properties ofthe recombinant and native enzyme.25,27

Both enzymes are monomeric in struerure and require ferredoxin for catalytic aerivity. In contrast to
the native P4>B synthase that exclusively produces the 3Z-isomer ofP4>B, recombinant HY2 converrs
BV to a mixture of3E-and 3Z-isomers. However, it is postulated that 3Z-P4>B is the sole produer and
formation of 3E-P4>B is triggered by glutathione in the chromatography buffer.25 Interestingly, P4>B
synthase activity has also been identified in the methylotrophic yeast Pichia pastoris.28 This phenom
enon was first identified during the expression of a cDNA clone encoding algal phytochrome, which
led to the synthesis ofholo-phytochrome without the addition ofexogenous bilin. Although the gene
encoding the P. pastoris P4>B synthase has not yet been cloned, it was shown that P. pastoris extracts
harbour an activity that can convett BV to 3Z_P4>B.28 To date, no HY2 homologues have been identi
fied in the genomic databases of nonphotosynthetic organisms.

Biosynthesis ofPhycoerythrobilin
Until recendy, all data on phycobilin biosynthesis were obtained from classical biochemical experiments

on native enzyme preparations or extracts. Beale's pioneeringwork on phycobilin biosynthesis in the meso
philic red alga Cyanidium caldarium contributed much to ourcurrent knowledgeabout these enzymes.3,29-32

These investigations revealed that the formation ofthe two major phycobilins, PCB and PEB is catalyzed by
two ferredoxin-dependent bilin reducrases as wdl as several double bond isomerases with the biosynthesis of
PCB proceeding through the isomerisarion ofPEB. Starting from the common precursor ofall phycobilins,
BV IXa, the first bilin reductase caralyses the two-decrron reduction at the CI5 methine bridge ofBV IXa
yidding 15, 16-dihydrobiliverdin IXa (I5, 16-DHBV). This sernireduced intermediate is then further
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reduced to 3Z-PEB by a second bilin reductase. 13,32 Beale's original data could partly be confirmed by the
cloning of genes encoding the bilin reduaases 15,16 dihydrobiliverdin:ferredoxin oxidoreductase [E.C.
1.3.7.2] (pebA) and phycoerythtobilin:ferredoxin oxidoreductase [E.C. 1.3.7.3] (peblJ) from various
cyanobacteria and oxyphotobacteria.25 These genes are usually organised in operons, in Prochwrococcur sp.
even forming an operon together with the gene encoding HO (see Table I). This is most intriguing since
these organisms lack phycobilisomes. In Synechococcur sp. WHS020 the;ebA and ;ebB genes are in dose
association with the phywbiliprotein gene duster supporring their role in phywbilin biosynthesis.33 Re
combinant expression of pebA and pebB genes from various sources verified their involvement in
ferredoxin-dependent reduction ofBV and 15,I6-DHBY, respeetively.25

Biosynthesis ofPhycocyanobilin
The biosynthesis of PCB seems to be rather more complex than for the other major bilins and to

date three different biochemical pathways have been described (Fig. 4). The best characterised of
these pathways is that mediated by the ferredoxin-dependent bilin reductase phycocyanobilin:ferredoxin
oxidoreductase, PcyA [E.C. 1.3.7.5]. The pcyA gene was identified following the cloning ofHY2and
is found in all phycocyanin containing cyanobacteria as well as in oxyphotobacteria.25 PcyA catalyses
an atypical four-electron reduction of BV IXu to form 3Z-PCB (Fig. 4). In agreement with other
bilin reductases, PcyA is a monomeric enzyme with a relative molecular mass of30 kDa that forms a
tight and stable stoichiometric complex with its substrate BV IXu. 14 The enzyme favours plant-type
[2Fe-2S]-ferredoxins as reductants, however, flavodoxin can also serve as an electron donor. Interest
ingly, chlorof,last-targeted PcyA can function in Arabidopsis to fully rescue the phytochrome-deficient
hy2 mutant. 4Recent H PLC analyses have established that the catalysis proceeds via the semireduced
intermediate IS1,IS2-DHBV, indicating that exo-vinyl reduction precedes A-ring (enda-vinyl) re
duction (Fig. 4). Moreover, the use of an anaerobic assay for PcyA has established that both reduc
tions proceed via radical intermediares.35 Substrate specificity studies determined that the arrange
ment ofthe A- and D-ring substituents alters the positioning ofthe bilin substrate within the enzyme,
therefore influencing the course of catalysis. 14

Another pathway leading to PCB has been described in Mesotaenium ca/dariorum. In this
green alga, 3Z-P<t>B is a detectable intermediate in the conversion of BV to 3Z-PCB, which
functions as the phytochrome chromophore in this organism.36 This formal phytochromobilin
reductase (designated PcyB by Frankenberg and Lagarias ref. 26) remains to be isolated and the
corresponding genes to be cloned.

In contrast to the identified bilin reductase that catalyses a direct four electron conversion of BV
to PCB, the biosynthesis of PCB in the red alga C. ca/darium proceeds via 15, 16-DHBV and
PEB.13.3o.32 This result was surprising since C. ca/darium does not contain phycoerythrin or other
PEB-containing phycobiliproteins.3 A similar pathway was postulated for cenain cyanobacteria.I3
Theoretically this reaction is likely to involve the sequential action of the two bilin reductases PebA
and PebB (as described above) and the subsequent action ofan as yer unidentified PEB:PCB isomerase
(designared PcyC by Frankenberg and Lagarias ref. 26). Interestingly, the bilin reductase genes pebA
andpebB are only found in phycoerythrin-containing cyanobacteria (Table 1). Exclusively phycocya
nin containing cyanobacteria carty the single bilin reductase gene, pcyA (Table 1; ref. 25). Until the
bilin reductases and isomerases are cloned from C. ca/darium it remains unclear which enzymes/
genes are involved in the formarion of PCB in this and other related organisms.

Biosynthesis ofChlorophyD.-Derived Bilins
The bioinformatics approach to identifying the HY2-farnily ofbilin reductases revealed another

interesting enzyme that had weak homologies to HY2.25 Red cWorophyll catabolite reductase (RCCR)
had been previously cloned and characterised from barley and is involved in cWorophyll degrada
tion.37 During cWorophyll degradation the tetrapyrrole macrocycle is dephytylated and the meral is
removed which results in pheophorbide a (see Chapter 17). This macrocyclic intermediate is
ring-opened by pheophorbide a oxygenase which yields a cWorophyll-derived bilin product, red
chlorophyll catabolite (RCC). RCC is then reduced by the ferredoxin-dependent RCCR to produce
the colourless primary fluorescent cWorophyll catabolite.38 The reaction catalysed by RCCR is chemi
cally similar to that catalysed by PebA; both reactions involve the reduction ofa 15, 16-double bond.
The chemically analogous pathways ofheme and chlorophyll degradation therefore seem to utilise at
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least one enzyme from the same enzyme family. Although the reactions are similar, RCCR is the
most diverged member of the bilin reductase family, having a defined substrate specificity for
chlorophyll-derived bilins. Therefore, it was not surprising that RCCR is unable to metabolise
heme-derived bilins such as BV or pcI>B.37

Cyanobacterial Biliverdin Reductase
A vety interesting and unique enzyme was identified by Schluchter and Glaze~9 during a

search for genes encoding enzymes that catalyse reactions in the phycobilin biosynthetic pathway.
They identified an open reading frame (bvdR) in Syneehoeystis sp. PCC 6803 that had sequence
similarity to mammalian BVR (see Chapter 6). Recombinant cyanobacterial BvdR catalyses the
NADPH-dependent reduction ofBV IXa at the C10 methine bridge to bilirubin (BR) !Xa (Fig.
4). In contrast to mammalian BVR, the cyanobacterial enzyme has a pH-optimum of5.8 (pH 8.8
in mammals) with a high substrate specificity towards BY. This su~ests that BvdR does not
metabolise phycobilins, the key precursors of the phycobiliproteins.3 Interestingly, the conver
sion of BV to BR seems to interfere with the normal phycobiliprotein biosynthesis since a bvdR
interposon mutant lacks phycocyanin.39

Assembly of Phycobiliproteins and Phytochromes
As discussed above, bilins are covalently linked to phycobiliprotein or phytochrome apo-proteins

via thioether linkages and these linkages are much more varied in phycobiliproteins than in the phyto
chromes (Figs. 1B,C and 2). Consequently the assembly of the bilin chromophores is also highly
divergent. Phytochrome apoproteins contain their own C-S lyase activity and bilin ligation is therefore
autocatalytic in these proteins. This was first demonstrated for full-length recombinant phytochrome
by Lagarias and Lagarias.4O Subsequently, the bilin lyase domain has been further defined by a combi
nation of sequence analysis and recombinant expression to a region of just 130-180 amino acids.41

Interestingly, this domain is related to a broader class of small-molecule-ligand-binding motifs called
GAF domains.1.41 Since phytochromes in higher plants are synthesised in the cytosol and, as we have
seen, P<I>B is synthesised in plastids, the assembly ofholophytochrome poses an interesting cell biologi
cal problem. Presumably, assembly also takes place in the cytosol, a result that is supponed by the
phytochrome-deficient phenotype of transgenic Arabidopsis plants expressing a cytosolically-loca1ised
BVR.42 Whether PcI>B is specifically transponed or chaperoned prior to assembly is unknown.

The first studies on phycobiliprotein assembly studies also revealed that PCB and PEB spon
taneously anach to recombinant subunits ofapo_phycocyanin.43-45 However, although this spon
taneous assembly resulted in thioether adducts, in this case the structural and spectral propenies
were mainly unnatural and a requirement of a C-S lyase for correct bilin attachment to
apo-phycobiliproteins was postulated. This was later confirmed by the identification of the epeE
and cpeF genes encoding subunits of a phycocyanin lyase.46 The propenies of this bilin lyase
comglex are well characterised and even have been shown to function in a heterologous host E.
eo/i. The CfccEF complex catalyses the attachment and removal of PCB to the a-subunit of
phycocyanin. 6 Bilin lyases that attach the additional chromophores to the ~-phycocyanin sub
unit remain to be identified. Additional bilin lyases that harbour an internal isomerisation activ
ity have been identified in Mastigoeladus laminosus (Fisehere/la). 48 The peeE and peeFgenes encode
a bilin lyase complex that catalyses the attachment of PCB to apo-phycoeryrhrocyanin and its
subsequent isomerisation to PVB.49.50 Other bilin lyases involved in attachment and/or
isomerisation ofbilins to apo-phycobiliproteins remain to be identified.

The Roles of Bilins in Photosynthetic Organisms
The cwo major roles for bilins in photosynthetic organisms are relatively well understood. In

land plants PcI>B functions as the chromophore of the phytochromes, a small family (three-five) of
dimeric red/far-red reversible photoreceptors. These photoreceptors mediate a broad range ofphysi
ological responses to light (see Chapter 13). Phytochromes or phytochrome-related proteins are
thought to be present in most photosynthetic organisms (Table 1), but interestingly their evolu
tionary history appears to be even older than that, as phytochromes have been found in
nonphotosynthetic eubacteria and fungi (see ref. 1 for a discussion of phytochrome evolution). In
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contrast to the situation in land plants, cyanobacterial and algal phytochromes appear to utilise
PCB as the chromophore. This has been established by comparison of purified phyrochromes from
endogenous and recombinant systems in both the green algaMesotaenium caUariorurrfl6 and Synechocystis
sp. PCC 6803.8 Remarkably, phytochrome-like proteins in the nonphotosynthetic eubacteria
Deinococcus radioduram and Pseudomonas aeruginosa use BV IXa as a chromophore, which was first
suggested to bind to a His residue rather than the conserved Cys present in other phytochromes.51 BV
IXa can also be utilised by the two phytochromes from Agrobaeterium tumefaciens, it appears to be
bound to a Cys outside the defined bilin lyase domain and seems to be the chromophore attachment
site in most bacterial phytochromes.52 Although a great diversity of phytochrome-like proteins have
now been identified in bacteria their physiological roles are still poorly understood (see Chapter 13).

In contrast ro phytochromes, phycobiliproteins are arranged into larger aggregates called
phycobilisomes (PBS; re£ 2). PBS are peripheral membrane complexes that efficiently collect
light and, through fluorescence resonance energy transfer, conveying it to a special pair ofchloro
phyll molecules located in the photosynthetic reaction centre. PBS can comprise approximately
30% of the cellular protein and can be divided into two structural domains, core and rods. Be
sides the chromophorylated phycobiliproteins, these domains also contain nonpigmented linker
polypeptides. All PBS consist of the PCB-containing phycobiliproteins APC and Pc. Depending
on the organism, many PBS also contain PE and PEC (Table 1). In many cyanobacteria pigmen
tation changes with environmental light quality. In a process called complementary chromatic
adaptation certain cyanobacteria can alter their protein-pigment composition to ensure maximal
quantum efficiency for light harvesting (for a review see re£ 53). Interestingly, in the cyanobacterium
Fremye/la diplosiphon this process is regulated through a phytochrome-like sensor RcaE that per
ceives the light signal and starts a phosphorelay that controls the transcription of the
phycobiliprotein operon.54

In addition to their roles in light sensing and harvesting, recent evidence is increasingly pointing
to a signalling role for bilins. One dramatic example from the animal kingdom is the role ofBV IXa
in dorsal axis development in Xenopus laevis embryos,55 but the phenotypes of plants with altered
bilin metabolism also suggest such a possibility.42 Another example is the regulatory phenotype of
the bvdR mutant of Synechoeystis sp. PCC 6803 mentioned earlier.39 Certainly the importance and
prevalence ofbilins for photosynthetic light harvesting makes a putative signalling role for bilins in
coordinating the synthesis and assembly of the light-harvesting apparatus a strong possibility and it
has been hypothesised that progenitor phytochromes were bilin sensors. I

A slightly overlooked role for bilins and their biosynthetic enzymes in photosynthetic organisms
is a catabolic one. This can be dearly seen for RCCR which is required for chlorophyll degradation,
but it should be borne in mind that in plants HOs in particular may be just as important for heme
degradation as Pet>B synthesis. One important aspect of this process may be iron reutilisation as has
been seen in animals (see Chapter 6). In this regard, it is interesting that while Arabidopsis contains
only a single gene encoding Pet>B synthase, it has four HOgenes. AtHOl dearly has a dominant role
of Pet>B synthesis for phytochrome, but it is possible that the other HOs are more important for
heme degradation. The control of heme degradation is also likely to be significant because of the
important regulatory role of heme in tetrapyrrole metabolism in plants. 56

Note AtlJ.ed in Proof
During the proofstage ofthis chapter significant contributions have been made on the enzymol

ogy of ferredoxin-dependent bi/in reductases. While PebA and PebB were shown to be involved in
metabolic channeling of the intermediate 15, 16-DHBV from one enzyme to the other,58 a new
enzyme involved in PEB biosynthesis has been discovered in the eyanophage P-SSM2. This unusual
enzyme, designated PEB synthase (PebS, E.C. 1.3.7.6) catalyzes the four-electron reduction of BV
to PEB with the intermediacy of 15, 16-DHBY. Therefore, PebS represent a perfect form of meta
bolic channeling by combining two activities in one enzyme.59 Furthermore, the crystal structures
of this enzyme as well as those of PcyA from Synechoeystis sp. PCC 6803 and Nostoc sp. PCC 7120
have been solved.6o.62 They all revealed the same overall fold comprising an albIa-sandwich. In the
structures with bound substrate, BV adopts a porphyrin-like conformation with the propionate side
chains facing the solvent side.
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CHAPTER 13

Phytochromes:
Bilin-Linked Photoreceptors in Bacteria and Plants
Matthew J. Terry* and Alex C. McCormac

Abstract

T he phytochromes and related prokaryotic photoreceptors utilise a linear tetrapyrrole
chromophore to monitor the surrounding light environment. They are found in most
photosynthetic organisms, and also some nonphotosynthetic bacteria from which they most

likely evolved. A key feature of the phytochromes is that they respond to light in a photoreversible
manner. In plants, red light leads to the formation of Pfr, the physiologically-active phytochrome
species, while far-red light reverses this process to give the Pr form. Prokaryotic phytochromes are
also photoreversible, and are thought to be involved in regulating processes such as chromatic adap
tation, phototaxis and pigment synthesis. In the model plant Arabidopsis thaliana there are five
phytochromes that are involved in regulating all stages of plant development from germination
to flowering. They also playa key role in chloroplast development and the regulation of the
tetrapyrrole pathway.

Introduction
The phytochromes are large, soluble proteins that perceive light quantity (intensity and period

length) and spectral quality (i.e., wavelength composition) to enable organisms to respond
optimally to the changing environment. Such phototeceptors were thought to have evolved for
plant adaptation to unfavourable light environments, but phytochromes and related proteins
have now been identified in photosynthetic bacteria (cyanobacteria and purple bacteria),
nonphotosynthetic eubacteria and fungi and are clearly much more ancient in origin. I

•
2

The existence of a red/far red (R1FR) light photoreceptor in plants was established during the
last century through a series of pioneering experiments on the regulation of flowering and germina
tion by light (see ref. 3 for a history of phytochrome research). The photoreceptor was termed
phytochrome and purification of this protein from oat seedlings led to the proposal that phyto
chrome ultilised a linear tetrapyrrole-like chromophore. The structure and thio-ether linkage of the
bound phytochromobilin (P<J>B) chromophore was subsequently established by IH-NMR spectros
copy and is shown in Figure I (reviewed in re£ 4). The precursor of the bound phytochrome chro
mophore, P<J>B, is synthesised in the plastid from the heme branch of the tetrapyrrole pathway4 (see
Chaprer 12). Molecular cloning of phytochrome led to the identification ofmultiple phytochrome
species in higher plants, with the model plant Arabidopsis thaliana L. (and many other
dicotyledenous plants) containing five phyrochromes (phyA-E), while monocotyledonous
plants typically have three.5

Extensive, but unsuccessful, attempts to identify phytochrome in the model green alga Chlamy
domonas reinhardii had led to the assumption that this photoreceptor was not widespread in na
ture. However, the sequencing of the Synechoeystis sp. PCC 6803 genome opened the floodgates of
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Figure 1. The structure of the bound phytochrome chromophore, P<I>B. P<I>B has only been identified in
phytochromes from flowering plants. Algal and some cyanobacterial phytochromes use PCB while all other
bacterial phytochromes use BY (see Chapter 12 for additional structures).

phytochrome diversity6,7 and phytochromes have now been identified not only in plants and
cyanobacteria, but also in purple bacteria, proteobacteria and fungi. I

,2 As discussed later the
apoproteins ofthese divergent phytochromes have various combinations ofdifferent structural and
functional motifs. They also use different bilin chromophores. Phycocyanobilin (PCB) is used by
cyanobacterial and some algal phytochromes,8.9 while bacterial phytochromes (BphPs) use biliver
din IXu (BY; see Chapter 12 for structures). 10 However, they all appear to share a common mecha
nism of bilin and light-dependent conformational changes resulting in altered biochemical and
physiological activities.

The Phytochromes-A Diverse Family of Photoreversible
Photoreceptors

As illustrated in Figure 2, the phytochromes show considerable variation in their molecular con
struction, and range in size from the 1465 amino acids of the phy3 protein of the fern Adiantum
capillus-veneris to the cyanobacterial Cphl proteins ofapproximately 750 amino acids. The smallest
phytochrome-like protein described to date is the cyanobacterial photoreceptor RcaE at only 655
amino acid residues. I I The plant phytochromes are all typically about 1150 residues (with molecular
masses of 120-130 kDa). However, although phytochromes show great diversity at the molecular
level they mostly conform to a simple model of an N-terminal photosensoty or input domain con
taining the bound linear tetrapytrole chromophore linked to a C-terminal regulatory domain (Fig.
2). Higher plant phytochromes are well conserved and contain a serine-threonine kinase regulatory
domainl2 and a PAS-related domain (PRO) containing two PAS repeatsI 3 that may be involved in
dimerization and/or allosteric regulation. I However, it is important not to assume that the regula
tory domain is the primary mediator ofsignal propagation. It was recently shown in Arabidopsis that
the N-terminal domain of phyB can complement a phyB mutant when dimerized and correctly
targeted to the nucleusl4 indicating that this region of the protein alone can fulfil most of the
signalling functions ofphytochrome. It is possible that the kinase domain may have a role in regulat
ing the extent of phytochrome signalling through autophosphorylation. The C-terminus is also
clearly important for mediating light-dependent nuclear localizationl5 and protein-protein interac
tions. Indeed, various potential signallinyt,artners interacting with the C-terminal domain of plant
phytochromes have now been identified. In addition, as mentioned above, regions within both the
PRO and kinase (HKRD) domains have been implicated in phytochrome dimerization in plantsP
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Figure 2. Domain structures of phytochromes and phytochrome-like proteins illustrating the diversity
of this class of phororeceptor. All phytochromes possess an N-terminal photosensory domain including
abilin covalently bound to acysteine ofasmall-molecule-ligand-binding (GAF) domain I and aC-terminal
regulatory domain that is much more variable. Examples of tegulatory domains include the histidine
kinase domains (HKD) of Cphl and the BphPs and the histidine kinase related domain (HKRD) of
almost all plant phytochromes. One exception is the phototropin-like domain (PHOn of Adiantum
capillus-veneris phy3. This phytochrome-like ptotein is found only in a subclass of ferns. '9 Plant phy
tochromes also possess a PRD domain containing two PAS domains. The binding of the chromophores
PphiB, PCB and BV are indicated.

Kinase domains, in various forms, are a common feature of the phytochrome regulatory
domain. One unusual example is the phy3 protein from Adiantum (see Fig. 2). In this case a
higher plant-like photosensory region is linked to a nearly full-length homologue of the blue-light
photoreceptor PHOTI containing a serine-threonine kinase domain. IS Like its PHOTI coun
terpart, Adiantum phy3 is required for chloroplast relocarion and phototropism, but in this case
to R light. 19 Another surprising example is the Ppr protein from the purple photosynthetic
bacterium Rhodospirillum centenum.20 This photoreceptor kinase has sequence similarity with
both photoactive yellow protein and the phytochromes, but although it shows similarity through
out the phytochrome sequence it is more likely to use the blue-light absorbingp-hydroxycinnamic
acid chromophore than a linear tetrapyrrole. 20 Most cyanobacterial phytochromes also contain
kinase domains. The first of these to be characterized, Cph1 from Synechocystis, was shown to
exhibit histidine kinase activity and appears to function as part of a two-component regulatory
system, phosphorylating the response regulator Rcpl, in a light-dependent manner.7 Cphl his
tidine kinase activity is specific to the R-absorbing Pr form of the protein. However, although
the serine-threonine kinase domain of eukaryotic phytochromes is evolutionarily related to the
prokaryotic histidine kinase domain, this activity is greater in the pfr form, the physiologically
active form ofphytochrome in plants. 12 Most prokaryotic phytochrome-like proteins characterised
to date exhibit histidine kinase activities (e.g., refs. 21,22) with the notable exception of Cph2
from SynechocystiP and it is likely that this is the primary signal transduction mechanism for
phytochromes in bacteria.
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Phytochrome Photosensory Domains
One property considered to be characteristic of the phytochromes is that they exist in two

photoreversible conformational forms that are relatively stable in vitro. Indeed the absorption spec
tra of phytochromes across the whole extended family are remarkably similar. Higher plant phyto
chromes are synthesised in the Pr form with a Amax =668 nm (for oat phyA).24 Irradiation with R light
results in conformational changes in the protein and an altered, P& absorption spectrum (Amax =

730 nm). These conformational changes can be reversed with FR light. However, since both Pr
and P& also absorb FR and R light respectively, even monochromatic light treatments result in a
photoequilibrium between these two states. This is illustrated in Figure 3, which shows spectra of
CphA &om the cyanobacterium Calothrix sp. PCC 7601 expressed and purified using an £. coli
expression system. For CphA the absorption maxima are blue-shifred compared with those of oat
phyA primarily because CphA uses PCB as the chromophore (Table 1). PCB has a D-ring ethyl
group rather than the vinyl group present on P<I>B and thus a shoner It-electron system that shifrs
the absorption maxima to shoner wavelengths. The primary photoconversion event is the isomeriza
tion ofthe C15-C16 double bond (see Fig. 1) &omZ to E such that the extendedZZZconfiguration
of the chromophore in Pr is changed to ZZ£.25.26 The chromophore is thought to remain proto
nated throughout photoconversion.27 The photochemistry ofthe photoconversion process has been
extensively studied and although some areas of the photoreaction mechanism are still controversial
there is substantial information on the intermediates present during both the conversion from Pr to
P& and the reverse pfr to Pr reaction.28

The spectral propenies of the phytochromes are dependent on both the chromophore used and
its protein environment. As discussed above, the first phytochrome chromophore to be characterised
was P<I>B (Fig. 1) and it is likely that all higher plant phyrochromes use this chromophore. Al
though it had lon~ been known that purified apophytochromes could assemble with other
bilin chromophores 9 the first phytochrome shown to use an alternative to P<I>B was &om the green
alga Mesotaenium caldarorium, which uses PCB.8We now know that many prokaryotic phytochromes
also use PCB,7·9 which is already produced in abundance in these photosynthetic species. The bilin
chromophores, P<I>B and PCB. are both synthesized via the precursor BY. Both of these bilins con
tain an A-ring ethylidene group (see Chapter 12 for structures and biosynthetic details) thought to
be essential for covalent anachment and it was therefore a surprise to find that BY, which lacks this
group, appears to be the chromophore for a broad range of BphPs that have been identified through
evermore extensive bioinfomatic analyses in both photosynthetic and nonphotosynthetic bacte
ria (see Fig. 2). They were originally identified in the eubacteria Deinococcus radiothurans and
Pseudomonas aeruginosa,IO·30 but have been more extensively characterized &om Agrobacterium
tumefaciens, a soil-borne plant pathogen,21·31-33 The BY chromophore is also covalently bound result
ing in an absorption spectrum that is red-shi&ed compared with P<I>B due to an extended Tt-electron
system (see Table 1). Interestingly, the range ofbilin chromophores utilised in nature may yet be
extended. For example, the RcaE photoreceptor can bind bilins covalently and is required for R and
green responsiveness,11 while Pix]1 from Synechoeystis exhibits a blue (Amax = 435 nm)-green (Amax =
535 nm) difference spectrum.34

In eukaryotic phytochromes the chromophore is covalently-bound via a thio-ether linkage to a
unique cysteine residue that resides within a defined bilin lyase domain of about 130-180 amino
acids.23 This bilin lyase domain is related to GAF domains that have been identified as binding small
molecules and ligands in a wide variery of contexts35 and it has been proposed that phytochromes
evolved &om bilin sensors. I It is a feature of all phytochromes that assembly is autocatalytic and in
this way differs considerably &om the assembly of bilins into phycobiliproteins that requires addi
tional bilin lyases.36 Studies on the kinetics ofholophytochrome assembly have resolved two major
steps: a r~id noncovalent association followed by a slower phase during which the covalent bond is
formed. 3 .38 Interestingly, not all phytochromes contain the conserved cysteine within the GAF
domain, most notably in the BphPs. The search for additional covalent anachment sites for their BV
chromophores led to some controversy in the field and two sites have been proposed. The original
suggestion was that the chromophore was anached to a conserved histidine residue immediately
C-rerminal to the cysreine via a Schiff base-like linkage.30.39 However, a more likely hypothesis has
been put forward in which BY binds covalently to an alternative cysteine (Cys20 in Agpl) that
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Table t. Spectral properties of the phytochromes

Pr Difference pfr Difference
Organism Protein Chromophore1 Amax (nm) Amax(nm) Reference

Avena sativa L. purified P«I>B 668 732 24
phyA

Arabidopsis recombinant P«I>B 665 728 42
thaliana L. phyB
Arabidopsis recombinant P«I>B 661 725 85
thaJiana L. phyC
Arabidopsis recombinant P«I>B 670 724 85
thaliana L. phyE
Mesotaenium purified PCB 646 720 8
caldariorum and recomb-

inant
Synechocystis purified PCB 656 704 9
sp. PCC 6803 Cph1 2

Synechocystis recombinant PCB 656 706 9
sp. PCC 6803 Cph1
Synechocystis recombinant PCB 643 690 86
sp. PCC 6803 Cph2
Calothrix sp. recombinant PCB 664 708 39
PCC7601 CphA
Calothrix sp. recombinant BV 702 754 39
PCC7601 CphB
Agrobacterium recombinant BV 701 750 31
tumefaciens Agp1
oeinococcus recombinant BV 698 750 10
radiodurans Or BphP

'Abbreviations: BV, biliverdin IXu; PCB, phycocyanobilin; P«I>B, phytochromobilin.
2A His-6 tagged Cph1 was expressed in Synechocystis sp. PCC 6803 under the control of the psbA2
promoter.
The difference maxima and minima for phytochromes characterised from higher plants, a green alga,
cyanobacteria and non-photosynthetic eubacteria are shown.

resides N-terminal to the conventional GAF domain. 31-33 Covalent attachment at this site has an
absolute requirement for an A-ring vinyl side chain32 in contrast to the A-rinf ethylidene group that
is a prerequisite for holophytochrome assembly within the GAF domain.4 It has been proposed
that this N-terminal cysteine is the original site ofchromophore ligation in the phytochromes
and that the site subsequently switched to the cysteine within the GAF domain.2 One reason
for the original confusion over chromophore binding sites was that mutation of the conserved
histidine residue in the GAF domain abolishes covalent attachment to rhat cysteine residue. 30

•
41

In the absence of detailed structural information on the phytochromes little progress has been
made in identifying additional residues critical for chromophore binding and spectral integrity
with the exception of a conserved glutamate N-terminal to rhe GAF-domain cysteine. 23 In con
ttast, experiments using chromophore analogues have identified the D-ring as having a key role in
photoreversibility while the propionic acid side chains of the B- and C-rings appear crucial for
correct chromophore positioning. 42 Interestingly, it has also been shown that the O-ring vi
nyl side chain of P«I>B is essential for the bioloAical activity of phytochrome A with PCB unable
to mediate responses to continuous FR light.
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Figure 3. UVIvisible absorption spectra for CphA from Calothrixsp. PCC 7601 reconstituted in vitro with
PCB. A) Differencespectrum created bythe subtraction ofthe P& from Prspectra shown in B. B) UVIvisible
absorption spectra for the red-light (Pr; dark (blue) line) and far-red (P&; light (turquoise) line) absorbing
forms ofCphA. Absorption maxima and minima are indicated. (Adapted from ref. 87). A color version of
this figure is available online at www.eurekah.com.

Physiological Roles of Phytochrome-Like Proteins in Prokaryotes
The proliferation of information about phytochrome-like sequences in prokaryotes has not been

matched by information about their physiological roles. Indeed, for phytochromes identified through
bioinformatic approaches this information is only just beginning to appear. The only reponed phe
notype for a Synechoeystis mutant deficient in Cph1, the best characterised ofthe prokaryotic phyto
chromes at the molecular level, is a reduced growth rate in both high light (165 !!molm-2s- 1

) and FR
light.44 No effect was seen on the acclimation of the photosynthetic apparatus. Similarly a cph2
mutant grew more slowly in both high and R light.44 Cph2 also appears to have a role in inhibiting
phototaxis towards blue light. 45 More defined physiological roles have been determined for
phytochrome-related proteins identified through genetic screens for impaired photoresponses in
cyanobacteria. This approach has led to the identification ofPixJl required for positive phototaxis
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in Synechocystis,34 CikA, a BphP required for light input to the circadian clock in SynechococcuP and
RcaE that is involved in regulating complementary chromatic adaptation in Fremye/Ia diplosiphon.1 1

Another interesting example comes from the symbiotic photosynthetic Bradyrhizobium ORS278
strain. In this strain a gene encoding a BphP was located downstream of a photosynthetic gene
cluster and exptession of the complete photosynthetic appatatus was dependent on this Bphp' 46

All of these examples might be interpreted as providing information about the light environment
to optimise photosynthesis: a primary role rather similar to their higher plant counterpans (see
later). But what of BphPs in nonphotosynthetic bacteria? One example is from the heterotrophic
eubacterium Deinococcus radiodurans in which a BphP is requited for the light-induced synthe
sis of protective carotenoid pigments.3o

Phytochrome Function in Flowering Plants
From a physiological perspective the phytochromes from flowering plants are the best

understood of this photoreceptor class. This reflects both the long history of phytochrome tesearch
by plant physiologists and a broad range of agricultural benefits from understanding and manipu
lating plant growth and development. The ratio of Rand FR light provides spectral cues that
are particularly useful for signalling to the plant information about the surrounding vegetative
environment. This has important implications for avoidance and adaptive strategies in light-seeking
and -harvesting. The phytochrome-mediated control ofgrowth and development occurs throughout
the plant's life cycle from seed germination, through sculpturing of vegetational architecture, to floral
induction and senescence. In fact, the various phytochrome isoforms have extremely pleiotropic
and overlapping roles encompassing transcriptional regulation, chloroplast development, growth
inhibition, leaflet/organelle movement and daylength perception in floral initiation (for compre
hensive reviews see refs. 3,47-51).

The most dramatic, and therefore most studied, of the phytochrome-regulated developmental
steps is the progression from the etiolated form ofyoung seedlings growing in complete darkness, to
the light-grown plant that is competent for photosynthesis. In lower ~lants, phytochrome
photoperception has a primary role in the detection of the direction of light. 2 In the evolutionary
development to angiosperms a new developmental strategy in darkness evolved, termed
skotomorphogenesis. Whereas sporophytes ofalgae, mosses and ferns follow almost identical devel
opmental patterns in light or dark, in angiosperms the developmental pathways leading to a photo
autotrophic plant are suppressed in the dark. The transition from skotomorphogenesis (where seed
lings are existing on seed-reserves) to photomorphogenesis (where the development of functional
chloroplasts allows photosynthesis to occur) requires a phytochrome-mediated light switch. This
transition is characterised by a distinct change in seedling morphology. Dark-grown seedlings have
elongated hypocoryls, closed coryledons, an apical hook and undifferentiated plastid structures
whereas, the autotrophic seedlin~ has inhibited hypocotyl growth and expanded cotyledons
with functional chloroplasts. 53. 4 Gymnosperms represent an intermediate state where the
skotomorphogenic lifestyle is characterised by some typically photomorphogenic features such as
chlorophyll synthesis and the initiation ofchloroplast development even in complete darkness.

The second photomorphogenic switch that has attracted substantial attention is the shade avoid
ance syndrome of light-grown plants.48

•55 This is a composite ofgrowth responses that are initiated
in plants threatened by shading from neighbouring plants. Light that is reflected from, or transmit
ted through, vegetation is depleted in the R region relative to the FR region as a consequence of
absorption by chlorophyll. This reduced ratio of R:FR wavelengths is perceived by phyto
chrome. Many plant species, in an attempt to avoid shading, respond by increasing elongation of
internodes andJor petioles, reducing leafgrowth, increasing apical dominance and accelerating flow
ering. In dictating this response, the relative amount of Rand FR light represents one of the most
important aspects of photomorphogenesis in the green plant.

Specific Roles for Specific Phytochromes
AJ; mentioned previously, in angiosperms, phytochrome apoproteins are encoded by a small gene

family of 3-5 genes5 with Arabidopsis possessing 5 PHY genes encoding phytochromes A to E
(phyA-phyE). All angiosperm phytochromes isolated to date conform to the basic plant phyto
chrome structure shown (Fig. 2), but there is significant diversity in the amino acid sequence be-
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tween the family members within a given plant species. Arabidopsis phyA and phyB show 52%
identity in the amino acid sequence, whereas Arabidopsis phyB and phyD pol~eptides are approxi
mately 80% identical and more related to phyE than to either phyA or phyC. Phylogenetic analysis
indicates a duplication event in early seed-plant evolution giving rise to 2 initial PHYgene lineages,
PHYAIPHYCand PHYBIPHYDIPHYE, which underwent later duplication in angiosperms to gen
erate the divergent PHYA, PHYC, PHYE and PHYBIPHYD lineages. This divergence is reflected in
the fact that the various phytochrome forms have both different functions and modes of response.

The most revealing approaches to the identification of the distinct photosensory roles of the
individual photoreceptors have been those involving photomorphogenetic analysis under various light
conditions of mutants that are deficient for the product of one or more of the PHYgenes. Addi
tional insights have also come from the study of transgenic plants that over-express specific
photoreceptor apoprotein genes. The vast majority of this work has been carried out in the model
plant Arabidopsis, but where parallel studies have been conducted in other species there is good
agreement, making it possible to draw general conclusions about the roles of the various phyto
chrome members. Null mutations in the various PHYgenes (phy) have revealed that the individual
phytochromes have unique and redundant roles in light signalling.49.50.56 In some cases family mem
bers monitor essentially the same light signals, but regulate different physiological responses. Con
versely, different members of the family monitor different light parameters, but control essentially
the same physiological responses.

Phytochrome B-de6cient IpbyBi Ambidopsismutantswereoneofthe 6rst photoreceptormutants to beisolated
and this was achieved on the basis oftheir long hypocotyl phenotype fullowing growth under white light57.58

EtiolatedpbyE-nulls are virtually insensitive to Rlight in almost all aspects ofde-etiolation including inhibition of
hypocotyl elongation and cotyledon expansion. However, they respond normally to FR and blue light. This
indicates that phytochrome Bis the principal photoreceptor fur de-eriolarion processes under R Subsequent to
de-eriolarion, phyB plays a predominant role in controlling the shade avoidance syndrome as displayed by both
young green seedling; and marure plants. Null mutants ofpbyB have a greatly atteIlUared (but not completely
absent) shade avoidance syndrome, demonstrating that it is the major photoreceptor in this response. The phyB
photoreceptor also plays a principal role in the photorequirement fur Ambidopsis seed germination,58,59 with
germinarion beingpromoted marlredlybyasingle briefRpulse (Rp),whichcan be nullifiedbyasubsequent FRp.
This RJFR reversible response is the classic hallmarkofphytochrome action worlcing in the low I:luence response
(LFR) mode. Seed can be cycled through sequential R1FR treatments and final germinarion levels reI:lect the
wavelength ofthe last delivered light pulse only.

phyA shares many of the photomorphogenetic roles of phyB in the de-etiolation response, but
does so predominately in response to FR rather than R light. Mutant phyA nulls are com
pletely insensitive to continuous FR in all the morphogenetic aspects of the de-etiolation response
and look essentially like dark-grown seedlings with long hypocoryls and closed coryledons.60

•
61

Therefore, phyA is the sole photoreceptor species mediating the de-etiolation response to this
waveband and does so via the FR-high irradiance response (HIR). This response mode is
characterised by a requirement for prolonged irradiation with continuous (or very rapidly pulsing62

)

FR of a reasonably high fluence rate (0.1 - 50 I-tmol.m·2.f1
). Hence, phyA perception of FR is

strikingly different from that of phyB. Another phyA-specific response to FR is the very low
fluence response (VLFR) ofetiolated seedlings, but by contrast this can be initiated by a single pulse
providing a total fluence, as the name suggests, as low as 10.9 mol.m·2 and is readily saturated. The
distinctions of the phyA and phyB modes of light perception are well described by Casal et al.63

Although pure FR light is not encountered in the natural environment, a role for these FR-specific
responses has been indicated by the demonstration that seedlings emerging under a dense canopy of
vegetative shade were far less likely to survive if lacking these phyA responses. The phyA species does
not fimction in the shade avoidance syndrome, but does have a ~ecific role in the developed light-grown
plant in sensing daylength for the initiation of flowering. 49.

The phyD and phyE proteins are most closely related in sequence to phyB but in single mu
tant lines of phyD or phyE there was no discernible effect on photomorphogenesis. However,
when a phyD mutation was introgressed into a phyB mutant background a role for phyD was
revealed that was similar to phyB in responding to R to inhibit hypocotyl growth and promote
cotyledon expansion.64 phyD is also involved in initiating the shade avoidance syndrome.65 The
early flowering and longer petioles resulting from phyD were clearly observed only in a double
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phyBphyD mutant, indicating a strong hierarchy of imporrance between these photoreceptors.
However, this also demonstrates a cerrain level of redundancy within the phytochrome family in
the perception R:FR ratio and initiation ofshade avoidance. This is reinforced by the demonstra
tion that there is also a role for phyE in this response. The phyE mutant in Arabidopsis was
isolated in the background of a phyAphyB double mutant, which still exhibited internode elonga
tion and early flowering in response to low R:FR.66 In a mutagenised population, plants deficient
in these remaining shade avoidance responses mapped to PHYE. Interestingly, phyE was also
required for seed germination under continuous FR, a response that was thought to be mediated
solely by phyA;67 another good illustration of redundancy in the phy family.

The role of the phyC species had, until very recently, proved more elusive, but with the recent
identification of phyC mutants these roles can be pieced together.68.69 These studies showed that
phyC is a weak R sensor that is involved throughout plant development. It also has an imporrant
role in modulating the effects of other phytochromes, most imporrandy acting redundandy with
phyA to modulate phyB-mediated hypocoryl inhibition under R. This points to a highly complex
interaction of the various phytochrome family members in achieving the precise morphological
response to any given set of light conditions.

Phytochrome Mode ofAction
Studies on phytochrome expression in plants suggest that in general all phytochromes are ex

pressed in all plant tissues?O However, they are not equally abundant. In the dark phyA is the
predominant species, comprising about 85% of the total phytochrome molecules, but this is re
duced bJ' up to 500-fold in continuous white light as the pfr form of phyA is rapidly de
graded? In contrast, phyB-E are less abundant in the dark, but more stable in light. For this reason
they have often been referred to as type II phytochromes with phyA behaving as the sole example of
type 1. In the light phyB is the most abundant phytochrome species consistent with the strong
phenotype of the phyB mutant.58 However, phyB and phyC are reduced by 4-5 fold in red or white
light so the term stable is somewhat misleading?O In general, all phytochromes are found in all plant
tissues although in light-grown plants phyA is only detectable in roots?O

The mode of phytochrome action has been the subject of intense research for many years,
however it is still true to say that we don't know the primary mechanism by which the signal is
transduced. Evidence from functional complementation experiments has established that both
dimerization and nuclear localization are essential for full phytochrome activity at least with re
spect to the regulation of hypocotyl elongation. 14 Interestingly although phyA only exists as
homodimers, the type II phytochromes can interact extensively with each other, thus complicat
ing the interpretation ofthe mutant phenotypes described above.7I In the dark, the phytochromes
are localised in the cytoplasm, but rapidly relocate to the nucleus after light treatments. 15 Since
nuclear localization is required for phytochrome complementation of a phyB phenotyre it seems
reasonable to assume that the primary mode of phytochrome action is in the nucleus. I However,
as discussed by Nagy and Schafer,51 extensive evidence from other studies suggests that there are
aspects of phytochrome signalling that depend on interactions within the cytoplasm. Until re
cendy the search for the signalling mechanism tended to focus on the C-terminal domain of the
phytochrome protein (see Fig. 2) and indeed numerous phrochrome-interacting factors have
been identified using predominantly the C-terminus as bait. l The discovery that the N-terminal
domain alone has full siynalling activity has led to a reevaluation of the primary mechanism of
phytochrome signalling. 4 As this fragment shows hyperactivity it appears that the C-terminus
functions to attenuate signalling responses in addition to its roles in nuclear targeting and
protein-protein interaction. It is possible that this attenuation is mediated through
autophosphorylation events. While some of the primary events remain elusive, incredible progress
has been made in recent years in the identification of components of phytochrome signalling
pathways. This is a fertile and fast-changing field and the reader is directed to the following
reviews for a more comprehensive summary of the current status. 1654.72

Phytochrome Regulation ofTetrapyrrole Synthesis
The regulation of chloroplast development is a key process in the successful transition from

an etiolated, heterotrophic seedling to a photosynthetically-competent photoautotrophic seed-
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ling. The importance of phytochrome in mediating this process is illustrated clearly by the pale
phenotype of phytochrome-deficient mutants such as phyB or the chromophore synthesis mu
tants (lacking all phytochromes) hy1 and hy2. 58,?3 Indeed, recent transcriptomic studies have
revealed that essentially all photosynthetic genes and in particular those encoding components
of the light-harvesting photosystems are light activated (e.g., reE 74). The role of the phyto
chromes in regulating the genes encodin~ the chlorophyll atb-binding proteins has been exten
sively studied and is well established.?5, 0 It is important to coordinate the synthesis of these
apoproteins with their pigment molecules in order to stabilise the photosynthetic complexes
and it might therefore be expecred that genes encoding the enzymes of the chlorophyll biosyn
thesis pathway would be light regulated. This is indeed the case, with most showing a diurnal
regulation'?? However, the majority of the vast number of studies looking at light induction of
chlorophyll synthesis enzymes have simply compared dark- and light-grown seedlings or at best
the effect ofwhite light. Relatively few have established a specific role for phytochrome in these
responses. Early studies focussed on the role of phytochrome in the potentiation of greening
response in which an anticipating light treatment results in an increased rate of chlorophyll
synthesis on transfer to white light.78 The ability of continuous FR or a R pulse to mediate this
response established that it was under phytochrome control and is the direct result of a
phytochrome-mediated increase in 5-aminolevulinic acid (ALA) synthesizing capacity,79 the
rate-limiting step in the tetrapyrrole pathway (see Chapter 15). The response to R pulses is a
classic RlFR reversible low fluence response mediated by both phyA and phyB58 while the re
sponse to FR is phyA-mediated.8o The molecular basis of this response has now been elucidated.
Of the 3 enzymes of the C5 ALA synthesis pathway (Chapter 2), glutamyl-tRNA reductase
(GluTR) holds a strategic position in catalysing the first committed srep of the tetrapyrrole
pathway. In Arabidopsis, this enzyme is encoded by a small nuclear gene family with AtHEMAl
being the predominant family member in chloroplast-containing organs. In an etiolated seed
ling exposed to light AtHEMAl mRNA upregulation is strong (xl0) and rapid (detectable by
2h) with a time course of transcript accumulation that is compatible with the kinetics ofgreen
ing rates, i.e., a lag phase of around 2h with increasing rates ofchlorophyll accumulation in the
first 12h.81 Also, the tesponse kinetics ofAtHEMAl following a single Rp mirror the potentiat
ing effect of an Rp on greening. Hence, AtHEMAl is most likely the primary gene target of the
phytochrome-transcriptional cascade during the early stages of chloroplast biogenesis. Further
analysis of these phytochrome signalling pathways using light-signalling mutants demonstrate
that, under continuous R, induction ofAtHEMAl is under the control of phyA, phyB and an,
as yet unidentified, additional phytochrome.?? In contrast to the strong effect of specific phyto
chrome signalling on AtHEMA1, the next enzyme in the pathway, glutamate-l-semialdehyde-2-1
aminomutase (GSA), is only moderately light regulated with GSA1 showing weak dependence
on photoreceptor signalling,?6 It was hypothesized that the small increases in expression in the
light seen for GSA1 and indeed the genes encoding most pathway enzymes77 could be mediated
by retrograde signalling82 from the developing (developed) chloroplast.?6 Indeed, strong depen
dence on chloroplast integrity has been shown for all enzymes required specifically for chloro
phyll synthesis (McCormac and Terry, unpublished results).

Although the direct contribution ofphytochrome in the induction oftetrapyrrole genes has not
been established for any other gene in the pathway, the genes encoding the H subunit ofmagnesium
chelatase (CHLll), a subunit ofMg-protoporphyrin IX monomethyl ester cyclase (CRD1) and chlo
rophyll a oxygenase (CAO) have all been identified as circadian regulated (as opposed to simple
diurnal regulation).77 Since phytochrome has a crucial tole in serting the circadian clock in plants,83
this suggests at least indirect regulation of these genes by phytochrome. In contrast to most tetrapyr
role genes it appears that the protochlorophyllide reductase genes PORA and to a lesser extent PORB
are downregulated by light at least in Arabidopsis.77 This finding is in agreement with earlier stud
ies,?8.84 It remains to be seen whether other reports of phytochrome effects on the pathway such as
phytochrome regulation ofchlorophyll b synthesis from chlorophyll a?8 are similarly supported.

In conclusion, it is clear thar the last few years has thrown up many surprises in phytochrome
research both in the mechanism of phytochrome signalling and the diversity of organisms utilising
phytochrome-like photoreceptors for a broad range of biological functions. This is an exciting time
for this research field and future developments are eagerly awaited.
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Note Added in Proof
Recently, there have been a number of major developments related ·to phytochrome research.

Most significantly, the first crystal structure of the chromophore-binding domain was determined
from Deinococcus phytochrome assembled with BV88 and this has now been refined to 1.45A.89
For a summary of our current understanding of phytochrome structure see Rockwell et al.90 Our
understanding of the bacterial phytochromes is also developing fast with ever expanding families of
phytochrome-related proteins. Progress in this area is summarised in recent reviews on
bacteriophytochromes91 and cyanobacterial phytochromes.92
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CHAPTER 14

Biosynthesis of Chlorophyll
and Bacteriochlorophyll
Derren J. Heyes and C. Neil Hunter*

Abstract

T he (bacterio)chlorophyll biosynrhetic pathway is of profound importance to the
biosphere. During the past 20 years, there have been major advances in the under
standing of the genes involved in the pathway and, more recently, in the enzymes that they

encode. Chlorophyll biosynthesis can be considered to start with protoporphyrin IX, which lies at
the branchpoint with haem synthesis. Therefore, this chapter will summarise the steps in the path
way from protoporphyrin IX through to (bacterio)chlorophyll. The discussion focuses on the cur
rent understanding of the bacterial, algal, and plant enzymes with particular emphasis on their
protein composition and structure, required cofactors, physical and catalytic properties, and
protein-protein interactions.

Introduction
Chlorophyll is essential for life as the cofactor for the photosynthetic proteins that harvest sun

light and convert it to photochemical energy for the cell. It is the most abundant pigment on Earth,
with at least 109 tonnes synthesised per annum; consequently, chlorophyll biosynthesis is one of the
few biochemical processes that can be observed from outer space. l Apart from its obvious functional
role in light-harvesting and photochemistry, chlorophyll biosynthesis also plays an important role in
signal transduction. There are strong indications that signalling between the chloroplast and the
nucleus involve intermediates (or their enzymes) in the chlorophyll biosynthesis pathway (see Chap
ter 15). Given the global significance of this pathway and its importance to plant development, the
synthesis of chlorophyll and its bacterial equivalent, bacteriochlorophyll, has been an extensively
studied area for many years.

Photosynthetic bacteria have often been used as a model system to study aspects ofphotosynthesis,
due to their facultative growth, simple photosystems and ease ofgenetic manipulation. Amongst these
bacteria, the purple nonsulphur bacteria Rhodobaetercapsulatus and Rhodobactersphaeroides have widely
been used for molecular genetic analysis ofbacteriochlorophyll biosynthesis as the photosynthesis gene
cluster from each of these organisms has been sequenced.2

•3 These studies have provided the first
detailed understanding of the genes involved in bacteriochlorophyll biosynthesis. Subsequently, most
of the chlorophyll biosynthesis genes have been identified by virtue of their ability to complement
bacteriochlorophyll biosynthesis mutants as well as by sequence similarity comparisons. As with many
other areas ofbiochemistry the recent use of heterologous overexpression systems has been decisive, by
providing abundant sources of many of the (bacterio)chlororophyll biosynthesis enzymes. Progress in
the analysis of these enzymes has benefited from the fact that several of the intermediates in the
(bacterio)chlorophyll biosynthesis pathway are rich in optical signals. Many ofthe steps in the pathway
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can therefore be srudied by a variety ofspectroscopic and kinetic techniques and these approaches are
starting to provide the first detailed, quantitative information about the mechanisms ofthese enzymes.

The synthesis of (baeterio)chlorophyU shares a common set ofsteps with haem synthesis up to the
branchpoint at protoporphyrin IX (see Chapters 2-4). The subsequent steps from protoporphyrin IX to
(bacterio)chlorophyll, which are illustrated in Figure 1, comprise a diverse and chemically interesting set
of reactions that will now be discussed individually (for reviews see refs. 1,2,4).

CH,

CH, CH,
I I

CH2 CH2

600.. ~
Mg-protoporphyrin IX

monomethyl ester

H

CH2
I
CH2
Ic04Phytoll

Chlorophyll a

Methyllransferase
(chlM)
(bchM)

SAH

SAM

Cyclase
IchIE, acsF)

(bchE)

CH,
I
CH,
I
COOH

CH,
II
CH

CH,
I
CH,
I
COOH

CH2- CH"
Chlorophyll synthase

(chlG) (bchG) •
Geranytgeranyl reductase

(chIP) (bchP) H

H3C

Mg-protoporphyrin IX

8-vinyl
reductase H,C

(chlJ?)
(bch.!?)

I
Cft,
I
COOH

ChlorophyUide a

Light

POR I
(parA, NAOPH

porB.poIC)

CH-CH, Mg"+ATP H,C

\ .
Mg chelatase

(chlH, chll, chiD)
Cff, (bchH, bchl, bchD)H,C

CH,
I
CH,
I
COOH

CH,
I
CH

Protoporphyrin IX

CH, HC-C
J I ~o
CHz COOCHJ
I
COOH

Mg-monovinyl

-:lhYllidea

(chiS, chlL, chIN)
(bchB, bchL, bchN)

Figure 1. Outline of the chlorophyll biosynthetic pathway from protoporphyrin IX to chlorophyll a. The
enzymes responsible for each step are shown together with the genes that have been identified to date. The
boxed regions indicare the groups modified at each stage. The lUPAC numbering system of the carbon
skeleton is indicated for the structure ofchlorophyll a.
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The Insertion of the Central Magnesium Ion
The first committed step of (bacterio)chlorophyll biosynthesis is the chelation of Mg2+into

the protoporphyrin macrocycle to form magnesium protoporphyrin IX (MgP). This reaction,
which is catalysed by the enzyme Mg-protoporphyrin chelatase (Mg chelatase), lies at the
branchpoint between haem and cWorophyll biosynthesis and has been the subject of much study
in both bacteria and plants (for review see ref. 5). The insertion of M~+ into the porphyrin ring
is energetically unfavourable as a result of removing H 20 molecules coordinated to the Mg2+and
many of the studies on Mg chelatase have revealed that ATP hydrolysis is essential for activity.5
This is in contrast to the analogous reaction on the haem synthesis branch, where fettochelatase
catalyses the energetically favourable chelation of iron into protoporphyrin IX, without the in
volvement ofATP (see Chapter 4).

Analysis of R. capsulatus and R. sphaeroides mutants identified three loci, designated bchH,
bchl and bchD, which were required for Mg chelation.2

•
3 Insertional mutagenesis studies re

vealed that disruption to any of these thtee genes tesulted in the accumulation of protoporphy
rin IX and cells were no longer able to synthesise Mg-containing bacteriochlorophyll precur
sors.6 Overexpression of the bchH, bchl and bchD genes from R. sphaeroides in E. coli resulted in
the reconstitution of the ATP-dependent Mg chelatase in vitro and demonstrated that BchH,
BchD and Bchl, were the necessary components of this enzyme.? Homologous genes from
Synechoeystis, termed chlH, chLJ and chiD, were subsequently identified. overexpressed in E. coli
and, when all three gene products were combined, gave a functional Mg chelatase in vitro.8 This
provided the first direct evidence that Mg insertion in a chlorophyll-producing organism re
quires three different protein subunits, and suggested that the Mg chelatase enzyme is conserved
between purple bacteria and cyanobacteria. Plant homologues of the Mg chelatase genes have
been identified in a range of organisms although tobacco is so far the only plant species for
which all three genes have been cloned and expressed to give a functional chelatase enzyme.9 The
three subunits of Mg chelatase, Bch/ChlD, Bch/ChlH and Bch/ChlI, have predicted molecular
masses of 60-87 kDa. 120-155k Da and 37-46 kDa, respectively. The degree of identity between
the deduced amino acid sequences of homologous proteins from various sources is 28-58% for
the D subunit, 38-86% for the H subunit and and 50-90% for the I subunit.5Interestingly, the
N-terminal halfof ChID shows approximately 40% identity ro Bchl and Chi!, suggesting that a
duplication event of the I gene occurred, followed perhaps by gene fusion with the existing D
gene, accompanying the evolutionary divergence of chlorophyll biosynthesis (and thus oxygenic
photosynthesis) from bacteriochlorophyll biosynthesis.8 The H subunit shares homology with
CobN, the largest (140 kDa) subunit of cobaltochelatase, which is also a three-subunit enzyme
requiring ATP for catalysis in the vitamin B12 biosynthetic pathway. Furthermore, all three Mg
chelatase subunits are similar to the putative subunits of Ni chelatase.5

Although the mechanism of Mg chelatase is not fully understood, significant progress has
been made in recent years to determine the functions of each subunit. It has been revealed that
the I and D subunits catalyse the ATPase reaction that is presumably required to power the
chelation reaction whereas the H subunit binds the porphyrin substrate. Detailed biochemical
and structural work on the Mg chelatase enzyme has only become feasible with the use of heter
ologous expression systems to obtain an abundant source of purified proteins. The Mg chelatases
from R. sphaeroides, R. capsulatus and Synechoeystis have been studied in greatest detail and show
an absolute requirement for ATp, Mg2+and a suitable porphyrin (e.g.• protoporphyrin IX). In all
cases there is a lag phase in the reaction that can be reduced by preincubation with ATP and
M~" suggesting that Mg chelation is a two-stage process, whereby Mg insertion follows initial
activation of the components by ATp'5.7,8

In Synechoeystis Mg chelatase, ChlH and ChiD are likely to be monomeric whereas CWI can
aggregate in an ATP-dependent manner from a dimeric structure to form high molecular weight
aggregates (-6 to 8 subunits).10 It has been shown using single particle analysis that these aggre
gates have a seven fold rotational symmetry and represent a heptamer. 11 The ATPase properties of
wild-type and mutant R. capsulatus Bchl subunits (D207N, R289K and LIII F; R. capsulatus num
bering) have been examined, and these residues apfear ro have a role in the interface between Bchl
molecules within the intact magnesium chelatase. 2 The first direct evidence for the formation of
an I-D complex came when non-tagged Bchl co-eluted with preimmobilised His-tagged BchD
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from a Ni2+-chelating column equilibrated with Mi+ and ATp' 13 Subsequently, ir was revealed
that only preincubation of the I and 0 subunits with Mg2+and ATP was necessary to reduce the
lag phase ofMg chelation.10,11 The ATPase activity ofthe Synechocystis Mg chelatase coincides with
that of Mg chelation and is 7-fold higher than that of the 1-0 complex alone. 14 Furthermore, the
ChlI subunit had a significantly higher rate ofATP hydrolysis than the ChlI-ChID complex. It has
been demonstrated that the overall chelation reaction requires the hydrolysis of approximately IS
MgATPs. 15 A non-hydrolysable ATP analogue could replace ATP to maintain an 1-0 complex and
remove the lag phase but not for the actual catalysis ofMg chelation.14 1t has been shown that ChlI
from Synechocystis is a Mi+ binding subunit that only hydrolyses ATP when an additional Mi+ is
bound. Upon binding of an ATP analogue the ChlI subunit underwent an isomerisation, which
caused changes in Mg2+affinity. I I Consequently, the magnesium-bound form of the enzyme has
been found to be a more effective catalyst of the chelation reaction, which suggests that there is a
cooperative response with regards to magnesium. 15

The ctystal structure ofthe BchI subunit from R capsulatus has been solved to 2.1A resolution. 16
This protein belongs to the "ATPase associated with a variety ofcellular activities" (AAA) family of
ATPases, and contains a C-terminal helical domain and an N-terminal AAA module and
nucleotide-binding site. The N-terminal helical domain is positioned roughly behind the
nucleotide-binding domain, adjacent to the p-loop. The surface topology of this loop has revealed
that it forms an exposed positively charged groove, suggested to be a candidate for a docking site for
other magnesium chelatase subunits. 16 It has also been shown that the C-terminal domain of BchO
shows homology to integrin I domains, which has led to the production ofa modelled structure for
this subunit. The metal ion binding sites found in integrin I domains were conserved, which sug
gested that the C terminal region of the 0 subunit may contain a Mi+ binding site. 16

Incubation of ChlH with protoporphyrin IX before starting a chelatase assay significantly re
duced the length of the lag in product formation. 1o Consequently, the H subunit has been found to
be the porphyrin-binding subunit and so probably contains the chelatase active site. Upon binding
ofdeuteroporphyrin IX, a water-soluble analogue of protoporphyrin IX, to ChIH/BchH, red shifts
in porphyrin fluorescence excitation and emission spectra were observed. This is consistent with
nonplanar distonion ofthe macrOCYcle, and is likely to be accompanied by a conformational change
in the H subunit. 17 It is likely that the imponance of the H subunit extends beyond chlorophyll
synthesis per se; recent studies of the gun5 mutant ofArabidopsis thaliana, which has a lesion in the
chlHgene, led to the conclusion that the Mg chelatase H subunit is involved in signal transduction
between the plastid and the nucleus (see Chapter 15).

Based on all ofthese studies a provisional model for the Mg chelatase reaction has been proposed
(Fig. 2). The I and 0 subunits are thought to interact with MgATP to form a complex. The H
subunit with bound protoporphyrin IX reacts with I-O-MgATP complex to form a shon-lived
complex consisting ofall three subunits and at least two ofthe substrates. Mi+ is then insened into
protoporphyrin IX with concomitant hydrolysis of ATp, resulting in another shon-lived complex
consisting ofthe three subunits, MgAOP and MgP. This complex dissociates into I-O-MlfoDP and
H-MgP, which can then be recharged with MgATP and protoporphyrin IX, respectively. 0

Methylation ofRing C
The enzyme, 5-adenosyl-L-methionine MgP methyltransferase catalyses the methyl transfer step us

ing S-adenosyl-L-methionine (SAM) as the methyl donor. The methyl group is translocated to the propi
onate side chain on ring C ofMgP, forming magnesium protoporphyrin IX monomethylester (MgPME)
and S-adenosyl-L-homocysreine (SAH). The reaction is thought to be essential to stop the spontaneous
decarboxylation ofthe propionate group during isocyclic ring fotrnation.4The methylrransferase enzyme
is a soluble, single subunit enzyme that has a molecular weight of25-27 kDa.4.18

The bacterial enzyme is encoded by the bchMgene and methyltransferase activity was confirmed
by overexpression of the R capsulatus gene in E. coli. The presence of a SAM-derived methyl group
in the reaction product was confirmed by use of 14C-methyl-Iabelled SAM as substrate.19 The bchM
gene of R sphaeroides was similarly overexpressed in E. coli, resulting in a methyltransferase enzyme
with a molecular weight of approximately 27.5 kOa.20 A cyanobacterial homologue of bchM was
isolated by functional complementation of a R capsulatus bchM mutant with a cosmid library con
structed from Synechocystis genomic DNA21 Expression ofthis gene, chiM, via the strong R capsulatus
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pIK operon promoter supported nearly wild-type levels of bacteriochlorophyll biosynthesis. The
deduced amino acid sequence of ChlM displayed relatively low sequence similarity (approximately
29% identity) with BchM. R sphaeroides BchM, R capsulatus BchM and Synechocystis ChlM each
contain a putative SAM-binding motif 19-21 It has been shown that the expression of Synechocystis
chlM can be coupled to that of the Mg chelatase genes in E. coli, resulting in the conversion of
protoporphyrin IX to MgPME. 18

SAM-dependent methyltransferases act on a wide variety of target molecules, including DNA,
RNA, proteins, polysaccharides and a variety of small molecules. Although the ctystal structure of
MgP methyltransferase has yet to be determined the enzyme from Synechocystis has been assigned to
the small molecule class of methyltransferases, using structure based sequence searches.22 All small
molecule methyltransferases possess a catalytic domain containing both a SAM binding site, and a
binding site for the other methyl acceptor. Many sma1l molecule SAM-dependent methyltransferases
have a core catalytic domain consisting of a mixed seven-stranded 13-sheer. The methyl group in
SAM is bound to a charged sulphur atom, which renders the relatively inert methyl moiety highly
reactive towards nucleophiles and carbanions. Genera1ly, the methyl group replaces a proton on the
methyl acceptor, and bridging of this proton to an amino acid functional group can lead to transi
tion state stabilisation.22

Little kinetic work has been performed on pure ChlM, possibly because the porphyrin substrate
and product have similar spectral properties. It was not until recently when heterologous expression
systems usingE. coli were used to overexpress ChlM from Synechocystis, was it possible to characterise
the kinetic properties of this enzyme. A more water-soluble substrate analogue of MgP, Mg
deuteroporphyrin IX, was used to perform the steady-state kinetic assays and revealed that the reac
tion proceeds via a ternary complex. Product inhibition patterns using S-adenosyl-L-homocysteine
(SAH) indicated a random binding mechanism, whereby SAH may bind productively to either free
enzyme or a ChIM:MgD complex.22

The Missing Link in Chlorophyll Biosynthesis: The Formation
of the Isocyclic Ring E of Protochlorophyllide

This step of the chlorophyll biosynthetic pathway has remained an enigma for over 50 years. The
cyclase catalyses the conversion of MgPME to protochlorophyllide (Pchlide) and is responsible for
converting the tetrapyrrole molecule from a red to a green colour. The methyl propionate side-chain of
MgPME is modified to form an isocyclic ring (ring E). However, the cyclisation reaction is currently
the most poorly understood step in the pathway as the cyclase has never been purified and studied.
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Early studies on the reaction suggested that the formation of the isocyclic ring (ring E) might
proceed in a similar way to the ~-oxidationof fatty acids, via acrylate, ~-hydroxy and ~-keto inter
mediates.4 However, organisms that form cWorophyll aerobically follow a different route, which
does not involve the acrylate intermediate. All known functional cWorophylls have a keto group at
position 131 arising from the introduction of an oxygen atom into the 13-methyl propionic acid
side-chain during isocyclic-ring formation. The use of 1802-labelling has shown that this oxygen
atom comes from atmospheric O 2 in higher plants.23 This explains the ability of intact cWoroplasts
to cyclise synthetic ~-hydroxy and ~-keto derivatives, but not synthetic acrylate. However, in the
photosynthetic bacterium R sphaeroides, the origin of the 131-keto grouf, was found to be H20,
implying that cyclisation was an anaerobic process involving a hydratase. 4 The proposed reaction
scheme involved a dehydrogenase removing two hydrogen atoms to produce the acrylate intermedi
ate, which then undergoes hydration to the ~-hydroxy intermediate.

Cyclase activity in cucumber chloroplasts has been resolved into membrane-bound and soluble
fractions, suggesting that at least two protein components are required for the reaction.4The soluble
component had a molecular mass greater than 30kDa and may bind porphyrins, while in vitro
inhibition studies suggested that the membrane fraction may contain an essential heavy element.25

The cyclase activity of Syneehocystis was also found to consist of a membrane fraction and a soluble
fraction, but that of C. reinhardtii appears to be exclusively membrane-associated. The
membrane-associated component of the cyanobacterial cyclase has been solubilised in an active
form. Oxidative cyclases have been found to have a general requirement for NADPH and Fe2., and
so may incorporate a haem-containing monooxygenase.26

Although several genes are likely to be required for the cyclase reaction, only two have so far been
identified, the behEgene from R eapsulatus6 and R sphaeroides,3 and the aesF (for aerobic cyclisation
system Fe-containing subunit) gene from Rubrivivl1Xgelatinosus. 27 Mutations in either gene resulted
in the blockage of bacteriochlorophyll synthesis at the cyclisation step and the accumulation of
MgPME. The putative gene product ofbehEhas a predicted molecular mass of66kDa and has been
shown to require a cobalamin (vitamin Bn) cofactor, which has led to a proposed mechanism for the
anaerobic reaction (Fig. 3).28 Adeno?,lcobalamin is thought to form an adenosyl radical, which in
turn leads to the formation of the 13 -radical ofMgPME and the withdrawal of an electron to give
rise to the 131-cation. This is subsequently attacked by a hydroxyl ion to give the 131-hydroxy
intermediate ofMgPME and the withdrawal ofthree hydrogen atoms leads to eventual cyclisation
to form Pchlide. The AcsF protein contains putative binuclear-iron-cluster binding motifs and is
thought to have a role in the aerobic cyclisation reaction.27 However, this is the current limit ofour
biochemical understanding of this complex reaction in the pathway.

Reduction of the 8-Vmyl Group
Although the reduction ofthe 8-vinyl group of ring B to an ethyl group is an essential step in the

biosynthesis of (bacterio)chlorophyll confusion still remains as to the exact stage in the pathway that
the reaction occurs. Many monovinyl (MY) and divinyl (DV) cWorophyU precursors have been
detected in plants and algae, which cannot be accounted for by the stepwise operation of a linear
biosynthetic pathway.1.4 In some cases, the ratios of accumulated MY and DV intermediates have
been shown to be altered by physiological and environmental factors, such as age and light condi
tions, in addition to the intrinsic variation between species.4 It has been proposed that MY and DV
pools of different intermediates represent separate routes for cWorophyll biosynthesis and hence, a
number ofdifferent 8-vinyl reductases may be responsible for reducing different DV intermediates.
Furthermore, two sets of some of the other chlorophyll biosynthesis enzymes may exist in order to
catalyse the independent conversion of MY and DV tetrapyrroles. Alternative models propose that
there is a single 8-vinyl reductase enzyme with unique, intermediate-specific components, or one
enzyme with broad substrate specificity. It has also been shown that the reduction of the 8-vinyl
group may require the presence ofNADPH as a reductant. 1.4

Although no genes have yet been cloned that are essential for 8-vinyl reduction, mutants in the beh]
gene ofR eapsulatus affected the ratio ofMY and DV Pchlide and may help to shed some light on the
reaction. A beh]-disrupted strain was still able to synthesise bacteriocWorophyll but also accumulated
DV PeWide, whereas in a beh]lbehL double mutant, the ratio of DV PeWide to MY Pchlide was
significantly heightened. Therefore it is likely that beh]encodes an 8-vinyl reductase that is specific for
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OV Pchlide, although this remains to be proven.29 No genes have yet been assigned to 8-vinyl reduc
tion in chlorophyll-producing organisms, nor have any of the enzymes been purified.

Two Routes for the Reduction of Pchlide
The addition of hydrogen across the C 17-C18 double bond of ring 0 of Pchlide leads to the

formation of chlorophyllide (Chlide). This reaction can be catalysed by two completely differ
ent enzymes, one that requires light and another that does not. The light-dependent enzyme,
NAOPH-Pchlide oxidoreductase (EC 1.3.1.33, POR), appears to be found in all
chlorophyll-containing organisms whereas the light-independent enzyme, Pchlide reductase
(OPOR), is found in all except the angiosperms (flowering plants). Bacteriochloro£hyll-containing
photosynthetic bacteria appear to possess only the light-independent enzyme.

POR: A Light-Driven Enzyme
When angiosperms are grown in the dark, large amounts of Pchlide accumulate and upon expo

sure to light, this is rapidly converted to Chlide. The enzyme responsible for this light-driven step in
the pathway, POR, is one ofonly two enzymes known to require light for catalysis; the other is DNA
photolyase. As a result of this requirement for light the reaction is an important regulatory step and
is involved in the subsequent assembly ofthe photosynthetic apparatus (for a review see ref 31). The
enzyme re~uires NAOPH as a cofactor and in the dark it is found in a ternary complex with the two
substrates. 2 During the reaction, the Pchlide molecule performs the function of the photoreceptor
and upon illumination, there is a very rapid transfer of hydride from the NAOPH to Pchlide fol
lowed by Chlide release. 31
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In plants and algae, paR is encoded by the nuclear genome and contains a transit peptide at the
N-terminus for import into plastids. Three different isoforrns of paR have so far been identified in
angiosperms, all ofwhich display dramatically different parterns oflight and developmental regulation.
The physiological significance ofthe different isozymes, which are 75% similar, can only be speculated
upon but it has been proposed that they are required at different stages of greeningY Two of the
isoforrns, paRA and PORB, have been proposed to fonn high molecular weight light-harvesting
complexes in the prolamellar body of barley etioplasts. Such complexes, which consist of poRA and
PORB in a ratio of 5:1, are thought to enable chlorophyll synthesis to occur rapidly even under low
light intensities.33 However, some organisms that can form chlorophyll in the dark, such as Chlamy
domonas reinhardtii and 5ynechocystis, contain only a single PaR-encoding geneY

In etiolated plants paR is mainly found to exist as a ternary complex in higWy organised
networks oftubular membranes termed prolamellar bodies. Indeed, the formation ofthe prolamellar
bodies is thought to be due to paR aggregation, thus explaining their regular, three-dimensional
network. Several spectral forms of Pchlide have been identified in these membranes and the dif
ferences in the spectral properties have been attributed to the interactions of the pigment with the
membranes and with paR, as well as pigment aggregation and structural arrangements. After
illumination and subsequent formation of Chlide, there is a short wavelengrh shift in the absorp
tion and fluorescence maxima of Chlide, known as the Shibata shift. This shift is thought to be
caused by the disintegration of the PaR-pigment aggregates, resulting in the dispersion of the
prolamellar bodies. paR has also been found to be membrane-associated in cyanobacteria and in
the chloroplasts oflight-adapted plants and green algae.3l

A comparison of the amino acid sequence of paR with other sequences in the protein data
base revealed that paR is a member of the 'RED' superfamily of enzymes (Reductases, Epime
rases, Dehydrogenases).34 The enzymes in this large protein family are all single domain NAD(P)/
H -binding oxidoreductases and are generally dimers or tetramers. The crystal structures ofseveral
members of the family have been determined and have subsequently been used as a template to
produce a homology model of paR from 5ynechorystis.35 The structure consists ofa central paral
lel ~-sheet comprised of 7 ~-strands, surrounded by 9 a-helices. The unique feature of paR
within the family is the presence of a 33-residue insertion between the fifth and sixth ~-sheets.

The exact function of this large loop region is still unclear although roles in Pchlide binding,
membrane association and protein-protein interactions have all been proposed. Binding of the
cofactor is in the N-terminal pan ofthe enzyme, where a common GXXXGXG nucleotide-binding
motif occurs, which forms a tight ~afl fold, termed the Rossmann fold. Furthermore, a Tyr and a
Lys residue, which are absolutely conserved throughout all members of the RED family, are lo
cated within the catalytic site and are essential for activity.34

Etioplast membranes have extensively been used to study the reaction catalysed by paR and
have provided many clues about the catalytic mechanism.3l PcWide analogues with different side
chains at the C17 position were not accepted as substrates by paR from oat etioplasts, suggesting
that the free carboxylic acid group (C17) has an important role in the binding of the pigment to
the enzyme. Similarly, the central Mg atom and the structure of the isocyclic ring of the Pchlide
molecule have also been shown to be crucial for activity. However, the enzyme does not discrimi
nate between vinyl and ethyl groups at the C8 position of ring B as both MY and DV forms of
PcWide can be converted to Chlide.36 It has been shown that NADPH is essential for the photore
duction32 and upon binding to the enzyme it protects one or more of the three conserved Cys
residues in the protein from chemical modification.3? The use of 4R and 45 3H-radiolabelled iso
mers of NADPH has revealed that the pro-S hydride of the nicotinamide ring is transferred to the
C 17 position ofPchiide.38 When the two highly conserved residues, Tyr189 and Lys193 (number
ing in Synechorystis) , were mutated paR activity was abolished. A model was proposed whereby the
hydride transferred to the C17 position of Pchlide is derived from NADPH and the proton at the
C18 position is derived ftom the Tyr. The close proximity of the Lys residue was thought to be
necessary to lower the pK. of the phenolic group of the Tyr, thus facilitating deprotonation (Fig.
4).34 After the reduction is completed, it has been suggested that the NADP' product is exchanged
for an NADPH molecule and then Chlide is released from the enzyme.3?

The fact that paR is a light-driven enzyme means that catalysis can be initiated by illuminating
samples at low temperatures.39.40 In this way, certain steps in the photoreduction can be ftozen out,
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allowing intermediates in the reaction pathway to be identified. A convenient approach to analyse
these intermediates is to use low temperature fluorescence and absorbance spectroscopy. As a result
many different spectroscopic Pchlide and Chlide species have been identified during the reaction in
etioplasts, at temperatures ranging from 298 K to 4 K. However, the data are difficult to interpret as
several processes, such as POR aggregation and prolameUar body formation can complicate the
analysis of Pchlide photoreduction in such preparations.31 The recent advent of heterologous ex
pression systems eliminates such problems as the reaction mechanism can be studied in greater detail
using purified POR proteins. For the Syneehocystis enzyme a stable POR-NADPH-Pchlide ternary
complex could be formed in the dark, which ~roduced significantly red-shifted fluorescence and
absorbance maxima compared to ftee Pchlide.3 Three distinct steps were identified in the reaction
pathway, an initial light-driven step, followed by two 'dark' reactions. The initial photochemical
step, which can occur below 200 K, involves the formation ofa nonfluorescent intermediate with a
broad absorbance band at 696 nm that is suggested to represent an ion radical complex.39 This
species is then converted into a new intermediate that has an absorbance maximum at 681 nrn and
during the second 'dark' step this state gradually blue-shifts to yield the product, Chlide. Although
the exact molecular nature ofthese intermediates is currently unknown the two 'dark' steps can only
occur close to or above the 'glass transition' temperature of proteins, implying a role for domain
movements and/or reorganization of the protein for these stages of the catalytic mechanism.4o A
thermophilic form of the enzyme has been used to identifY two additional 'dark' steps, which were
shown to represent a series ofordered product release and cofactor binding events. Firstly, NADP' is
released from the enzyme and then replaced by NADPH, before release of the Chlide product and
subsequent binding of Pchlide has taken place.41 It has also been shown that the reaction, and
hence the protein motions associated with it, can proceed on an ultrafast timescale after initiat
ing catalysis with a 50 fs laser pulse. The study revealed that the reaction appears to be complete
within 400 ps.42

DPOR: A Multi-Subunit Enzyme
Primitive anoxygenic (nonoxygen evolving) photosynthetic bacteria, cyanobacteria, algae, and

all nonflowering plants including gymnosperms contain a light-independent (dark) Pchlide reduc
tase (DPOR) that is absent from angiosperms. The presence of DPOR enables these organisms to
synthesise bacteriochlorophyUs and chlorophylls in the dark, whereas the lack of DPOR in an
giosperms means light is essential for chlorophyll synthesis. While POR has been studied exten
sively, very little information is currently available about DPOR.43

Genetic studies ofthe purple nonsulphur bacterium R capsulatus demonstrated that three genes,
bchL, bchN and behB, are essential for the light-independent Pchlide reduction during the biosyn
thesis of bacteriochlorophyll. Homologous genes, termed chlB, chlL and chlN, have been identified
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in red algae, the green alga C. reinhardtii, liverwon, gymnosperms and cyanobacteria and are re
quired for PcWide reduction during chlorophyll biosynthesis.43 The amino acid sequences of the
three DPOR subunits show significant similarities to the NifH, NifD and NifK subunits ofnitroge
nase. 44 Nitrogenase is an oxygen-sensitive, multi-subunit enzyme, which consists of two separable
components, the Fe-protein (also called dinitrogenase reductase) and the MoFe protein complex,
and catalyses the reduction ofdinitrogen (Nz) to form ammonia (2NH3). The Fe-protein, which is
a dimer ofNifH proteins and contains a 4Fe:4S redox cluster, transfers electrons from ferredoxin to
the MoFe protein concomitant with Mg-ATP hydrolysis. The MoFe protein, which serves as the
catalytic site for dinitrogen reduction, is an az~z tetramer of the NifD and NifK proteins and con
tains 30 Fe atoms and 2 Mo atoms that are organised into two pairs of complex metalloclusters.44

The structural similarity between DPOR and nitrogenase is most apparent between the BchL/
CWL and NifH (dinitrogenase reductase) subunits where there is 33% overall identity and 50%
similarity.43 The ATP-binding motifofNifH and the four Cys residues involved in the chelation of
the Fe-S cluster are completely conserved among BchL/CWL proteins. This indicates that the BchLl
CWL proteins might catalyse ATP-dependent transfer of electrons from a reductant, such as ferre
doxin, to a catalytic protein complex via the Fe:S centre. The amino acid sequences of the BchN/
CWN and BchB/CWB subunits also exhibit similarity to NifD and NifK, respectively. However,
there is no conservation of the residues that are involved in formation of the FeMo cofactor in
nitrogenase, which indicates that the site where PcWide is reduced is higWy diverged from the cata
lytic site in nitrogenase.43

Despite the interesting structural similarity between 0 POR and the well-characterised nitrogenase,
biochemical analysis of0 POR has proved difficult. There have been a few srudies ofDPOR activity in
crude cell-free extracts but purification of the DPOR enzyme has only recently been reponed.45

R capsulatus was used to overexpress and purify two of the three DPOR subunits (BchL and BchN)
whilst the third subunit (BchB) was copurified with the BchN protein, indicating that BchN and
BchB form a tight complex. DPOR activity was shown to be dependent on the presence of all three
subunits, ATp, and the reductant dithionite, which is supponive ofstrong "nitrogenase-like" behaviour.45

It remains unclear why some organisms possess both DPOR and POR for Pchlide reduction.
The two systems may be differentially regulated in response to environmental signals, such as light
intensity and nutritional signals, and in response to developmental stages, as is the case with PORA
and PORB in angiosperms. In the cyanobacterium P!ectonema boryanum, both POR and DPOR
contribute to Pchlide reduction in the light but the extent of the contribution by POR increases at
higher light intensities. In green algae POR and DPOR are both required to achieve maximal cWo
rophyll accumulation and it may be the case that POR has a regulatoty role in these organisms.30.31,43

The Steps Unique to Bacteriochlorophyll Biosynthesis
Bacteriochlorophyll differs from cWorophyll in the substituents of rings A and B, and the steps

from CWide to bacteriocWorophyllide (BcWide), which are unique to purple and green eubacteria,
are responsible for these differences (Fig. 5). These latter stages in the bacteriochlorophyll synthesis
pathway were deduced by identifying bacteriocWorophyll intermediates excreted by mutants of R
sphaeroides. Initially, 3-hydroxyethyl-Chlide, 3-hydroxyethyl-BcWide and Bchlide were identified
and it was proposed that hydration of the 3-vinyl group of ring A preceded the reduction of the
C7-C8 double bond of ring B. However, it was later concluded that the order of these two steps was
interchangeable, following the isolation ofa R sphaeroides mutant that accumulated 3-vinyl-BcWide.46

The enzyme cWorin reductase is responsible for the reduction of ring B, a reaction that is chemi
cally similar to the reduction of the C17-C18 double bond of ring 0 of PcWide to form CWide.
Three gene products, bchX, bchYand bchZhave been shown to code for cWorin reductase in both R
sphaeroides and R capsulatus.zlt is interesting to note that the bchXYZgene products show sequence
similarity to the bchLNB gene products of DPOR and are likely to have arisen by gene duplication.
The strongest conservation is between BchX and BchL, which also share significant sequence iden
tity with the NifH subunit of nitrogenase. Hence it is likely that the mechanisms of both DPOR
and cWorin reductase are homologous to the reaction catalysed by nitrogenase.43

Using 180-labelling it was shown that the carbonyl oxygen of the acetyl group at position 3 of
ring A was found to be derived from water su~esting a hydratase mechanism rather than an
oxygenase mechanism at this stage in the pathway. 4The bchFgene product has been shown to be
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required for the hydration of the vinyl group in R. capsulatus.6 However, the construction of a
double mutant (bchF/ bchZ) was required in order to obtain accumulation of Chlide, confirming
the proposal that these steps are interchangeable.6

The next step is the oxidation of the hydroxyethyl group on ring A of 3-hydroxyethyl-Bchlide to
form the acetyl group of Bchlide. This is catalysed by a dehydrogenase encoded by the bche gene,
which has been sequenced in both R. sphaeroides and R. capsulatus.2 However, as yet, none of the
enzymes ofthese latter stages ofbacteriochlorophyll biosynthesis has been purified and consequently
little is known about their reaction mechanisms.

The Final Steps: Addition and Reduction of the Phytol Tail
ChiorophyUs and bacteriochlorophylls are hydrophobic molecules due to the incorporation of a

long-chain alcohol residue. which also constitutes approximately 30% of their molecular weight. The
esterification at the propionate side chain of ring 0 with phytol, a C20 isoprenoid alcohol, is generally
the last stage of (bacterio)chlorophyll biosynthesis, although further modifications of the tetrapyrrole
macrocyde may occur to generate, for example, chlorophyll b. It appears that the addition of the
alcohol moiety is a crucial determinant of the assembly of the entire photosynthetic apparatus (see
Chapter 15). The tails also playa major role in controlling the orientation of the transition dipoles of
the tetrapyrrole rings, a function that is crucial for fast energy transfer.47
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The enzyme (bacterio)chlorophyll synthase, which is found in the thylakoid membranes, cataly
ses the esterification reaction and is able to use either geranylgeranyl-pyrophosphate (PP) or phytyl-PP
as a substrate, depending on the organism.4 The enzyme is encoded by the bchG/chlG genes and
heterologous expression in E. coli of the respective genes from Synechocystis and R capsulatus was
shown to be responsible for chlorophyll synthase and bacteriochlorophyll synthase activity, respec
tively. The overexpressed enzyme from Synechocystis can use CWide as the pigment substrate but not
BcWide whereas the overexpressed enzyme from R capsulatus uses BcWide and not CWide.48 Chlo
rophyll synthase has also been shown to use both the DV and MY forms of CWide but not the
metal-free derivative, pheophorbide.4

It has become apparent that phyrol is often not the initial esterifying alcohol and instead the
tetrapyrrole is esterified with an activated form of the biosynthetic precursor of phytol,
geranylgeranyl-PP. Shortly after esterification, the pigment-bound geranylgeranyl undergoes suc
cessive reductions of three of its four C-C double bonds to generate the final pigment in a process
that requires NADPH and ATP (Fig. 6).4 A direct phytylation route, involving the atrachment of
phytyl-PP to Chlide, has also been observed and the different pathways may predominate at
different stages of development or with different substrate availabilities. A geranylgeranyl-PP re
ductase, which catalyses the conversion offree geranylgeranyl-PP to phytyl-PP has been located
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in the chloroplast envelope whereas the hydrogenase that catalyses the stepwise reduction of the
geranylgeranyl side chain of chlorophyll to phytol was found in the thylakoid membrane.4

The product of a single gene is responsible for the three necessary reduction steps of the
geranylgeranyl group to the phytyl group. A bchP mutant ofR sphaeroides was blocked in the termi
nal stages ofbacteriocWorophylJ biosynthesis and only contained bacteriocWorophyll that is esteri
fied with geranylgeranioJ. Upon heterologous expression ofthe Synechocystis bchP homologue, chIP,
hydrogenated forms of esterified bacteriochlorophyll were detectable. It was concluded that chLP
encodes the enzyme catalysing the stepwise hydrogenation of the geranylgeranyl group, which may
occur either at the activated, pyrophosphate level or following chlorophyllide esterification.49 The
first direct demonstration ofthe activity of the product of the bchP gene, which encodes the enzyme
geranylgeraniol-bacteriocWorophyll reductase, has since been reported.50

Concluding Remarks
Our understanding ofthe (bacterio)chlorophylJ pathway has clearly been enhanced by the recent

advances in genetic and molecular biological techniques. Sequence information for most of the
enzymes in the pathway has now been obtained and many ofthe reactions have been analysed using
purified recombinant protein. As a result structural and mechanistic information has been obtained
on the various enzymes, which has provided valuable insights into the reactions that they catalyse.
However, despite this many aspects of the pathway remain poorly understood. One of the primary
objectives is to identifY all of the missing components ofthe pathway, to allow the remaining steps to
be characterised by quantitative biochemical approaches. It is also evident that for the majority of
the enzymes there is a lack of a three-dimensional structure, which would further increase our un
derstanding of the catalytic mechanisms. Ultimately, it will be fascinating to understand the way in
which these enzymes interact and how the whole pathway delivers chlorophyll to nascent proteins of
the photosynthetic apparatus.
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CHAPTER 15

Regulation of Tetrapyrrole Synthesis
in Higher Plants
Matthew J. Terry and Alison G. Smith*

Abstract

Regulation of the tetrapyrrole pathway in plants is parricularly crucial, since it is required
for efficient synthesis of the photosynthetic apparatus, protection from the harmful
phototoxicity of the pathway intermediates, and because of the proposed role played by

some of the intermediates in signaling. The four major products, chlorophyll, haem, sirohaem
and phytochromobilin, all need to be assembled with their respective apoproteins and the pro
duction of both components needs to be carefully coordinated. This is especially true as many
tetrapyrroles such as the chlorophylls and their precursors are extremely phototoxic as free com
pounds. The major control points of the pathway are: the formation of the initial precursor,
5-aminolaevulinic acid; and the metal-ion insertion steps at the branchpoint between haem and
Mg-protoporphyrin, and the formation of sirohaem. Because of the necessary compleXity of tet
rapyrrole regulation a wide range of regulatory mechanisms are employed, including transcrip
tional regulation of key genes in response to both environmental and internal cues, and internal
pathway regulation by dedicated regularory proteins and pathway intermediates. Moreover, ge
netic and microarray evidence indicates a link between the flux through the pathway and expres
sion of genes encoding chlorophyll apoproteins. Here we discuss our current understanding of
how these mechanisms are coordinated to control flux through the pathway to meet the require
ments of the cell under different conditions.

Introduction
The tetrapyrrole pathway in higher plants is responsible for the synthesis of four major

endproducts: chlorophyll, haem, sirohaem and phytochromobilin, via a common branched
pathwayl'3 (Fig. 1). Tetrapyrrole synthesis takes place in the chloroplast, or plastids in
nonphotosynthetic cells. In addition, the last two steps ofhaem synthesis, protoporphyrinogen
IX oxidase (PPO) and ferrochelatase, are also found in mitochondria, suggesting that haem
may be synthesized in these organelles in situ4 (Chapter 4). Once synthesized, chlorophyll and
sirohaem are confined to the chloroplast, but phytochromobilin is found in the cytosol and
nucleus (Chapter 13) and haem is present in all cellular compartments.4 All endproducts are
bound to apoproteins, and it is likely that levels of "free" tetrapyrroles within the cell are ex
tremely low. As for all metabolic pathways, regulation is crucial, but there are several special
features of the plant tetrapyrrole pathway that cause its regulation to be extremely complex;
involving not just control of the flux through the different branches, but also coordination with
gene expression, both in the chloroplast and the nucleus. Thus in addition to feedback inhibi
tion of enzyme activity and induction of key enzymes by external signals, there is also tight
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Figure 1. The tetrapyrrole synthesis pathway in higher plants. showing the four endproducts (boxed),
chlorophyll, haem, phyrochromobilin, the chromophore ofthe red-far red photoreceptoTS ofhigher plants,
and sirohaem, oneofthe cofactors for sulphite and nitrite reductases (Si and Ni reductases). The key enzymes
are included, together with ovals representing the five different major regulatory regions ofthe pathway: (i)
synthesis of the initial precursor 5-aminolaevulinic acid (ALA); (ii) the production of sirohaem versus
protoporphyrin IX; (iii) the branchpoint between haem and chlorophyll synthesis; (iv) and (v) regulation
of the chlorophyll branch. The latter two are dealt with in detail in Chapter 16.
Haem is proposed to regulate ALA production via feedback inhibition of GluTR (gluramyl tRNA reduc
tase). FLU also acts to inhibit GluTR in a haem-independent fashion. GUN4 activates Mg-chelarase
(MgCh). Of the other genomes uncoupled mutants GUN5 corresponds to CHLH, one of the three MgCh
subunits, and GUN2 and GUN3 are haem oxygenase (HO) and phyrochromobilin synthase (P<1lS) respec
tively (see text for details).
Other abbreviations: CPO, coproporphyrinogen III oxidase; CS, chlorophyll synthase; FC, (protoporphy
rin IX) ferrochelatase; PChlide, protochlorophyllide; paR, protochlorophyllide oxidoreductase; PPO,
protoporphyrinogen IX oxidase; SirB, sirohydrochlorin ferrochelatase; UPM, urogen III methyltransferase;
UtoD, urogen III decarboxylase; Urogen III, uroporphyrinogen III.

coordination with apoprotein synthesis. In rhis review we oucline the reasons for the need to

regulate the pathway so carefully, and describe recent advances in our understanding of the
major control points at the synthesis of the initial precursor, 5-aminolaevulinate (ALA) and the
branchpoints to sirohaem and between chlorophyll and haem. The regulation of the later stages
of the chlorophyll pathway is described in Chapter 16.
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Regulation of the Plant Tetrapyrrole Pathway-At the Heart
of Plant Metabolism?

The essential role played by tetrapyrroles in plant metabolism-particularly cWorophyll-means
that it is imponant for the plant to regulate their production. There are three main reasons for this
regulation:

Relative Levels ofTetrapyrroles
A major consideration for the tight regulation ofthe tetrapytrole biosynthesis pathway is that the

relative levels of the end products are quite different, and that they vary according to tissue type and
developmental stage. For instance mature tobacco leaves contain an estimated 1150 nmoUg fresh
weight (g FW) cWorophyll, compared with 40 nmoUg FW haem,5.6 whereas in nonphotosynthetic
cells there is a complete absence ofeWorophyll. Even within a single tissue, levels oftetrapytroles can
change dramatically. During the initial stages of greening of etiolated barley seedlings, cWorophyll
levels increase from almost zero to 500 nmoUg FW in the first 12 h, whereas haem levels remain
constant at 5 nmol/g FW? In contrast, during root nodulation oflegumes haem levels rise dramati
cally to 200 nmol/g FW to provide the cofactor for leghaemoglobin.8

Assembly with Apoproteins
All tetrapyrroles are assembled onto apoproteins. although the details of the assembly are still

very poorly understood. Many of the tetrapyrrole intermediates, and the endproducts themselves,
are readily excited by light and if allowed to accumulate, would lead to the formation of highly
toxic radicals and reactive oxygen species.3 It would thus be analogous to the situation in some
porphyrias of humans and animals (see Chapter 5). Accordingly, the synthesis of tetrapyrroles is
coordinated with expression ofcognate apoproteins, to avoid the accumulation ofexcess interme
diates. Genes for the light-harvesting chlorophyll alb binding proteins (Lhc) and glutamyl-tRNA
reductase, the rate-limiting enzyme of ALA and chlorophyll synthesis (see below), are both
upregulated in the light by the phytochrome (responding to red/far-red light) and cryptochrome
(blue-light) families of photoreceptors9•10 (see also Chapter 13). Such coordination is also neces
sary because many apoproteins, includinfi the cWorophyll alb binding proteins, are unstable in
the absence of their bound tetrapyrroles. I Induction of tetrapyrrole synthesis is therefore essen
tial for the efficient assembly of the photosynthetic apparatus.

Tetrapyrroles as Signaling Molecules
There is now evidence that as well as a direct effect of phytochromobilin (the phytochrome

chromophore) are the tetrapyrrole pathway itself can influence nuclear gene expression, followin§
the characterisation of signaling pathways that indicate the physiological status of the plastid. 12·1
Mutant plants defective in this signaling pathway are called genomes uncoupledor gun mutants, and
retain expression of Lhcb (encoding the major light-harvesting cWorophyll proteins) following
transfer to light iller treatment with the photobleaching herbicide norflurazon; in wild-type plants
Lhcb expression is essentially abolished by this treatment. One group ofgun mutants is in genes
involved in tetrapyrrole synthesis: GUN5 is ChlH, encoding one of the subunits of Mg-chelatase,
GUN2 is haem oxygenase, and GUN3 is phytochromobilin synthase. 12 A fourth mutant from
Arabidopsis, gun4, lacks a protein required for regulation of Mg-chelatase activity.15 Similarly, a
mutant of porphobilinogen deaminase and the lin2 mutant, defective in coproporphyrinogen oxi
dase (CPO), also express Lhcb in the light in the presence ofnorflurazon,14 as do lines overexpressing
protochlorophyllide reductase (POR).16 These observations strongly suggest that penurbation of
flux through the tetrapyrrole pathway influences nuclear gene expression, and one model proposes
that an intermediate of the pathway may act as the signal. Indeed, analysis ofwild-type Arabidopsis
plants treated with norflurazon reponed increased levels of Mg-protoporphyrin lX relative to the
untreated controls. 14 In the gun mutants, Mg-protoporphyrin accumulation was much less, as
would be predicted from the site ofthe lesions (Fig. 1). Earlier work correlated Mg-protoporphyrin
lX with Lhcb expression,13.17 and in the green alga Chlamydomonas reinhardtii, nuclear gene ex
pression was altered by feeding ofcells with Mg-protoporphyrin lX, but not protoporphyrin lX. 18

However, there were discrepancies with this model, most notably the fact that mutants of another
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subunit ofMg-chelatase, CHLI, which would be predicted to have the same effect on the ability of
the plant to accumulate Mg-ptotoporr.hyrin IX, do not exhibit a gun phenotype. 12 In a detailed
mutant study, Mochizuki et al (2008) I a found no correlation between levels ofchlorophyll synthe
sis intermediates and expression of Lhcb. At the same time, using a novel LC-MS method that can
identify these intermediates unambiguously, Moulin et al (2008)18b showed that norflurazon se
verely represses the production of the chlorophyll branch. Nevertheless, whatever the nature of the
signal, it is clear that careful regulation of flux through the tetrapyrrole pathway is essential to
ensure correct retrograde signaling from the plastid to the nucleus.

Tuming on the Tap-Regulation of the Synthesis of the Initial
Precursor, ALA

Early ~rk
As in all other organisms studied to date, ALA synthesis is the major control point in the plant

tetrapyrrole pathway (see Fig. 2), and determines the total flux through the pathway. Early work
established ALA production as the rate-limiting step for chlorophyll synthesis during greening of
etiolated seedlings (reviewed in refs. 19,20), and provided evidence that this involves
feedback-inhibition by haem (Fig. 2A). This led to the proposal that in the dark, where there is no
activity of the light-dependent protochlorophyllide reductase (Chapter 14), the block in the chlo
rophyll branch allows haem to accumulate, which then feedback inhibits ALA production. In the
light where there is rapid chlorophyll accumulation, protohaem accumulates to a much lesser de
gree, thus releasing the block on the enzymes that synthesise ALA. 3 In support of this model, haem
has been shown in many systems, from cyanobacteria through green algae to higher plants, to
inhibit the synthesis of ALA from glutamate in vitro (e.g., refs. 21,22, reviewed in refs. 19,20),
whereas other intermediates including Mg-protoporphyrin or protochlorophyllide had much less
effeet.22 In addition, artificial depletion of the haem pool in intact plastids using apoperoxidase
resulted in a 32% stimulation of ALA synthesis in organelio.23

Evidencefrom Mutants
The role of haem as a key internal modulator of the pathway is further supported by the pheno

type of the aurea and yellow-green-2 mutants of tomato that are defective in phytochromobilin
synthase and haem oxygenase activities, respectively, such that haem breakdown is likely to be re
duced. These plants areEale with reduced chlorophyll, even though there is no block in the pathway
ofchlorophyll synthesis. 4Dark-grown mutant seedlings have reduced amounts ofprotochlorophyllide
resulting from an inhibition ofALA synthesis25 and accumulate much less Mg-protoEorphyrin after
2,2'-dipyridyl treatment than do wild-type plants treated with the same inhibitor. 4 This demon
strates that the mutants are deficient in their ability to degrade a haem pool that is inhibitory to ALA
synthesis. Although phytochrome itself has a key role in the regulation of tetrapytrole synthesis
genes, in adult mutant plants phytochrome responses appear normal and yet the plants still display
the reduced-chlorophyll phenotype.24

Similar conclusions can be drawn from study of other plants with altered levels of tetrapyrrole
enzymes. Spontaneous lesion-forming mutants of maize (les22) and Arabidopsis (lin2) are defective
in uroporphyrinogen decarboxylase (UroD) and CPO respectively.26.27 The necrotic lesions result
from the accumulation of the enzyme substrate. As these plants also have impaired haem synthesis,
there is less ability to regulate ALA synthesis, leading to uncontrolled flux through the pathway that
contributes further to the accumulation of the phototoxic tetrapyrrole intermediates. This is also
observed in tobacco plants expressing antisense constructs for UroD,28 CPO,29 or ferrochelatase,3o
but no such accumulation is seen in tobacco plants antisense for any of the three subunits of
Mg-chelatase, although they have less chlorophyll.5.6 A plausible explanation for this is that in the
antisense Mg-chelatase plants, the regulatory haem branch of the pathway remains intact, so that
ferrochelatase could effectively 'mop up' any excess protoporphyrin, resulting in increased haem, and
a new steady-state ofALA synthesis activity.3 This model also explains the situation in different tissues
of wild-type plants. In leaves of light-grown plants there is a high requirement for chlorophyll, so
competition for protoporphyrin IX by the Mg-branch would reduce haem synthesis resulting in a
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transient decrease in a small, regulatory haem pool. When tetrapyrrole synthesis is in excess of re
quirements, protoporphyrin IX would rise, resulting in greater, transient production of haem, and
hence a repression ofALA synthesis. This is effectively the situation in dark-grown seedlings in which
protochlorophyllide reduction is prevented. Following a light flash there is an immediate increase in
ALA synthesis activity [see reE 19 for review]. This can be explained by the instant demand to replen
ish protochlorophyllide pools and thus the rapid removal of the inhibitory haem pool. Similarly, in
nonphotosynthetic cells, this model can explain changes in flux, for example in root nodules, in
which there is an increased requirement for haem for leghaemoglobin entirely independent ofchloro
phyll synthesis.8 Clearly the absence of Mg-chelatase in these cells means that this branch cannot be
responsible for the necessary increase in ALA synthesis.

ALA Synthesizing Enzymes
The site ofdown-regulation by haem appears to be at glutamyl-tRNA reductase (GluTR; Fig. 1;

Fig. 2A). This is the first step in the pathway that is unique to tetrapyrrole synthesis because
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Figure 2. Regulation ofALA synthesis. A) Schematic showing adimer ofGluTR interactingwith glutamate
semialdehyde aminotransferase (GSA-AD as proposed by Moser et al.67 GluTR is directly inhibited by
haem and the regulatory protein FLU. B) Two HEMA genes encode GluTR in Arabidopsis. HEMAl is
regulated by multiple signals, including light via the phytochrome and cryptochrome families of photore
ceptors. The light signals are closely associated with inputs from both the circadian clock and plastid
signaling. In contrast, HEMA2 shows little transcriptional regulation but, like HEMAl, is repressed by
sucrose. See text for further details. Abbreviations for enzymes as in Figure 1.
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glutamyl-tRNA synthetase (GluTS) also provides substrate for chloroplast protein synthesis. Exog
enous haem can inhibit recombinant GluTR,31 a process that involves the N-terminal 30 amino
acids of the enzyme, since deletion of this region abolishes the response.32 The idea that GluTR is
the central controller of tetrapyrrole flux is supponed by the observation that expression of the
HEMAl ~ene, encoding one isoform of GluTR, is modulated by a wide range of regulatory signals
(Fig. 2B). 3 Plant species commonly contain at least two HEMA genes. In Arabidopsis, HEMA2 is
expressed predominantly in roots and flowers and is not regulated by light or plastid signals.34 This
has led to the hypothesis that the primary role of HEMA2 is to provide tetrapyrroles constitutively
for normal cellular processes. In contrast HEMAl although expressed in dark-grown seedlings is
induced up to 3D-fold in the light,33 suggesting a role more tailored to providing tetrapyrroles
(both chlorophyll and haem) for biogenesis of the photosynthetic apparatus. Experiments using
narrow waveband light sources showed that HEMAl expression was under the control of both
phytochrome and cryptochrome fhotoreceptors with the proximal 451 bp of the promoter suffi
cient for full light responsiveness. 3 Funher studies using photoreceptor-deficient Arabidopsis mu
tants have established that phytochrome A, phytochrome B, a third as yet unidentified phyto
chrome and both cryptochromes I and 2 all playa role in light regulation. 10 This study also identified
a number of components, such as FHYI, FHY3, HY5 and COPI, involved in the phytochrome
signaling pathways. More recently studies on a phytochrome-interacting protein PIF I indicate that
this may also playa key regulatory role in regulating ALA synthesis.35 Although the effect of light
is the best characterized HEMA regulatory response it is just one of a number of factors that regu
late exwession. HEMA expression has been shown to be regulated by the circadian clock in both
barlef6 and tobacco.37 This is consistent with the strong role for photoreceptors in entraining the
clock.38 HEMA genes have also been shown to be strongly regulated by plastid signals,33 hormones,
such as cytokinin,16,39 and sugars.34 The direct influence ofthese signals on GluTR gene expression
therefore enables an integrated regulation of flux through the tetrapyrrole pathway, in which inter
nal control mechanisms can modulate external inputs. By contrast, GSA genes encoding
glutamate-I-semialdehyde aminotransferase (GSA-AD, the third enzyme of ALA synthesis, are
rather weakly responsive to these signals. 1O Indeed, GSA-AT has a similar moderate induction
under white light seen for the majority of genes encoding tetrapyrrole enzyrnes,40 and it has been
hypothesized that this may be the result of increased chloroplast development and division under
these conditions resulting in increased plastid signaling input.41

Feedbackfrom the Mg-Branch
Recently, a more prominent role has been proposed for the Mg-branch in regulating flux

through the tetrapyrrole pathway. This proposal has come from two lines of evidence. Firstly,
transgenic tobacco plants containing antisense constructs for CHLl and CHLH have both re
duced Mg-chelatase activity and a concomitant reduction is ALA synthesis activiry.5,6 Where
measured, the decrease in ALA synthesis correlated with a reduction in HEMA expression.6Since
there was no significant increase in total extractable haem, which was actually reduced in some
lines, it was concluded that flux through the Mg-branch of the pathway was the key determinant
ofALA sLnthesis activity. The signal for down-regulation might be the enzyme itself, or an inter
mediate. ,6 The second line ofevidence comes from the isolation ofthe flu mutant ofArabidopsis.42
FLU is a nuclear-encoded protein that is localized to chloroplast membranes and functions as a
negative regulator of chlorophyll synthesis. Consistent with the key role of GluTR in integrating
regulatory signals, FLU interacts with GluTR (but not GSA-AT) in yeast two-hybrid assays.43 In
etiolated flu seedlings, there is an over-accumulation of Pchlide, but no accumulation of 'free'
haem and it was therefore proposed that FLU operates independently of haem.42 This is funher
supponed by the observation that FLU interacts with GluTR at a different position than that
attributed to haem inhibition and that a haem oxygenase-deficient mutant hyl partly rescues the
flu phenorype.44 However, while it is clear that FLU has a crucial role to play in regulating the
tetrapyrrole pathway independently of haem, there is no current evidence that it functions in
response to the levels of Mg-porphyrins.

The Mg-porphyrins themselves are likely to have damaging photosensitizing effects on the chloro
plast and mechanisms must be employed to prevent this. Such a pathway would not be specific to
tetrapyrrole synthesis because genes for many chloroplast proteins are responsive to plastid signalling.
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Nevenheless HEMAl expression is highly regulated by plastid signals33 and thus changes in HEMAl
expression could be modulated effectively through this pathway. Similarly, ferrochelarase-2 genes are
responsive to light45 and plastid signaling.46 Interestingly, there are second genes for both ferrochelatase
and GluTR, neither ofwhich are responsive to plastid signals.45•46,34 This would therefore provide an
effective mechanism for regulating GluTR and ferrochelatase activity dedicated to the synthesis of the
photosynthetic apparatus while allowing constitutive activity to remain independent of such control.

Decision Tune at the Branchpoints

Sirohaem Branch
The first branchpoint in the pathway is between sirohaem and the other major endproducts (Fig.

3A), where uroporphyrinogen III methyltransferase must compete with UroD for the substrate
uroporphyrinogen 1II.47 How the regulation is achieved is completely unknown, either in higher
plants, or indeed in other organisms such as yeast and bacteria, which also make sirohaem. The last
enzyme of this branch, sirohydrochlorin ferrochelatase, catalyses the insertion of ferrous iron into
sirohydrochlorin to make sirohaem. It has recentll. been identified in higher plants by sequence
similarity to the Bacillus megaterium enzyme SirB.4 Characterisation of the Arabidopsis homologue,
AtSirB, revealed two distinct differences to the enzyme from bacteria. Firstly, it is only half the size
ofthe bacterial enzyme, and in fact aligns with both the N- and C-terminal halves ofB. megaterium
SirB, demonstrating that the larter is likely to have arisen by a gene duplication and fusion event of
an ancestral protein. A similar situation is found for CbiX, a sirohydrochlorin cobaltochelatase in
volved in vitamin B12 biosynthesis (a tetrapyrrole not made by higher plants), where there are two
classes of enzyme, one of which (CbiXL) appears to be a duplication of the other (CbiXs).49 By
analogy, AtSirB is therefore referred to as AtSirBs.

The second difference between the plant and bacterial enzymes is that AtSirBs has an 2Fe.2S
centre of unknown function at the C-terminus, a feature it shares in common with ferrochelatase
(the terminal enzyme ofhaem synthesis) from animals and several microbes50.51 but which, intrigu
ingly is absent from plant protoporphyrin IX ferrochelatases (Fi~ 3B). It is thus tempting to specu
late that the Fe.S cluster is involved in the competition for Fe + between the two ferrochelatases
within the plastid (Fig. 3A). There is currently no experimental evidence to indicate the role of this
moiety, either in AtSirB or indeed animal protoporphyrin ferrochelatases, although its disruption
inactivates the human ferrochelatase (see Chapter 4).50

ChlorophyO versus Haem Branch
Much more is known about the regulation of the major branchpoint in plant tetrapyrrole syn

thesis, namely between haem and chlorophyll. In this case two chelatases with different metal
ion-specificities compete for the same porphyrin substrate, protoporphyrin IX. Given the great varia
tion in flux through the chlorophyll and haem branches during development and in different cell
types, it is likely that the chelatase enzymes play important regulatoty roles. One ofthe clues to what
the regulatory mechanisms might be comes from the sttucture and properties of the two chelatases.
Ferrochelatase is a monomer or homodimer, with no cofactor re~uirement, and has structural (al
though little sequence) similarity to the cobatochelatase, CbiX.4 In contrast, Mg-chelatase com
prises a heterotrimer of three different subunits, CHLI (~40 kDa), CHLD (~70 kDa) and CHLH
(~140 ka), and requires ATP for activity (see Chapter 14). It is analogous to another form of
cobaltochelatase found in the aerobic pathway of vitamin B12 biosynthesis (Chapter 18), which
comprises three subunits, CobS, CobT and CobN, although only CobN shares any significant
sequence similarity with a Mg-chelatase subunit (CHLH). Nonetheless, the resemblance between
the two classes ofchelatase has led to the proposal that the cobaltochelatases represent the ancestral
origin of these enzymes,52 and the marked differences between Mg-chelatase and ferrochelatase
could then be exploited to facilitate branchpoint regulation.

Mg-chelatase has a much lower K.n for protoporphyrin IX than ferrochelatase, suggesting that
Mg-chelatase would compete effectively with ferrochelatase for this substrate. Furthermore,
Mg-chelatase activity requires ATP whereas ATP inhibits ferrochelatase activity,53 and addition of
ATP to isolated chloroplasts results in increased Mg-chelation and decreased haem synthesis.54 ATP
also activates the heterotrimeric Mg-chelatase, by facilitating the formation of a complex between
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Figure 3. The branchpoint to sirohaem. A) Sirohaem is synthesised from the tetrapyrrole primogenitor
urogen III by methylation (catalysed by UPM), followed by oxidation and then insertion of a ferrous iron
by sirohydrochlorin ferrochelatase (SirB). Alternatively, urogen III is oxidatively decarboxylated by three
enzymes to form protoporphyrin IX, then insertion ofa ferrous iron by (protoporphyrin IX) ferrochelatase
makes haem. A ~ acetate group; P ~ propionate group Abbreviations for enzymes as in Figure I. B) Schematic
offerrochelatase precursor proteins. ArabitilJpsisSirB (AtSirB) has a C-terminal FezSz duster, as does human
(Hs) ferrochelatase, whereas ArabitilJpsis ferrochelatase does not. Both ArabitilJpsis enzymes are synthesised
as precursor proteins with N-terminal chloroplast transit peptides (cp tp), while the Hs ferrochelatase has
a mitochondrial targeting sequence (mt tp).

CHLI and CHLD. 55,56 The third subunit, CHLH, which binds protoporphyrin IX, then associates
with the other two subunits, and metal chelation can occur. Thus in the light, when ATP levels are
high, the Mg-branch of the pathway would be favoured, and conversely, in the dark, Mg-chelation
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would be reduced. Another component that mighr play an imponant role in this process is the
recently identified GUN4 protein.15 This protein can bind both substrate and product of the
Mg-chelatase reaction in vitro and copurifies with CHLH in a chloroplast protein complex. Purified
recombinant GUN4 protein from the cyanobacterium Synechocystis PCC6803 was found to stimu
late Mg-chelatase activity in a reconstituted reaction. 15 A Synechocystis gun4 mutant in which the
GUN4 ~ene had been inactivated also had reduced Mg-chelatase activity, and lower chlorophyll
content. ? Perhaps more surprisingly ferrochelatase activity was also severely reduced in the gun4
mutant, and there was an accumulation of protoporphyrin IX. The authors speculated that the
protein may be involved in optimal distribution of the protoporphyrin IX substrate to the two
chelatases, and/or stabilizing the enzymes.

Another mechanism for branchpoint regulation that has been proposed invokes substrate chan
neling such that different pools of protoporphyrin IX are available for each of the chelatases. Sup
pon for this comes from studies of tobacco plants in which tetrapyrroles enzymes have been inacti
vated by antisense technology (see earlier). In plants antisense for ferrochelatase-2, there is an
uncontrolled accumulation ofrrotoporphyrin IX,30 but such an increase is not seen in plants with
altered Mg-chelatase activity.5, It therefore seems that a pool of protoporphyrin IX, once commit
ted to the haem branch of the pathway, is no longer available as a substrate for Mg-chelatase.

Lastly, at least in mature tissues, control might be exened through differential expression of the
genes for the chelatases. In tobacco leaves grown in light/dark cycles, Mg-chelatase activity peaks at
the beginning of the light phase and ferrochelatase activity is greatest at the end of the light phase,3?
indicating a diurnal rhythm. One basis for this pattern of activity appears to be the relative gene
expression of the two chelatases. HEMH2, encoding ferrochelatase-2, gradually increases during the
light phase whereas CHLH is highest at the beginning of this period3? or at the end ofthe preceding
dark period.58 Interestingly, the expression levels ofgenes encoding other Mg-chelatase subunits did
not change significantly under these conditions,3? consistent with §enerai observations that CHLH is
the principal target for transcriptional regulation ofMg-chelatase. 8 Indeed, detailed analysis ofgene
expression profiles in Arabidopsis for all enzymes in the pathway has identified CHLH as one ofonly
six genes that are critically responsive to light and circadian regulation;40 the other genes being HEMAl
(see earlier), PORA, PORB (which were both down-regulated by light) and two genes, CRDl and
CAO, encoding enzymes of the chlorophyll branch of the pathway (discussed later). Another possi
bility for regulation at the level of gene transcription can be found in the expression patterns of the
two ferrochelatase genes. Fetrochelatase-2 is characterised by the presence of the so-called generic
LHC motif at the C-terminus of the protein,45,59 found also in light-harvestinji chlorophyll pro
teins.6O In Arabidopsis, ferrochelatase-2 is expressed only in photosynthetic tissue and, as discussed
earlier, is severely repressed in the light on norflurazon. It is therefore likely to be involved in making
haem for photosynthetic cyrochromes.46 Ferrochelatase-l, which does not contain the LHC motif, is
ubiquitously expressed throughout the plant46,59 and is implicated in synthesis of haem for respira
tory cyrochromes and haemoproteins involved in the defence response.46 The marked upregulation
of this gene in leaves by environmental stress such as wounding or viral infection might provide the
means to channel tetrapyrrole intermediates away from chlorophyll and into haem production. The
role ofGUN4 should also be considered. Preliminary experiments have indicated that GUN4expres
sion is strongly regulated by both light and plastid signaling (McCormac and Terry, unpublished
results) thus providing an ideal mechanism for stimulating the chlorophyll branch of the pathway by
activating a positive regulator of Mg-chelatase activity.

Regulation of the Chlorophyll Branch
A number ofsteps in the chlorophyll branch ofthe pathway may be important for regulation. The

best characterised ofthese is the reduction ofPchlide to chIorophyllide (Chlide) by POR As discussed
in detail in Chapter 14, this enzyme requires light for activity and Pchlide accumulates in dark-grown
seedlings. Once in the light, Pchlide is rapidly transformed to Chlide by POR, which is degraded
resulting in major changes in plastid structure and initiating the transition from etioplasrs and proplas
tids to chloroplasts (for a review of POR see reE 61). As discussed earlier, photoactivation of POR
results in a rapid increase in ALA synthesis. The mechanism for this is not known but it is likely that it
results from reduced levels of free haem once the restriction of the flux through the Mg-branch ofthe
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pathway is lifted in the light by a rapid increase in chlorophyll synthesis which competes effectively
with ferrochelatase. InArabidopsis, POR is encoded by three genes PORA_C61 Both PORA and PORB
are expressed in the dark, but are rapidly downregulated in the light, although PORB expression is
retained in light-grown seedlings.4o•6 In contrast PORC is only expressed in light-grown tissues,61 but
is not critically responsive to light signals, being induced in parallel with most tetrapyrrole enzymes,
about 2-3-fold.40 However, it is not at all clear that such a complex regulatory pattern ofPOR expres
sion is common to all plants and a number of species, including pea and cucumber appear to have a
single light-induced POR gene.6l

The comprehensive analysis ofexpression profties for genes encoding the complete tetrapyrrole
pathway in Arabidopsis have revealed that both CRD1 encoding a subunit ofMg-protoporphyrin IX
monomethylester cyclase and CAO encoding chlorophyll a oxygenase are both highly regulated,
showing strong induction in light and circadian regulation.4o That CAO levels are highly regulated
is perhaps unsurprising given that this enzyme is the first committed step in chlorophyll b synthesis.
Indeed, detailed analyses of CAO expression at the transcript and protein levels showed a strong
correlation to chlorophyll alb ratio under a variery of circumstances indicating a role in regulating
the antenna size oflight-harvesting complexes in during light acclimation responses.62 The fact that
CRD1 expression is also highly regulated suggests that this step is also important for overall regula
tion of the pathway. An explanation for this is not currently apparent, but it is possible that regula
tion of this step impacts on the regulation of nuclear gene expression.

Conclusion
Clearly regulation of the tetrapyrrole pathway in higher plants takes place at many levels. There

is internal feedback by haem and FLU, and extensive transcriptional regulation of some key genes
encoding enzymes in the pathway, which acts as a means to integrate external signals with the inter
nal regulatory mechanism. Expression ofchloroplast-encoded genes is also intimately related to the
tetrapyrrole pathway since Glu-tRNA is a substrate both for ALA synthesis and for plastid protein
synthesis. There is increasing evidence for post-translational regulation too. Tobacco plants
overexpressing rat biliverdin reductase that was targeted to the chloroplast exhibited a photobleached
phenotype and poor correlation between gene expression and protein or enzyme activiry levels.63

Most notable was the turnover of CHLI in these plants and it is interesting that CHLI has been
identified as a target ofthioredoxin, which has been implicated in chloroplast protein degradation in
response to light stress.64 A recent study in barley of the chlorophyll-deficient albostrians mutant
observed similar inconsistencies,65 as did a comprehensive comparison ofgene expression levels with
the chloroplast proteome.66 A regulatory pathway controlling the stabiliry of key tetrapyrrole en
zymes might therefore account fot some ofthe anomalies in the current literature and is a major area
for future work. Another key question for the future concerns the spatial relationships between the
key pathway enzymes and regulators. In particular, branchpoint regulation is likely to be strongly
affected by the spatial organization of enzymes and intermediates within the plastid, and by trans
port of intermediates and endproducts across membranes. Finally there is the association of the
tetrapyrrole cofactors with their cognate apoproteins, an area of research in its infancy, with an
adequate understanding only ofhaem binding to c-type cyrochromes (Chapter 9).
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CHAPTER 16

Regulation of the Late Steps
of Chlorophyll Biosynthesis
Wolfhart Riidiger*

Abstract

The regulatory network that controls formation of the various components of the photo
synthetic machinery becomes evident when late steps of chlorophyll biosynthesis are
investigated by deregulation. A major regulatory point is revealed by a dark-to-light shift

revealing the interplay between the light dependent reduction of protochlorophyllide a to
chlorophyllide a with phase transitions of plastid membranes and stable accumulation of chloro
phyll a-binding proteins. The second part deals with chlorophyll b formation, details of which are
controversially disputed in the literature. This is connected with the formation of nuclear-encoded
proteins oflight-harvesting complexes; expression of their genes, in turn, responds to plastid signals
one of which is a chlorophyll precursor. Finally, a hypothetical role for carotenoids to maintain a
well-regulated tetrapyrrole pathway will be discussed.

Introduction
Chlorophyll (Chi) biosynthesis from simple precursors requires many steps; 16 enzymes of this

pathway have been identified. For consideration of regulation, the pathway can be subdivided into
five main parts (Fig. 1): (1) formation of 5-aminolaevulinate (ALA) from glutamate, (2) formation
of protOporphyrin IX (Proto) from 8 molecules of ALA, (3) formation of protochlorophyllide a
(Pchlide a) from ProtO, (4) formation ofChi a from Pchlide a, and (5) formation ofChi b. A second
branch from Proto ("iron branch") leads to haem and plant bilins, parallel to part 3 of the above
scheme that belongs to the "magnesium branch". Up- and down-regulation ofone branch influences
the other, since they share a common precursor: a high substrate flux into one branch can partly
deplete the other branch for substrate and vice versa. Therefore, it can be expected that regulation of
Chi synthesis influences not only the flux within the magnesium branch but also the distribution of
precursors between both the magnesium and the iron branch.

Chi has a dual function in photosynthesis: Chi is highly reactive in the reaction centres to medi
ate light-driven charge separation, and Chi is biochemically inen in the antennae to harvest light
energy and transfer it to the reaction centres. The environment of specific proteins and cofactors
such as carotenoids causes these diverse propenies. All Chi molecules in green plants are embedded
in specific proteins, and it will be hypothesized in this chapter that the same applies to most Chi
precursors, too. That plants do not accumulate free Chi, is due to its chemical propenies: a solution
of pure Chi in an organic solvent bleaches within minutes or hours when exposed to sunlight. This
photO-destruction is not restricted to Chi itself: the precursors with a porphyrin structure are photo
sensitizers, which in the light catalyse peroxidation oflipids and other macromolecules via produc
tion of singlet oxygen. This propeny is the reason for a strict coregulation of the tetrapyrrole path
way with formation of protecting ptOteins and cofactors.

'Wolfhart Rudiger-Department Biologie I, Botanik, Universitat Munchen, Menzinger Str. 67,
0-80638, Munchen, Germany. Email: ruediger@lrz.uni-muenchen.de
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Figure 1. Scheme of chlorophyll biosynthesis. Pans 4 and 5 are discussed in this chapter.

Regulation of Chi biosynthesis follows the principle of other biosynthetic pathways: key steps
that are rate-limiting for the overall metabolic flux are regulated at several levels and by several
factors, starting from hormonal and light-regulated expression of the genes encoding the respective
enzymes to feed-back control ofthe enzyme activity by end products or suitable intermediates. Such
key enzymes catalyse the first specific step of the pathway or critical steps at branching points; these
steps of Chi biosynthesis are dealt with in Chapters 14 and 15 of this book. This chapter will
concentrate on parts 4 and 5 of Chi biosynthesis (see Fig. 1); emphasis will be on principles of
regulation that are specific for Chi biosynthesis. Since Chi formation is embedded in a regulatory
network that involves other compounds of the photosynthetic machinery, the significance ofsingle
regulatory steps can often be recognized by specific de-regulation. Further, the properties of single
enzymes can sometimes give clues as to the mode ofregulation. Both approaches will be described in
this chapter.

Light Regulation via NADPH:
Protochlorophyllide Oxidoreductase (POR)

Two different enzyme systems have evolved for reduction ofPchlide to ChIide, one operating in the
dark and another one that catalyses a photoreaction. The "dark enzyme", consisting of3 protein sub
units, is present in phototrophic bacteria, cyanobacteria, algae, mosses, ferns, and gymnosperms; these
organisms can form Chi in darkness. The "light enzyme", consisting ofa single protein (POR), occurs
in all organisms that carry out oxygenic photosynthesis, from cyanobacteria onward; in organisms
conraining both enzymes, POR can be assumed to play primarily the role ofa light regulator. The most
dramatic effect oflight regulation can be seen in angiosperms that lack the "dark enzyme": when such
seedlings are grown in absolute darkness, these "etiolated" plants do not synthesize any Chi but accu
mulate the precursor Pchlide a instead, bound together with the cofuctor NADPH to the enzyme
NADPH:protochlorophyllide oxidoreductase (POR, Fig. 2). Irradiation of this ternary substrate!
cosubstrate!enzyme complex causes the immediate formation ofNADP+ and Chlide, and release of
these products enables the enzyme to bind substrate and cosubstrate for a new photoreaction. The
mechanism of the photoreaction is described in Chapter 14; emphasis in this chapter lies on the
consequence of the photoreaction for regulation of part 4 of Chi biosynthesis, mainly deduced from
investigation of flash-irradiated etiolated barley seedlings1

•
2 (Fig. 2). A critical step that is normally
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Figure 2. Light regulation of parr 4 of chlorophyll biosynthesis in etiolated angiosperm seedlings. The
absorption maxima of the pigment-protein complexes and their composition according to Oliver and
Griffiths4 are indicated. The dashed arrow signifies the rapid phase of chlorophyll synthesis, which
typically makes up 117 of the accumulated Pchlide. Chi a-binding proteins are the six plastid-DNA
encoded proteins P?OOA, P?OOB, 01, 02, CP43, CP4? Pchlide: protochlorophyllide; Chlide:
chlorophyllide; GG: geranylgeraniol; Phy: phytol.

rate-limiting is the release ofCWide from PORi we hyporhesize thar the producr can either be pulled
our by binding to the nexr enzyme, CW synthase, presuming thar free binding sires are available, or
pushed our by an excess of free Pchlide.

The hyporhesis ofa pulling mechanism came from rhe observarion rhar abour 1/7 of toral Chlide
formed by saruraring irradiarion was esrerified wirhin seconds accompanied by an absorprion shift
from 678 direcrly to 672 nm (dashed arrow in Fig. 2); the rapid reacrion rare is comparible wirh rhe
assumprion of a 7: 1 complex between POR and Chi synthase thar is preloaded with GGPp'2 Ac
cording to irs "ping-pong" mechanism, Chi synthase musr be preloaded with geranylgeraniol (GG)
before ir can bind Chlide,3 and reloading after the firsr round of caralysis rakes some rime. Mean
while, rhe residual 617 of toral CWide remain bound to POR. NADPH exchanges for NADP+ in rhe
complex wirhin few minures; according to Oliver and Griffiths,4 rhis is the molecular basis for the
shift from 678 to 684 nm, observed in many laboratories. The subsequent shift from 684 to 672 nm
("Shibara shift") and esrerificarion of residual Chlide require 30-60 min for complerion, depending
on rhe remperarure.
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The hypothesis of a pushing mechanism, i.e., exchange of Chlide by Pchlide, is based on the
observation that the Shibata shift is accelerated when an excess ofPchlide accumulates after incubation
with 5-aminolaevu1inate,4 whereas the kinetics of esterification of Chlide remain unchanged under
these conditions.2 Thus, the Shibata shift and the esterification ofChIide, which run in parallel under
a variety ofconditions,55 can experimentally be separated ftom each other. Under such conditions, it is
not the release ofChIide ftom POR but the reloading ofChi synthase with geranylgeranyl diphosphate
(GGPP) for esterification ofChIide that limits the reaction rate ofChi formation.

Geranylgeranyl reductase is a multifunctional enzyme that catalyses both reduction of ChI-GG
to Chl-Phy and ofGGPP to phytyl diphosphate (PhyPP).5 In etiolated plants, its activity is low but
increases immediately after irradiation, probably by new synthesis of the enzyme because the in
crease is inhibited by cycloheximide;55 its mRNA level is higher in green than in etiolated plants.5

Chi synthase accepts both GGPP and PhyPP;6 since the level ofPhyPP is at least 8 times lower
than that of GGPP in etiolated plants? esterification of ChIide with PhyPP plays only a marginal
role in this tissue and is not included in Figure 1. It may be more important in green plants where
only formation ofChI-Phy has been observed although a very rapid reduction ofChI-GG, detected
in leaves ofdark-grown seedlings containing proplastids,8 is also compatible with the experimental
results. A study with transgenic tobacco plants expressing antisense RNA for geranylgeranyl reduc
tase revealed reduced amounts of total Chi; up to 58% of the remaining Chi were esterified with
GG.9 Thus, ChI-GG can be incorporated into pigment-protein complexes but causes reduced sta
bility. In the same study, the authors found reduced levels of tocopherol, which requires PhyPP (and
not GGPP) for its biosynthesis in tobacco. Light regulation ofgeranylgeranyl reductase affects not
only Chi synthesis but also formation of tocopherol and presumably phylloquinone.5

Saturating irradiation ofetiolated oat seedlings transiendy depleted the pool ofGGPP, probably
by consumption by esterification of Chlide. lo Since GGPP is involved as a precursor in several
pathways, e.g., carotenoid biosynthesis, regulation of the esterification of ChIide can also influence
the substrate flux into other pathways using GGPP.

The Chi a-binding proteins are included in Figure 2 because of their tight connection with Chi
synthesis. It had been known for a long time that these proteins accumulate together with Chi when
etiolated leaves are irradiated, but fail to accumulate when isolated, intact plastids are irradiated. With
the knowledge that isolation of plastids leads to the loss of soluble GGPP and Phypp," Eichacker et
all2 demonstrated the accumulation of these proteins by synthesis of Chi in the dark ftom added
Chlide and PhyPP. Addition of already esterified Chi did not lead to the accumulation of these pro
teins; thus, the interaction with the proteins requires either Chi "in statu nascendi" or the presence of
the enzyme, Chi synthase. The effect of Chi synthesis turned out to be the stabilisation of the newly
formed proteins that are proteolytically degraded in the absence of ChI. 13 The permanent synthesis
and degradation ofthese proteins in darkness seems to be an oddly wasteful; it can be argued, however,
that ftee Chi is such a potent sensitizer for membrane photo-oxidation that it is necessary to have Chi
apoproteins always available in excess to be able to bind each newly-synthesized Chi molecule immedi
ately.'3 There is no stabilisation with ChIide or PhyPP alone; however, artificial [Zn]-ChI. produced
via the ChI synthase reaction, stabilises the proteins at lowconcentrations but leads to their destabilisation
at higher concentrations.14 Since ftee Chi is unstable, the results signify a mutual stabilisation of Chi
and Chi-binding proteins, and the entire process, oudined in Figure 2, is light dependent, mediated by
the photo-conversion of Pchlide to ChIide catalysed by POR

The molecular basis for the spectral changes caused by irradiation of etioplasts is presented in
Figure 2 according to the model of Oliver and Griffiths.4 This model does not explain the two
spectral forms of photoactive Pchlide in the ternary complex, absorbing at 638 and 650 nm. Both
are connected to the inner membranes of etioplasts, the 638 nm form is enriched in prothylakoids
and the 650 nm form in prolamellar bodies (PLBs). Circular dichroism measurements, which indi
cate different degrees ofpigment-pigment interaction, have been interpreted such that the forms are
aggregated Pchlide-POR complexes of different sizes. 15,16 Irradiation should therefore yield
ChIide-POR complexes ofsimilar heterogeneous sizes. The Shibata shift can then be understood as
disaggregation from larger to smaller size and transfer from PLBs to prothylakoids,17 perhaps involv
ing conformational changes of the POR protein. 18

I wish to draw the attention of the reader to still another aspect: the prothylakoid membrane has
a lamellar structure while a cubic membrane phase has been attributed to PLBs, consisting of a
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regular nerwork oftubules rhat can store large amounts of Pchlide, paR, and membrane lipids in a
small volume. 19 Since paR has no membrane-spanning sequence it must be located at the mem
brane surface. A tubular structure has rwo different surfaces with opposite curvature, and it is rea
sonable to assume that paR complexes are more tightly packed at the inner surface than at the outer
surface of the tubules. This should result in a higher degree of pigment-pigment interaction at the
inner than at the outer side of the tubules, and it could easily explain the observed rwo spectral
forms, the 650 nm form at the inner and the 638 nm form at the outer surface, while classical
aggregation could lead to a continuous spectral shift depending on the size of the aggregates. It is
interesting in this connection that Chi synthase activity is latent in isolated, intact PLBs, i.e., the
enzyme is present but catalyses the esterification of Chlide with added GGPP or PhyPP only after
dissociation of PLBs.20 It is plausible to assume that Chlide esterification in intact etiolated leaves
also requires dispersal of PLBs, and this emphasizes the significance ofcoregulation of metabolism
with the ultra structure of the cell. The cubic structure is stable as long as the ternary paR complex
contains Pchlide; after photo-conversion to Chlide, it becomes unstable and finally transforms into
a lamellar membrane system.

A different model for PLBs with the assumption of large amounts of Pchlide b has been pro
posed.21,22 This will be critically discussed in the next section on Chi b.

Regulation of Chlorophyll b Biosynthesis
In addition to Chi a, Chi b is a majot pigment in LHCI and LHCII, the outer antenna com

plexes connected to photosystems I and II, respectively. Transfer ofetiolated plants from darkness to
light leads to formation of Chi a-containing reaction centres and inner antennae before the Chi
b-containing outer antennae LHCI and LHCII appear. Together with the structural similarity of
Chis a and b, the sequence of appearance led to the speculation of Chi b biosynthesis from Chi a.
The reaction step was substantiated by isolation ofthe CAO genes from Chlamydomonas reinhardtij13
and Arabidopsis thaiiana,24 and investigation of the recombinant enzyme revealed that the reaction
takes place with Chiide a instead of Chi a, and is a rwo-step oxygenation.25 A number of investiga
tions had already shown that the back reaction, reduction of Chi b to Chi a, occurs under physi
ological conditions (for review see ref 26); forward and backward reactions can be compiled to a
cycle ("chlorophyll cycle", Fig. 3). It is reasonable to assume that the single reactions of the cycle are
regulated according to the requirement ofmore or less Chi a and b, respectively; however, we are far
from understanding the underlying mechanisms since single, scattered observations do not yet allow
complete picture to be drawn.

Biosynthesis

'" CAO CAO

Chlide a HO-Chlide Chlide b

/ CAR CBR

Degradation

Ch~11<h- ChIS I1C~H

CAR CBR

Chla HO-Chl Chi b

Figure 3. Scheme of chlorophrll b biosynthesis and the chlorophyll cycle. HO-Chl and HO-Chlide:
i -hydroxy-chlorophyll aand 7 -hydroxy-chlorophyll ide a, respectively. GAO: chlorophyllide a-oxygenase,
CAR: i-hydroxy-chlorophyll(ide) a-reductase, CBR: chlorophyll(ide) b-reductase, ChiS: chlorophyll
synthase, Chlase: chlorophyllase.
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In etiolated oat seedlings, the level of GAO mRNA was very small and increased after transfer of
the plants to light (K. Nikulina, U. Oster and W. Rudiger, unpublished results). Using :1jpropriate
Arabidopsis mutants and transfer from dim to medium light and back, Espineda et af found an
increase of the GAO mRNA level with increasing Chl alb ratio while Lhcb1 mRNA levels were less
responsive. There must be some cross-talk, however: overexpression of CAO in A. thaliana yielded
not only more Chl b, measured as decreased Chl alb ratio, but also an enlar~ement of the antenna
size, measured as ratio ofLHCP to the core protein CP47 of photosystem II. 7 A dramatic effect of
an opposite cross-talk was found in a photosystem I-deficient strain ofthe cyanobacterium Synechocystis
sp. PCC 6803 that naturally does not contain Chl b: whereas introduction of the Arabidopsis GAO
gene resulted in the production of very little Chl b (<10% of total Chl),28 Chl b was the main Chi
(60% oftotal) after the same transformation ofa strain that contained the pea Lhcb gene.29 Interest
ingly, Chi bhad displaced Chl a in the photosystem II core complex without disturbing its function;
no immuno-deteetable amounts ofLHCII were present and pulse labelling revealed only a transient
accumulation of traces ofLhcb protein. The authors concluded that LHCII either activates CAO or
serves as initial binding site for Chl b, which is released on degradation ofLHCII and then incorpo
rated into newly synthesized core complexes, the binding sites ofwhich apparently do not differen
tiate between Chi a and b. Transfer of the control strain from light to heterotrophic growth in the
dark led to very slow degradation ofChl a and steady accumulation of Pchlide a whereas the lhcb·/
cao· strain exhibited equally fast degradation of Chls a and b, fast and transient accumulation of
Pchlide a and transient accumulation of Pchlide b, trailing that of Pchlide a by several days; the
maximum amount of Pchlide b was 10-15% that of Pchlide a. 30 Thus Pchlide a seems to be an
inefficient substrate for CAO in this system. Further, the authors found that the presence ofb-type
Chi precursors lead to inhibition ofALA formation, a second block of the synthesis chain between
Mg-Proto and Pchlide, and an alteration ofthe distribution ofprotoporphyrin between the iron and
the magnesium branch of tetrapyrrole synthesis; they speculated that interaction of the precursor
with regulatory proteins, e.g., the small cab-like proteins (SCPs), disturbs the regulation of this
pathway. It remains to be shown whether the conclusions apply also to higher plants.

Coregulated synthesis of the nuclear-encoded LHCP with synthesis ofChi, in panicular of Chi
b, is more complex than coregulation of accumulation of plastid-encoded Chi a-binding proteins
with Chi a synthesis. The basic principle is simple: expression of the Lhcb genes is
phytochrome-regulated, and the proteins accumulate only when Chi b is synthesized. However,
expression of Lhcb genes additionally requires the presence of intact plastids, sensed by a "plastid
factor" (for review see reE 31). At first, it was considered to be a positive signal that was not pro
duced when the plastids were photo-oxidized until Strand et al32 proposed that this "plastid factor"
is Mg-Proto, which accumulates in excess when plastids are photo-oxidized and which inhibits
expression of the Lhcb gene. Reduced Lhcb ~ene expression under conditions ofincreased Mg-Proto
accumulation had been observed before,33. 4 but it had been difficult to separate the specific effect
from possible destructive effects caused by photosensitization. Mg-Proto has been shown to mediate
light-induced expression of the nuclear-encoded chaperone HSP70 in Chlamydomonas reinhardtii,
which protects photo~stem II against damage by high light, and thus qualifies as a "positive plastid
signal" in this case.35-3 The rapid and transient increase in Mg-Proto levels on dark-to-light shifrs in
green tobacco and barley seedlings38 suggests that Mg-Proto mediates a light signal also in higher
plants. Genetic evidence in Arabidopsis revealed the participation of Mg-Proto in up- and
down-regulation ofa large number ofnuclear genes, mainly encoding proteins associated with pho
tosynthetic reactions.32

Besides the Mg-Proto signalling pathway, there are other plastid-to-nucleus signalling pathways,
mostly not yet characterized in detail. One signal seems to be connected with plastid translation,39
another one that has been correlated with Lhcb gene expression, is the redox state of the plasto
quinone pool. Experimental evidence came e.g., from light or temperature induced changes in the
redox state,40 studies with inhibitors of the photosynthetic electron transport,41 investigation of a
mutant with reduced plastoquinone synthesis caused by mutation in the phosphoenolpyruvate!
phosphate translocator.42 This pathway may be most important for acclimation ofthe photosynthe
sis apparatus to high and low light; however, it operates also during early development and affects
many other gene products besides Chi alb-binding proteins.43 By stabilisation of Chl b through
bonding to LHCP, it participates in the regulation of Chl accumulation.
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As depicted in Figure 3, CWide a is the compound entering the CW cycle when CWs a and bare
synthesized and likewise the compound for exit from the cycle when CWs are degraded in higher
plants. The laner hypothesis is based on the observation that Chi degradation products are structur
ally derived from Chi a even when CW b is degraded, and that Pheide bis a competitive inhibitor of
Pheide oxygenase, the key enzyme for CW degradation44.45 (see also Chapter 17). The situation is
different in algae: open-chained tetrapyrroles, structurally derived from both CW a and CW b, have
been found on Chi degradation in Chloreli4 pyrodenoides. 46 In accordance with this result, no Chi b
reductase activity was detected in Chi4mydomonas reinhardtii (Y. Scheumann and W RUdiger, un
published result).

The hypothesis that Chlide a enters the cycle rather than compounds that are earlier or later in
the biosynthetic chain came from the substrate specificity ofrecombinant CAO determined in vitro:
within the reaction time of 3 h, neither Pchlide a nor esterified Chi a were oxygenated to the
respective b-compound.25 As mentioned before, it took several days afrer formation of Pchlide a
until some PcWide b appeared in a transgenic cyanobacterium indicating that PcWide a is a very
poor substrate for CAO also in this system.30 Thus it can be expected that Pchlide b, if it is formed
at all in higher plants, should be a minor compound besides the main intermediate PeWide a. By
contrast, Reinbothe et al2! speculated that PLBs of barley etioplasts should mainly consist of5 pans
PeWide b bound to PORA complexed with 1 part Pchlide a bound to PORB; the speculation was
based on model experiments with [Zn]-Pchlides a and b and in vitro-translation products ofPORA
and PORB. Scheumann et al47 and Armstrong et al48 questioned whether this is the situation in
vivo, given that the model was not compatible with data from several other laboratories. However,
Reinbothe et al published two funher r,aRers in suppon ofthe above speculation without solving the
discrepancies with other laboratories. 2, 9Three points of major dispute may be illustrated briefly:
(1) Reinbothe et al22 presented a highly unlikely explanation for the failure ofother laboratories to
detect any PeWide b in etiolated tissue; they hypothesized the immediate enzymatic reduction of
endogenous Pchlide b to PcWide a during extraction of intact etioplasts or leaves with 80% acetone;
the authors recommended 100% acetone containing 0.1% diethyl pyrocarbonate for detection of
PcWide b. However, all attempts ofother laboratories to find Pchlide b in etiolated plants under the
recommended conditions failed: the use of 100% acetone for extraction of fresh 50 or frozen leaves,5!
including the addition ofdiethyl pyrocarbonate52 yielded only Pchlide awithout traces ofPcWide b.
Reinbothe et al stated that their etioplast preparations did not reduce exogenous [Zn]-Pchlide b
while Scheumann et al47 described reduction by etioplasts of exogenous Pchlide b to the
i -hydroxy-derivative but not funher to Pchlide a; in fact, the pigment pattern of Pchlide b as the
main compound with some i -hydroxy-derivative and even less Pchlide a, shown by Reinbothe et al
afrer extraction ofetioplasts with 100% acetone, resembles the panern obtained by Scheumann et al
afrer incubation ofetioplasts with an excess of Pchlide b. (2) A key statement by Reinbothe et al21 .49
is the lack of photo-conversion of Pchlide b bound to PORA; given the postulated 1 : 5 stoichiom
etry of PeWide a : b, this should mean that only one pan of total PcWide should be photoactive and
five pans should be nonphotoactive. This is in contrast to the findings in other laboratories that the
majority of PcWide in etiolated plants is photo-convened to Chlide a by flash iIlumination,48 e.g.,
about 90% photo-conversion in etiolated barley leaves by a single saturating flash of2 ms duration,2
and PcWide b, added to etioplast preparations, is readily photoconvened to Chlide bY Poor
photoconversion of Pchlides is normally considered as beginning denaturation ofetioplast prepara
tions. (3) Reinbothe et al ascribe a light-harvesting and photo-protective function specifically to the
putative PORA-PcWide b complex. There is no doubt that PLBs, in spite ofcontaining only Pchlide
a, playa photo-protective role: plants lacking PLBs caused by reduced formation of the POR pro
tein, either by anti-sense transformants or by phytochrome-mediated down-regulation of
POR-mRNA, suffer severe damage on transfer from darkness to light; this defect can be cured by
overexpression ofeither PORA or PORB (reviewed in reE 48). The exact mechanism of this protec
tion is still unknown.

A New Role for Carotenoids?
There are manifold correlations between Chi and carotenoid formation and accumulation. Both

pigments share GGPP as a precursor in their respective biosynthetic pathways, and a high flux of
GGPP into one pathway can reduce the synthesis rate in the other pathway. The role ofcarotenoids for
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photo-protection of ChI is most obvious when there is no protection: in the absence ofcarotenoids,
caused either by mutation or inhibitors oftheir biosynthesis, ChIs are completely bleached in the light.
Furthermore, carotenoids are believed to have a structural role for stabilisation of ChI-protein com
plexes, clearly demonstrated in reconstitution experiments oflight-harvesting complexes.53

La Rocca et al34 deduced a new role for carotenoids from the observation that some inhibi
tors of carotenoid biosynthesis caused deregulation of Chi biosynthesis. Such results were
obtained after treatment of etiolated seedlings with amitrole, leading to accumulation of lyco
pene apparently through inhibition of the cyclase reaction, and more recently with
2-(4-chIorophenylthio}triethylamine (CPTA, ref 56), a specific inhibitor of lycopene cyclase.54

The deregulation manifested itself by accumulation ofALA, Mg-Proto and its methyl ester, and
Pchlide a. Interestingly, the regular structure of PLBs changed to a mass of irregularly aggregated
membranes, and most Pchlide was nonphototransformable with fluorescence emission at 632 nm
instead of 657 nm in the controls. A detailed analysis that included incubation with ALA showed
at least two regulatory sites that were affected by the arnitrole treatment, one for ALA formation
and a second one downstream ofALA. The analogous trearment with norflurazon, an inhibitor of
phytoene desaturase, yielded plants in which these parameters did not differ ftom those of the
water controls: they showed regular PLBs and normal levels ofall ChI precursors. Only after incu
bation with ALA, did the Pchlide level increase over that of the water controls. These results were
obtained when the plants were kept in absolute darkness. The situation changed when
norflurazon-treated plants were transfetred ftom darkness to light and suffered ftom photo-oxidation
of plastid membranes: under these conditions, elevated levels of Mg-Proto were detected.32 La
Rocca et al discussed metabolic channelling for all steps of Chi biosynthesis, which is interrupted
by amitrole treatment and nor (or to a lesser extent) by norflurazon. To discuss this proposal in
more detail, the chemical structures of the main carotenoids accumulated under the various treat
ments are shown (Fig. 4). The main carotenoid in control plants is lutein, and the minor caro
tenoids are also cyclic. It can be speculated that they bind to the enzymes of the ChI biosynthetic
pathway for photo-protection of the intermediates. Funhermore, the cyclic carotenoids can playa

Lutein
HO

Lycopene

Phytoene

Figure 4. Structures of the main carotenoids accumulated in etiolated seedlings treated with herbicides.
Lutein in water controls, lycopene after treatment with amitrole, phytoene after treatment with
norflurazone. The bars indicate the length of the rigid part of the molecules.
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structural role in enzyme-enzyme interactions that should facilitate metabolic channelling.
Norflurazon treatment leads to accumulation of phytoene, which is noncyclic but flexible because
of its many single bonds; the observation of normal levels of intermediates, interpreted as "normal
channelling", indicates that phytoene can be accommodated in the carotenoid binding sites with
out disturbing the conformation of enzymes or enzyme complexes. The lack of photo-protection
has no effect as long as the plants are kept in darkness; upon photo-oxidation, however, channel
ling is disturbed and abnormal levels of Mg-Proto accumulate. 32 Lycopene is a noncyclic caro
tenoid that has more conjugated double bonds and hence a longer rigid structure than cyclic C3:ro
tenoids; binding to the carotenoid-specific sites is predicted to disturb the conformation of the
enzyme proteins and/or of the interaction between several enzymes. This corresponds to the ob
served deregulation of the pathway and to the disturbance of the regular cubic structure of PLBs.
Even if this explanation must remain hypothetical at present, it is plausible and valuable for plan
ning of new experimental approaches.

Note Added in Proof
Recent results raised doubts about a possible role ofM~-Proto as signaling compound in higher

plants; in particular, Moulin et al57 and Mochizuki et al showed that plastid-to-nucleus signal
ing in Arabidopsis as investigated by Strand et al32 is not due to Mg-Proto accumulation.
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CHAPTER 17

Chlorophyll Breakdown
Bernhard Kriiuder*

Abstract

Chlorophyll metabolism is probably the most visible manifestation of life. In spite of its
obvious ecological importance, chlorophyll catabolism has remained an enigma until
about twelve years ago. Conrrary to all expectations, chlorophyll breakdown in vascular plants

rapidly leads to colorless degradation products. It only fleetingly involves colored intermediates, which
result from an oxidative opening of the chlorophyll macrocycle. This stage is rapidly followed by a
reduction to shortly existent fluorescent catabolites, which isomerize rapidly to colorless and
nonfluorescent tetrapyrrolic catabolites. These larrer colorless bilanones accumulate in the vacuoles of
the degreened plant material and may represent the final products of controlled chlorophyll break
down in higher plants. This chapter delineates important suuetural fearures ofchlorophyll carabolites
from narural sources and some of the biochemistry ofchlorophyll breakdown in higher plants.

Introduction
The emergence ofautumnal colors in the foliage ofdeciduous trees belongs to the most fascinat

ing natural phenomena. The associated disappearance of the green plant pigments by breakdown of
the chlorophylls has remained a mystery until about twelve years ago.14 In this chapter the current
knowledge on the strucrures of the chlorophyll catabolites from vascular plants and from other
sources is outlined. In addition, it recapitulates briefly the present day knowledge on the biochemi
cal pathways of their formation from the plant chlorophylls.3-6

The chlorophylls hold a key position among the pigments of life, due to their unique roles in the
caprure and transformation ofsun light.? Indeed, the seasonal appearance and disappearance ofthe green
pigments is probably the most visual sign of life on earth, observable even from outer space.4 It is esti
mated that more than 109 tons ofchlorophyll are biosynthesized and degraded every year on the earth.1

Chlorophyll Breakdown in Higher Plants
The earlier, unsuccessful search for chlorophyll catabolites from vascular plants was directed at

the finding ofcolored compounds.1Today, the major chlorophyll catabolites from senescent higher
plants are known to be colorless.2.6 Matile and coworkers provided first good evidence for the
presence of colorless chlorophyll catabolites in senescent leaves (in Festuca pratemis8,9 and in bar
leyIO.12). Surprisingly these catabolites, which easily decomposed into pink and rust-colored com
pounds, were found in the vacuoles, rather than in the degreened chloroplasts.11,13 The main catabolite
from barley, Hv-NCC-l (2, 31,32,g2-trihydroxy- 1,4,5,lO,15,20-(22H,24H)-octahydro
132-[methoxycarbonyl]-4,5-dioxo-4,5-seco-phytoporphyrinate), was the first degreened chlorophyll
catabolite from higher plants to be identified (see Scheme 1).2,14 Its structure revealed the nongreen
chlorophyll catabolite 2 to be derived from chlorophyll a (la) and gave first-hand clues as to the
major structural changes occurring in the degradation ofchlorophyll during plant senescence.2.6 It
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Scheme I. Structural formulae ofplant chlorophylls (left) and ofHv-NCC-I (2) (right), the first nongreen
chlorophyll catabolite to be characterized structurally.2

confirmed the suspected catabolic relevance of an oxygenolytic cleavage of the chlorin macrocycle,
but indicated it to occur at the "northern" meso-position, conttary to all earlier speculations. 1.2

Early Steps
The structure of Hv-NCC-l (2) was consistent with the loss of the phytol side chain from

chlorophyll a (Ia) as one of the first events of chlorophyll breakdown. Hydrolysis of both the
chlorophylls, ofchlorophyll a (I a) and ofchlorophyll b (Ib) to phrol and to chlorophyllide a (3a)
and b (3b), resp. (see Scheme 2), is catalyzed by chlorophyllase l and sets the st~e for the rapid
parallel degradation of the chlorophylls and of the chlorophyll binding proteins.4,1 ,17

All the chlorophyll catabolites detected in extracts from vascular plants were found to be derived
from chlorophyll a (I a) and none ofthem from the minor chlorophyll component in plants, chloro
phyll b (Ib), the 7-formyl analogue of la.2-6 The puzzling fate of the b-type chlorophylls in the
course of chlorophyll breakdown was clarified by the recent discovery of a biochemical pathway
from chlorophyllide b (3b) to chlorophyllide a (3a).18-21 The established oxidative biochemical trans
formation of the a-type into the b-type chlorophylls22 has thus obtained a reductive counterpart in
a "chlorophyll a / chlorophyll b cycle".16,23

These findings were in line with the discovery that pheophorbide a oxygenase, the crucial and
senescence specifically expressed oxygenase that cleaves the chlorin macrocycle, accepts
pheophorbide a (4a), whereas it is inhibited by pheophorbide b (4b).24 The reductive transforma
tion of chlorophyllide b (3b) therefore is required, so that all the plant chlorophylls are made
available for the degradative "pheophorbide a" pathway.25,26 Dephytylation and reductive conver
sion of b-chlorophyll(ide)s to a-type analogues is indicated to precede the loss of the magnesium
ion.3-6,25-28 The magnesium dechelating enzyme was analyzed in senescent leaves of Chenopodium
album and was found to require the assistance ofa heat stable "magnesium dechelating substance".27
Enzyme controlled removal of the magnesium ion from chlorophyll ide a (3a) provided
pheophorbide a (4a), the substrate of the crucial oxygenase. Pyropheophorbide a (5, see Scheme
2) has also been observed in Chenopodium album and has been considered likewise to be an "early"
catabolite of chlorophyll degradation in this green plant. 29,30 So far, however, a nongreen
tetrapyrrolic chlorophyll catabolite having a 132-methylene ~roup (as in the pyropheophorbides)
has not been isolated from senescent higher plants.2-6.14,31-3
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M = Mg, X = C(O)OCH3
3a: chlorophyll ide a (R = CH 3)

3b: chlorophyll ide b (R = HC=O)

M = 2H, X = C(O)OCH3
4a: pheophorbide a (R = CH3)

4b: pheophorbide b (R = HC=O)

M = 2H, X = H, R = CH3
5: pyropheophorbide a

Scheme 2. Structural formulae of some chlorins, isolated from senescent plants.

Cleavage of the Chlorophyll Macroring
All studies concerning chlorophyll breakdown in senescent vascular plants have documented

the broad observation of colorless and nonfluorescent chlorophyll catabolites.2-6,14,31-36 The dis
covery, that 4a accumulated in the absence ofmolecular oxygen in the higher plant Festuea pratensis,9

suggested the involvement of both, O 2 and 4a, as common substrates in a key oxidative enzymatic
step during chlorophyll breakdown. When the apparent rates ofchlorophyll breakdown in senes
cent coryledons of oil seed rape ("Brassica napus") were high, tiny amounts of fluorescent com
pounds (provisionally named "fluorescent chlorophyll catabolites") could be observed fleetingly. 37-39
None of these fluorescent compounds accumulated in vivo and they were considered ro represent
early products of cleavage of the porphinoid macrocycle of pheophorbide a (4a). Such a fluores
cent chlorophyll catabolite (named Bn-FCC-2) became available by the use ofa preparative enzy
matic in-vitro system obtained from senescent oilseed rape (Brassica napus).40 The structure eluci
dation of the fluorescent chlorophyll catabolite Bn-FCC-2 (6) indicated it to be a
31,32-didehydro-1 ,4,5,10, 17, 18,20,(22H)-octahydro-132-(methoxycarbonyl)-4,5-dioxo
4,5-seco-phytoporphyrin (see Scheme 3) and established the crucial oxygenolytic cleavage of the
porphinoid macroring ofpheophorbide a (4a) as a rather early step in chlorophyll breakdown.24,4O,41
This hypothetic oxygenolytic opening of the macroring would have to occur at the "northern"
meso-position. The activity of the putative oxygenase (a nonheme iron-dependent enzyme42) was
shown to depend upon the presence of reduced ferredoxin,43 and to be remarkably specific for 4a,
while 4b competitively inhibited it.24

The structure of 6 suggested the hypothetical oxygenolytic ring cleavage to be followed by a
reduction step, involving the saturation ofthe "western" o-meso position and directly generating the
fluorescent chlorophyll catabolite (6).40 According to this hypothesis, the direct product ofthe enzy
matic oxygenolysis would most likely be the red tetrapyrrole 7, an elusive "red chlorophyll catabo
lite", that was thus considered also as the putative precursor of 6 in chlorophyll breakdown.4o The
red tetrapyrrole 7 would have the same chromophore structure as some of the red bilinones which
had been found to be excreted as final degradation products of the chlorophylls in the green al~a

Chlorella protothecoides.44 ,45 Authentic 7 (31,32-didehydro-4,5,l0, 17,18,(22H)-hexahydro-13 
(methoxycarbonyl)-4,5-dioxo-4,5-seco-phyto-porphyrin) could be prepared by chemical degrada
tion of pheophorbide a (4a).46 Tracing experiments indeed revealed the authentic "red chlorophyll
catabolite" (7) to be identical with a red compound, of which minute amounts could be found in
extracts from senescent plant material.47

The oxygenolytic transformation of 4a to (an enzyme bound form of) 7 is achieved by a single
enzyme, a mono-oxygenase, termed pheophorbide a oxygenase (PaO}.48.49 Activity ofPaO is detectable
only in senescent leaves,26 in contrast to chIorophyUase, as well as several other enzymes contributing to
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7: R = H; "red chlorophyll catabolite" (ReC)

Me-7: R= CH3; RCC methyl ester

Scheme 3. Structural formulae ofchlorophyll catabolites from plants: the "early" ring cleavage products "red
chlorophyll catabolite" (RCC, 7) and the "primaryfluorescent chlorophyll catabolites" (pFCCs) 6 and 6-epi.

chlorophyU breakdown. PaO is located in the chloroplast envelope and may be considered to represent
the key enzyme ofchlorophyU breakdown.48

The red chlorophyll catDabolite RCC (7) is bound strongly to pheophorbide a oxygenase (PaO),
and inhibits it. Therefore only trace amounts of 7 may be found in incomplete in-vitro catabolic
experiments.47,49 However, a reductase, named red chlorophyll catabolite reductase (RCC-reductase),
directly reduces the bound red catabolite RCC (7) and sets it free.50 The central steps ofchlorophyll
breakdown in higher plants thus depend on the intimate cooperation of the membrane bound PaO
with RCC-reductase, which is located in the stroma of the plastids and whose action is associated
with the release of rhe reduction product 6 or 6_epi. 50

,5t

The product of the reductase from oilseed rape, the fluorescent chlorophyll catabolite FCC
(6,)3 1,32-didehydro-1 ,4,5,10,17,18,20-(22H)-octahydro-132-(methoxycarbonyl)-4,5-dioxo-4,5
seco-phytoporphyrin)40 has been called a primary FCC (or pFCC), as it is an FCC devoid offurther
peripheral refunctionalization. While the reductase depends on reduced ferredoxin as electron do
nor, it is remarkable that (other) cofactors appear not to be involved in the task of reducing (bound)
7 to the pFCC 6 (see Scheme 4).50

A second fluorescent chlorophyll catabolite (Ca-FCC-2) was isolated from sweet pepper (Capsi
cum annuum) and could be shown to be 6_epi,52 a stereoisomer of 6.40 The two FCCs (6 and 6-epz)
are the direct reduction products ofRCC-reductase and differ only in their absolute configuration at
C(I). The epimeric nature of 6 and 6-epi provides evidence for a remarkable, species dependent
stereo-dichotomy of the RCC-reductases and for a functional irrelevance of the absolute configura
tion at the newly generated chiral center C(I).51,52 The FCCs 6 and 6-epi are both devoid of further
peripheral refunctionalization and are considered as the "primary" fluorescent chlorophyll catabo
lites (pFCCs) of the two plant species.4o,52

The ferredoxin-driven reduction of RCC (7) apparently does not dependent on cofactors. This
puzzling observation may be rationalized by the outcome of an electrochemical reduction of the
methyl ester Me-7 ofthe red chlorophyll catabolite (available from chemical synthesis,46 see Scheme
3), which produced the strongly luminescent tetrafJyrroles Me-6 and Me-6-epi directly (but with
little stereoselectivity and modest regioselectivity), 3 the methyl esters of the two epimeric pFCCs
(6 and 6-epi). These electrochemical experiments suggested that i) RCC (7) might be inherently
sufficiently redox-active to undergo ferredoxin-driven and enzyme mediated reduction to 6 or
6-epi and ii) the reduction of RCC by RCC-reductase may come about in enzyme controlled steps
involving single electron reductions, followed by stereo- and regio-controlled protonation.53
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4.: phcophorbidc a

(bound
rormof)

RCC---::~-

6 or £Hpi: "primary" FCCs

Scheme 4. The two enzymes, pheophorbide a oxygenase (PaO) and RCC-reduetase (RCC-R), achieve the
key catabolic ring cleaving transformation of pheophorbide a (4a) to the "primary" FCCs (6 or 6-epl) in
higher plants.

The Arrival at Colorless and Nonfluorescent Chlorophyll
Breakdown Products

The chemically rather labile, fluorescent chlorophyll catabolites, such as the pFCCs (6 and 6-epl),
which do not accumulate during chlorophyll breakdown in vascular plants, are transformed further
ro the colorless and nonfluorescent chlorophyll catabolites (NCCs, such as Hv-NCC-l,(2,
31,32,82-trihydroxy-l,4, 5,10, 15,20-(22H,24H)-octahydro-132- [methoxycarbonyl]
45-dioxo-45-seco-phytoporphyrinate).2-6.14.31-36 Complete de-conjugation ofthe four pyrrolic unit
is characteristic of the chromophore of the tetrapyrrolic NCCs (see Schemes I and 5). This
deconjugation may directly result from a tautomerization reaction of the FCes into that of the NCCs.
Such a transformation would be indicated to be thermodynamically rather favorable,2,4-6 in analogy to
the results ofstudies on the tautomerization chemistry ofa range ofhydro-porphinoids,54 and may
possibly be achieved even under rather mild conditions by nonenzymatic reactions. 5.55

The constitution of Hv-NCC-I (2)-the first tetrapyrrolic chlorophyll derivative to be identi
fied and structurally characterized as a degreened chlorophyll catabolite from a senescent plant2.14_
indicated (among other imponant information on chlorophyll breakdown) the relevance of several
peripheral refunctionalization reactions, which were tentatively assumed to occur in the later stages
of the breakdown pathway.2-6.14 Three colorless and nonfluotescent chlorophyll catabolites (NCCs)
were discovered in naturally degreened senescent cotyledons ofthe dicot canola (Brassica napus),5.31.32
whose senesce occurs under natural growth conditions. The three nonfluorescent chlorophyll catabo
lites, termed Bn-NCCs (Bn-NCC-l (8a), Bn-NCC-2 (8b), Bn-NCC-3 (8c)), were found to ac
count for practicalll all of the chlorophyll broken down in the senescent cotyledons ofoilseed rape
(see Scheme 5).31,3 In a variety ofother senescent higher plants, such as the autumn leaves ofsweet
gum (Liquidambar styraciftua)33 and of the tree CercidiphyiJumjarnicum (the y_NCCs),34.55 as
well as in naturally degreened leaves of spinach (the So-NCCs)3.3 several further NCCs were iso
lated. Most notably, the basic structure ofall the known NCCs turned out ro be the same as the one
of Hv-NCC-I (2) from barley and to be derived from chlorophyll a (la) by an oxygenolytic ring
opening at the a-meso position.

The indicated peripheral refunctionalizations are likely to arise in enzyme catalyzed processes,
such as the remarkable and apparentl~characteristic terminal hydroxylation at the terminal position
ofthe ethyl side chain at ring B.2-6.31- 6This refunctionalization by a polar hydroxy group appears to
serve the purpose of increasing the polarity of the catabolites and of providing an anchor point for
further, secondary refunctionalization with hydrophilic groups. Reanalysis of extracts of senescent
leaves of the tree Cercidiphyllum japonicum confirmed the dominant presence of the known
nonfluorescent chlorophyll catabolite (y-NCC-I, 9a),34 but led ro the discovery of another, less
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Scheme 5. Structural formulae of nonfluorescent chlorophyll catabolites from oil seed rape (Bn-NCC-I
(8a), Bn-NCC-2 (8b), Bn-NCC-3 (8c).

polar NCC (Cj-NCC-2, 9b).55 The molecular formula of9b was indicated to be the same as the
one of the pFCCs (6 and 6_epi)40,55 and spectroscopic analysis revealed it to be a
3 1,32-didehydro-l ,4,5, 10, 15,20-(22H,24H)- octahydro-132-(methoxycarbonyl)-4,S-dioxo
4,5-seco-phytoporphyrinate, i.e., to have the same structure as Cj-NCC-l (9a) except for the crucial
hydroxy-function at ring B.

The appearance ofthe N CCs in the vacuoles ofsenescent leaves, at first, was considered puzzling
and revealed a new facette of the hypothetical intracellular transpon processes involved in chloro
phyll breakdown (see Fig. 1).25,26,37 This finding, as well as the timing of the isomerization ofFCCs
into the corresponding NCCs during chlorophyll breakdown, are a matter of renewed current inter
esc.3-6 Indeed, considering the low pH values typical of the vacuoles, these "storage organs of the
plant cell" now appear not only to be the final storage vessel for the NCCs, but they are also the
likely sires for rhe final isomerization of FCCs to NCCs.3,13,55-57 Indeed, exploratory experiments
with an authentic FCC (Ca-FCC-2, 6-epl) showed the FCCs to be "programmed" to undergo a
nonenzymatic acid-induced isomerization to the corresponding NCCs (see Scheme 6):55 The pFCC
6-epi isomerized at pH 4.9 at room temperature to give the NCC 10 in a highly stereoselective
nonenzymatic reaction. The NCC 10 was identified with Cj-NCC-2 (9b), which is to be considered
as the structurally simplest NCC (of Cercidiphyllum japonicum).55 The corresponding FCC methyl
ester (Me-6) and its C-l epimer (Me-6-epl), which were available from synthetic work,53 were less
ready to undergo similar isomerization reaction (Oberhuber M, Kriiutler B, publication in prepara
tion), indicating the pro~ionic acid function of the FCC 6-epi, to playa relevant role in the isomer
ization to the NCC 9b. 5
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Breakdown Beyond the Stage of Colorless Tetrapyrrolic Catabolites
Endogenous breakdown of chlorophyll in senescent plant tissue beyond the stage of the

nonfluorescent chlorophyll catabolites (NCCs) has not been well established and may not follow a
specific fJathway. Indeed, the NCCs are accumulated in the vacuoles of senescent leaves of higher
plants. l ,13,58,59 The amount ofBn-NCCs present in degreened cotyledons from oilseed rape, corre
sponded roughly to the calculated amount of chlorophylls (a and b) ptesent initially in the green
leaE32 The total content ofNCCs in degreened leaves ofbarley and ofFrench beans appeared not to
decrease strongly over a time of several days.I0,41,56,60 Accotdingly, the NCCs were suggested to
represent the final chlorophyll breakdown products in senescent vascular plants.3.5,25,26

However, evidence of tetrapyrrolic products of further degradation of N CCs was provided by
the recent identification of colorless urobilinogenoidic linear tetrapyrroles, described as the two
stereoisomers 11 and II-epi (see Scheme 7)6l in extracts of degreened primary leaves of barley. The
tetrapyrroles 11 and II-epiwere associated with further degradation ofHv-NCC-I (2), from which
their constitution differs on account ofthe absence of the formyl group, which, in turn, corresponds

G) chlorophyll(ide) b reductase 0 pheophorbide a oxygenase

® chlorophyllase (§) RCC reductase

® Mg dechelatase ~ catabolite transporter

(i) ABC transporter

Figure 1. Topographical model of chlorophyll breakdown in senescenr plants.4•
26
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Scheme 6. A nonenzymatic isomerization transforms FCCs (such as the pFCC, Ca-FCC-2, 6-epz) into
NCCs (such as the q-NCC-2, 9b).

to the a-meso position of pheophorbide a. Accordingly, 11 and II-epi were suggested to reI'resent a
new type of chlorophyll breakdown product from the degreened primary leaves ofbarley.bl These
newly found tetrapyrroles possibly arise from funher endogenous, yet nonenzymatic, transforma
tion ofthe NCCs in the tissue ofthe senescent barley leaves. Oxidative loss ofthe formyl group from
related linear tetrapyrroles has been noted.6

\ Indeed, the original characterization for Hv-N CC-I
(2) as a "rusry" pigment pointed to the readiness of these reduced linear tetrapyrroles to undergo
funher transformations in the ~resence of air (and weak acids), which become manifest by the
appearance of the rust color.2-4. 4 Clearly, the later stages of funher degradation of the chlorophyll
catabolites will crucially depend also on the eventual fate of the degreened leaves or other planr
tissues, as well as on further use and consumption by heterotrophic organisms. Fungal pathogens
exploit the senescence processes in the plants and may exen control over it.62

The development ofgerontoplasts plays a very prominent role in the recycling ofnutrients, such
as reductively fixed nitrogen and magnesium ions from senescent leaves to other pans of the plant.6o

HO

2: Hv-NCC-I

i. 0
//C, 0 OCH)

o OH

11
l1-epi: C(9)-epimer of 11

Scheme 7. Urobilinogenoidic linear tetrapyrroles 11 and II-epl' I from further oxidative degradation ofthe
NCC Hv-NCC-I (2)
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There is some evidence of further (slower) breakdown of chlorophyll beyond the stage of tetrapyr
roles and with formation of monopyrrolic products.63.64 However, chlorophyll breakdown appears
to be aimed primaril1. at the dismantling of chlorophyll protein complexes as a prerequisite of pro
tein degradation,26,6 rather than at reusing the four nitrogen atoms ofthe chlorin macrocycle (which
represents only a few percent of total leafnitrogen).3-6 Dismantling ofthe chlorophyll protein com
plexes should be considered problematic for the living plant cell and the sophisticated machinery of
chlorophyll catabolism must be interpreted as serving a vitally imponant detoxification process.5.26

Chlorophyll Catabolites from Other Sources
In the last fifteen years, significant steps have been accomplished towards the elucidation ofchloro

phyll breakdown in barley, oilseed rape and other higher plants.2-6,26 Important parallel work has re
vealed the structures of chlorophyll catabolites from a green alga (Ch/QrellalTOtothecoides)44.45.66 and
from marine organisms (the dinoflagellate Pyroeystis lunula and krill).67.6 The pigments from C
protothecoides were determined to be linear tetrapyrroles with the same basic skeleton as found in the
colorlesschlorophyll earabolite Hv-NCC-l (2), i.e., also to be formed from chlorophylls by an o~enolytic

cleavage of the macroring at the "northern" meso-position catalyzed by a monooxygenase.69 However,
different to the plant systems, the red catabolites from the alga were found to be derived from chloro
phyll a (la) as well as from chlorophyll b (lb).44.45.7o In more general contrast, the tetrapyrrolic break
down products from the marine systems were seen to be related to the chlorophylls by an oxidative
opening at the western meso-position of the porphinoid macroring.67.68.71

Conclusion and Oudook
Gradually chlorophyll catabolism has revealed some of the major aspects of its "enigmatic" na

ture.2-6.26 Awell-controlled and sequentially operating enzymatic and chemical machinery a?pears as
being characteristic of the degradation of the chlorophylls in higher plants (see Scheme 8). A sur
prising (albeit still distant) parallel between heme catabolism in photosynthetic organisms72 and

o
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-
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chlorophyllide a
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~ chlorophyll catabolite
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Scheme 8. Structural outline ofchlorophyll breakdown in senescent higher plants.
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chlorophyll breakdown in higher planti1 has become apparent: The key step in both degradative
pathways is implied to be an oxygenolytic cleavage ofthe porphinoid macrocycle involving the a-meso
position (rather than the o-meso position, as formerly assumed to occur in chlorophyll breakdown1).2.4

The subsequent reductive enzymatic transformations in both degradative pathways also depend upon
remarkably homologous reductases.5Q,51.72

In chlorophyll breakdown in higher plants, the key oxygenolytic cleavage occurs with
pheophorbide a as an intriguingly specific substrate for a membrane-bound and specifically
senescence-induced monooxyfenase. In turn, this specificity requires reductive conversion of the
b-type to a-type chlorophylls. 3 Clearly, the result of this primary ring cleavage reaction and of the
subsequent (coupled) step(s) rapidly convert the chromophore of a photoactive and intensely col
ored chlorin into that of a colorless tetrapyrrole with de-conjugated heterocyclic rings.3'(; Chloro
phyll breakdown in senescent leaves may be classified, first ofall, as a detoxification process.3.4.26 A
major goal will be to find and characterize the crucial ring-opening oxygenase, an elusive enzyme
that has left its marks in early genetics already, in the investigations by Mende!.?3 The questions also
continue to be ofconsiderable interest, whether (i) colorless and nonfluorescent tetrapyrrolic chlo
rophyll catabolites do constitute the final products of controlled chlorophyll breakdown in senes
cent higher plants, and (ii) whether such colorless tetrapyrrolic remnants of the chlorophylls in the
senescent leaves are to be considered as mere "waste" or whether they have a further physiological
role in the plant. Another area ofconsiderable interest will be the catabolism ofchlorophylls in the
marine environment, an important reservoir of photosynthetic activity with porphinoid pigments.
Chlorophyll breakdown clearly will continue to be a fascinating natural phenomenon.
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CHAPTER 18

Vitamin BIz: Biosynthesis of the Corrin Ring
Ross M. Graham, Evelyne Deery and Martin J. Warren*

Abstract

Vitamin B\2 is a cobalt-containing modified tetrapyrrole, whose structural complexiry
and beguiling chemistry has fascinated scientists for over 80 years. As with all modified
tetrapyrroles, its structure is derived from uroporphyrinogen III. This transformation re

quires a large number ofenzyme-mediated steps that result in peripheral methylation, cobalt chela
tion, ring contraction, decarboxylation, amidation and adenosylation. Thete are two related though
genetically distinct routes for cobalamin biosynthesis, which are referred to as the aerobic and anaerobic
pathways. In this chapter the biosynthesis of the corrin ring component of vitamin B\2 along these
two routes is described.

Introduction
Out of all the modified tetrapyrroles, perhaps the most aesthetic is vitamin B\2 (cobalamin),

where the combination ofits sheer utter complexiry and the mesmerizing chemistry that it facilitates
makes it a natural curiosiry. Vitamin B\2 has the architecture ofa molecular gyroscope, consisting of
a corrin ring to which is bound a lower nucleotide and an upper ligand constituted by either a
methyl or adenosyl group (Fip' 1). It is a vitamin, ofcourse, because it is required by humans as an
essential dietary supplement. Deficiency can result in pernicious anaemia, neurological disorders
and diseases associated with disorders ofmethionine metabolism. These medical conditions relate to
the fact that B\2 is required for two key metabolic enzymes, methionine synthase and methylmalonyl
CoA mutase. What makes vitamin BI2 unique in comparison to other vitamins is that it is made
only by cettain bacteria - it is not made de novo by any eukaryote.2

At its simplest, cobalamin is a modified tetrapyrrole, belonging to the same family as, inter alia,
haem and chlorophyll.3 For the synthesis of cobalamin, the basic tetrapyrrole primogenitor,
uroporphyrinogen III (Fig. 1), is modified by the peripheral addition of methyl groups, amido
groups, a nucleosyl side chain and an atom of cobalt, as well as by the loss of one of the integral
macrocyclic framework carbon atoms in a ring contraction step.4-8 Such modifications are reflected
in a highly complex biosynthetic pathway, requiring a total of at least 19 enzyme-mediated reac
tions. In this chapter we shall deal with the biosynthesis of the corrin ring component of vitamin
B\2. The synthesis and attachment of the nucleotide loop is dealt with in the subsequent chapter.

Cobalamin is synthesised in vivo by at least two independent pathways (Fig. 2). On the surface,
these pathways differ in their requirement for oxygen. However, this requirement is not as simple
as the substitution of a single oxygen-dependent reaction. The aerobic and anaerobic pathways
exhibit different chemical approaches, using different sets of enzymes, to arrive at the same end
product. However, some generalisations can be made about these pathways (Figs. 2, 3). They ini
tiate from the dipyrrocorphin precorrin-2, from which the routes diverge into aerobic and anaero
bic pathways before converging with the synthesis of the intermediate adenosylcobyrinic acid
a,c-diamide (Fig. 2). The final reactions concern the synthesis and attachment of the lower axial
ligand, a modified purine nucleotide. This part is covered in detail in the subsequent chapter. The

*Contributing Author: Martin ). Warren-Protein Science Group, Department of Bioscience,
University of Kent, Canterbury, Kent CT2 7NJ, UK. Email: m.j.warren@kent.ac.uk
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Figure I. Uroporphyrinogen 1II and B12• The transformation of uroporphyrinogen 1II into vitamin B12

requires a large number ofenzyme-mediated steps to account for the peripheral methylation, ring contrac
tion, decarboxylation, cobalt insertion, amidations, lower nucleotide loop assembly and attachment and
upper ligand attachment. The numbering and lettering associated with cobalamin is also shown.

genetic requirements and an outline of the two pathways are shown in Figure 3. In general, the
genes encoding the enzyme of the anaerobic pathway are given the prefIx cbi, whereas the genes of
the aerobic pathway are termed cob.

The First Common Step: Production of Precorrin-2
As shown in Figure 2, the fIrst reaction, common to both cobalamin biosynthetic pathways,

involves the methylation of uroporphyrinogen III to produce precorrin-2. The nomenclature of
the intermediates ("precorrin-n") has been standardised to reflect the number (n) ofmethyl groups
attached to the basic ring structure of the tetrapyrrole.9 The fIrst reaction is catalysed by
S-adenosyl-L-methionine uroporphyrinogen III methyltransferase (SUMT, CobA).IO This
homodimer catalyses the ordered transfer of two methyl groups, each donated by
S-adenosylmethionine (SAM), to the C2 and C7 positions of uroporphyrinogen III, respectively.
The reaction is strongly and competitively inhibited by S-adenosyl-L-homocysteine (SAH), the
breakdown product of SAM. lo Interestingly, a second form of inhibition also acts on this reac
tion: uropoThyrinogen III, the substrate, inhibits the reaction at concentrations in excess of o. 5
to 2.0 f,lM. l

,11 Substrate inhibition of this type is likely to constiture a regulatory mechanism for
the reaction and, hence, the pathways in which it is involved. However, this is not true of the
reaction in all systems. For instance, the cobA onhologue from Methanobacterium ivanovii, a
methanogenic member of the archeae, does not exhibit substrate inhibition. l2 Methanogenic or
ganisms have a high requirement for coenzyme F430, also a product derived from uroporphyrinogen
III (Fig. 2). Thus, the difference in inhibition may reflect differences in both the quantity and
type of modifIed tetrapyrrole required by each cell type.

The ctystal structure ofSUMT has recently been solved. 13 The enzyme is similar in structure to
the methylase domain of CysG I4 and to a number of other methyltransferases involved in cobal
amin biosynthesis, including CobI, Cob], CobM, CobF and CobL. 1

5-18 This structural similarity is
likely to reflect the evolution of these enzymes from a common ancestral enzyme. Mechanistically,
the enzyme is likely to employ the inherent chemistty of the two substrates to promote catalysis by
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Figure 2. The central role of uroporphrinogen III in modified retrapyrrole synthesis is shown. The aerobic
and anaerobic routes for vitamin B12 synthesis are higWighted, showing that the two pathways diverge at
the level of precorrin-2 and rejoin at cobyrinic acid a,c-diamide.

proximity, where the nucleophilicity ofuroporphyrinogen III and electrophilicity ofSAM are brought
together by the enzyme to ensure the appropriate regiospecific methylation event takes place. Thus,
initially, the enzyme would bind SAM in close proximity to the C-2 position of uroporphyrinogen
III and subsequently, after dissociation ofSAH and reorientation ofprecorrin-l (Fig. 4), a new SAM
molecule would be bound in close proximity to C-7 to permit synthesis of precorrin-2.

The Aerobic Pathway
An overview ofthe aerobic pathway is shown in Figure 5. The first reaction following divergence

of the pathways along the aerobic route is the SAM-dependent methylation of precorrin-2 at the
C-20 position to form precorrin-3A (Fig. 5).19.20 This reaction is catalysed by the enzyme, SAM
precorrin-2 methyltransferase (Cobl)19 a homodimer which has been reportedly isolated only from
the oblifote aerobe, Pseudomonas denitrificans. Like SUMT, it is strongly inhibited by its product
SAH. 19. 0There is little mechanistic or structural information available on Cob!.

The conversion of precorrin-3A to precorrin-3B (Fig. 5) is the obligate aerobic step in the
aerobic cobalamin synthetic pathway. The reaction is catalysed by precorrin-3B synthase (CobG),18
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UROPORPHYRINOGEN III PRECORRIN-l PRECORRIN-2

Figure 4. Transformation of uroporpyrinogen III into precorrin-2. This bis-methylation is catalysed by the
enzyme S-adenosyl-L-methionine uroporphyrinogen III methyltransferase (SUMJ). The reaction pro
ceeds in an ordered fashion, where the monomethylated intermediate, precorrin-l, is transiently released
during the catalytic cycle of the enzyme.

a monoo~n~enase that is thought to contain a redox centre, either a single 4Fe-4S or two 2Fe-2S
centres.18, CobG is known to catalyse the transformation of precorrin-3A into precorrin-3B by
hydroxylation at C-20 (Fig. 5). Elegant labelling studies have shown that the oxygen at C-20 is
derived from molecular oxygen.22 Subsequently, the acetate side chain attached to C-l forma a
y-lactone with the C-l position.22.23 There is very little mechanistic information available about
the reaction catalysed by CobG. However, the enzyme displays some similarity to sulphite reduc
tase but in essence CobG catalyses a two electron oxidation rather than the six electron reduction
mediated by sulphite reductase. It is not known how CobG binds molecular oxygen although it
has been suggested this may involve a non-haem iron.5

Not all organisms that harbour the aerobic pathway contain a cobG. For instance, in R capsulatus
cobG is substituted by cobZ.24 Through a series ofpathway reconstitution experiments it was shown
that CobG and CobZ are isofunctional and catalyse the same reaction even though they are quite
distinct proteins. CobZ was shown to consist of two functional domains-an N-terminal flavin
region containing a non-covalently attached FAD and a C-terminal membrane-bound region that
houses a b-type haem.24 The N- and C-terminal domains are connected by a bridging region that
contains two 4Fe-4S centres. On the basis of the characterisation of the recombinant protein and a
study of the redox groups, a mechanism has been proposed for CobZ as shown in Figure 6. In this
case the reduced flavin binds oxygen and the Fe-S centres and haem are used to reduce the flavin
during the catalytic cycle.

The synthesis of precorrin-3B primes the molecule for the ring contraction process, which is
completed by three further steps (Fig. 5). These reactions are all mediated by SAM-dependent
methyltransferases, where a methyl group is added to the C-17 (Cob]), C-ll (CobM) and C-l
(CobF) positions respectively.18.25 The first of these methylations also initiates the ring contraction
process. It is catalysed by SAM precorrin-3B methyltransferase (Cob]), and results in methrlation of
C-17, triggering contraction of the tetrapyrrole-derived ring between C-19 and C1. l8

•
2 The ex

truded C-20 position is left attached to C_126 and the intermediate formed is precorrin-4 (Fig. 5).
The second of the three reactions is catalysed by SAM precorrin-4 methyltransferase (CobM)18.25
and catalyses the transfer of a methyl group to the C-ll position of the porphyrin ring to form
precorrin-5 (Fig. 5). Initially, it was suggested that this enzyme may also catalyse the deacetylation.23

However, it was soon shown that loss of this moiety occurs after SAM-dependent methylation at
C_l,18,27 in a reaction catalysed by the SAM ~recorrin-5 methyltransferase (CobF). This reaction
results in production of precorrin-6A (Fig. 5). 8

The production of precorrin-3B raises the oxidation state of the intermediate above that of the
later intermediate, hydrogenobyrinic acid (Fig. 5).18.23 Thus, a reduction step is necessary some
where between precorrin-3B and hydrogenobyrinic acid. It has been shown that precorrin-6A is
reduced to ~recorrin-6B (Fig. 5) by the action of an NADPH-dependent precorrin-6A reductase
(CobK),28, 9 which catalyses the transfer of H R from NADPH to the C19 position of
precorrin_6A.30.31
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Figure 5. The aerobic pathway. This figure outlines the pathway intermediates that are formed along the
aerobic cobalamin biosynthetic pathway between precorrin-2 and adenosylcobyric acid.

Production of Hydrogenobyrinic Add
Precorrin-6B is convened into precorrin-8 by CobL (precorrin-8 synthase) {Fig. 5).32 This en

zyme catalyses not only the bismethylarion of C-5 and C-I5 bur also the decarboxylation of the
acetic acid side chain on C_12.32 CobL appears to have arisen as the result of a gene fusion eventl?

and it has been suggested, based on sequence similarity, that the N-terminal portion functions as the
methylrransferase, while the C-terminal portion is involved in the decarboxylation.32 More recenrIy,
the ctystal structure ofCbiT from Methanobacterium thermoautotrophicum, the anaerobic onhologue
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of the C-terminal ponion of precorrin-8 synthase, has led to the proposal that the C-terminus of
precorrin-8 synthase may catalyse methylation at C-5 and the N-terminus catalyses methylation at
C-15. The C-15 methylation would then induce the decarboxylation reaction.33 However, both
scenarios, as well as the order of methylation, are yet to be tested experimentally.

The reaction catalysed by CobM saw the transfer ofa methyl group to the C-II position ofthe
tetrapyrrole framework, but it is known that this methyl group is found attached to C-12 in
vitamin B!2, indicating that the methyl group must rearrange during corrin ring synthesis. The
rearrangement of the methyl group from C-II to C-12 is catalysed by CobH (hydrogenobyrinic
acid synthase) (Fig. 5).34 Only one offive tautomers ofprecorrin-8 is a substrate for the reaction.35

The structure of hydrogenobyrinic acid synthase indicates that selectivity is based on the size and
shape of the active site being specific for the tautomer with an inflexible B-ring. Substrate binding
invokes correct electrostatic interactions between the carboxylate groups of the C and D rings of
precorrin-8 and the side chains of conserved residues in the enzyme.36

The final reactions in the aerobic pathway prior to reconvergence with the other synthetic path
ways involve the transfer of six amido moieties, an atom of cobalt and an adenosyl residue to
hydrogenobyrinic acid. The first of these reactions is catalysed by hydrogenobyrinic acid a,c-diamide
synthase (CobB) (Fig. 5) which performs the energy-dependent (ATP) transfer of the amido group
from each of two glutamine molecules to the acetyl side chains attached to the C7 (c-chain) and C2
(a-chain) atoms, respectively.37
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The metal centre of cobalamin is cobalt, which along the aerobic pathway is inserted into
hydrogenobyrinic acid a,c-diamide to generate cobyrinic acid a,c-diamide (Fig. 5). In P. denitrificans,
the cobaltochelation teaction is catalysed by an oligomer consisting of the products of the cobN,
cobS and cobT genes.38-40 When isolated, one copy of CobN was present, and CobS and T were
ptesent as a 450 kDa component. CobN was shown to bind hydrogenobyrinic acid a,c-diamide
and cobalt whilst the CobST component bound ATp'4o Analysis of the primary structures suggest
that CobS is an ATPase and that CobT contains an integrin I domain and a metal-ion dependent
adhesion site (MIDAS).41 Comparison with the magnesium chelatase active in the chlorophyll
biosynthesis pathway of R. capsulatus and other photosynthetic organisms suggests that cobalt
chelatase may act by forming, in the presence ofATP, a complex ofCobS (possibly a homohexamer)
which then binds a complex of CobT (also possibly a homohexamer). In the presence of cobalt
and HBA-a,c-diamide, CobN binds to the CobST complex causing a change in its confiyucation
which, in turn, results in ATP hydrolysis and insertion of the metal into the subsrrate.4 If each
molecule of CobS binds and hydrolyses one molecule ofATp, metal chelation by the corrin is an
energetically expensive process, both in terms of the ATP hydrolysis directly involved in chelation
and the energy expended in manufacture of the subunits comprising the chelatase. This is in
contrast to metal insertion in the anaerobic pathway where cobalt insertion into factor II
(sirohydrochlorin) is catalysed by a monomer without the involvement of ATp'42 This is analo
gous to the contrast between Mg-chelation and ferrochelation at the chlorophyll/haem branchpoint.
[see Chapters 4 and 14].

Immediately following the insertion of cobalt, the product, cob(II)yrinic acid-a,c-diamide is
reduced to cob(I)yrinic acid-a,c-diamide by the action of a flavoprotein (Fig. 5),43 an enzyme for
which the gene has not yet been identified. Although it has been possible to purifY the protein to
homogeneity and to investigate some of the basic properties of the enzyme, N-terminal sequence
analysis of the protein did not align with any known cobalamin biosynthetic gene. The cobalt in
cobytinic acid-a,c-diamide is reduced so as to allow it to act as a powerful nucleophile in the subse
quent adenosylation reaction, which is catalysed by the ATP:co(I)rrinoid adenosyltransferase (CobO)
(Fig. 5).44 This reaction requires ATP as the donor of the adenosyl moiety and produces
adenosylcob(III)yrinic acid-a,c-diamide.4

The final step in the biosynthesis of adenosylcobyric acid involves another series of amidation
reactions, where the b, d, eandgcarboxylic acid side chains are targeted (Fig. 5). This reaction is very
similar to the amidation of the a and c side chains and, indeed, the enzyme that catalyses the b, d, e
andg reactions, CobQ, displays some sequence similarity to CobB.39 CobQ is a homodimeric en
zyme (adenosylcobyric acid synthase), and amidates the side chains via an ordered, ATP-dependent
transfer of the nitrogen groups from glutamine to the b, d, e and g side-chains ofadenosylcobyrinic
acid a,c-diamide.45

Proteins of Unknown Function
Two proteins, CobE and CobW; are consistently associared with the aerobic pathway but their

functions have remained elusive. In P. denitrificans, CobE is a small protein of approximately 17
kDa.46 It is not known whether CobE has enzymatic activity, or plays a structural or regulatory role.
CobW is a 38 kDa protein which contains an ATP binding motif and may contain a NAD(H)
binding site.39 Also present in the C-terminal region is a multiple histidine-containing sequence.
When present, the cobW gene is usually the open reading frame upstream of the cobN gene, for
example in P. denitrificans, P. aeruginosa and R capsulatus. Together, these observations suggest that
CobW may be involved in cobalt chelation; however, this remains to be proven experimentally?

Thus, the teactions specifically required for adaptation to an oxygen-containing environment
consist of 19 modifications to precorrin-2, including transfer ofmany functional groups to the basic
ring structure, changes to its oxidation state and expulsion of side chains. The remaining reactions,
which are tequired to generate cobalamin, also involve some complex and interesting chemistry and
are the subject of review in the subsequent chapter.

The Anaerobic Pathway
Obviously, an organism growing under anaerobic conditions will be unable to catalyse a reaction

requiring molecular oxygen. The term "anaerobic pathway" suggests that the pathway operates only
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in the absence of oxygen. In fact, by using the term "anaerobic pathway" we really mean that the
pathway does not require molecular oxygen, since there are organisms that contain the anaerobic
pathway but which are able to produce cobalamin under aerobic conditions. The anaerobic pathway
has been largely studied in three organisms; Salmonella enterica, Bacillus megaterium and Propioni
bacterium freudenreichii.2.5.47.48 Comparisons of the aerobic and anaerobic routes suggest that al
though the two routes are quite distinct there are also a significant number of similar enzymes
employed on both routes.

An overview of the anaerobic pathway is shown in Figure 7. It had long been thought that the
first committed step along the anaerobic cobalamin biosynthetic pathway was the insettion ofcobalt
into precorrin-2 to generate cobalt-precorrin-2. However, experimental evidence had accumulated
over several years that cobalt was, in fact, insetted into the oxidised version of precorrin-2, factor-II
or sirohydrochlorin (Fig. 7). More recently, specific precorrin-2 dehydrogenases have been characterised
which are able to catalyse the oxidation of precorrin-2 in an NAD-dependent manner.49 Moreover,
it has also been shown that the cobaltochelatases of the anaerobic pathway have a greater specificity
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constant for factor II than precorrin_2.42,50 All this evidence makes it clear that that the anaerobic
pathway proceeds via factor II and cobalt-factor II (Fig. 7).

The cobaltochelatases associated with the anaerobic synthesis of vitamin B12 include CbiK and
CbiX. The first of these enzymes to be discovered was the S. enterica CbiK,51whose structure has
been solved and revealed that the enzyme has a very similar topology to the ferrochelatase of heme
synthesis. 52 By analogy with porphyrin ferrochelatases,53-55 the mechanism ofcobalt insertion prob
ably involves distortion of the bound tetrapyrrole-derived substrate into a puckered, or crown-like,
shape. The cobaltochelatase has two active site histidine residues, which not only may assist in the
binding of cobalt bur may also playa role in the deprotonation of the macrocycle.52 In organisms
such as B. megaterium, CbiK is substituted by CbiX, an enzyme with a very low level of similarity to
CbiK bur is yet isofunctional.42 The CbiX protein has recently been shown to contain an 4Fe-4S
centre although the role played by this redox group has not yet been established.42 In the archaebacteria,
orthologues of CbiX are found that are approximately half the size of the CbiX present in B.
megaterium. Moreover, these smaller CbiX proteins, termed Cbi)(', align with both the N-terminal
and C-terminal regions of the larger CbiX enzymes, indicating that the larger CbiX ~roteins prob
ably evolved from a gene duplication and fusion event oftwo smaller cbiJf sequences. 0 Some CbiX
proteins also contain a histidine-rich region, which could act as a metal store for the enzyme.42

After insertion of the metal ion, the aerobic pathway turns it attention to the peripheral methy
lations associated with corrin biosynthesis. Thus the next step involves methylation of C-20, in a
reaction catalysed by CbiL, which generates cobalt-factor III (Fig. 7).56 This enzyme is able to me
thylate both cobalt-precorrin-2 and cobalt-factor II,5? although the preferred substtate would ap
pear to be cobalt-factor II. The product of the reaction is cobalt-factor III. The recent crystallisation
of the enzyme that belongs to the larger family of methylttansferases associated with cobalamin
biosynthesis including CobA, CbiH, CbiF and CbiE,16 has given a greater insight into the regiospecific
methylase activity of the enzyme.58,59

Production of Cobalt-Precorrin-6A
Between cobalt-factor III and cobyrinic acid, the first intermediate to be characterised was

cobalt-factor IV (Fig. 7).60 This intermediate was isolated after incubation offactor II with a cell free
extract of P. fteudenreichii. A similar compound was isolated by incubating cobalt-precorrin-3 with
CbiH,61,62 the C-17 methylttansferase. In both cases the intermediate was isolated as cobalt-factor
IV bur it has been assumed that the true oxidation state ofthe intermediate is that ofcobalt-precorrin-4.
Cobalt-factor IV has already undergone ring contraction. It contains a Ii-lactone structure, which
includes the extruded methylated C-20 position (Fig. 7). The biointermediacy of the compound
was shown by its conversion into cobyrinic acid by a cell free extracr.60 The identification of
cobalt-factor IV represented a major achievement on the anaerobic pathway, not least since most of
the intermediates appear to be higWy unstable.63 Its structure also has implications for the mecha
nism ofthe pathway, bur its synthesis also raises some further questions. For instance, although it is
known that cobalt-factor III is the product of the previous enzyme, CbiL, is this intermediate re
duced to cobalt-precorrin-3 before it is acted upon by CbiH? Alternatively, is cobalt-factor III the
true substrate for CbiH? Certainly, the low yield of cobalt-factor IV would suggest that perhaps
some other enzyme is involved in the transformation.

By analogy with the aerobic pathway, it was assumed that cobalt-precotrin-4 is methylated at
C-1I by CbiF to give cobalt-precorrin-5 (Fig. 3).5,15 CbiF was first shown to be the C-II
methylttansferase when it was shown to methylate precorrin-3 in a multienzyme cocktail of cobal
amin biosynthetic enzymes. 56 The 'our-of-turn' methylation was presumed due to the high concen
tration of recombinant enzyme present in the incubation. The structure of CbiF has also been
solved,15 revealing it also to be a member of the class III methyltransferases. 15 Experimental proof
that CbiF does catalyse the synthesis ofcobalt-precorrin 5 came from the isolation of the intermedi
ate from an incubation containing cobalt-precorrin 3 together with CbiH, CbiF and SAM.64 Sig
nificantly, though, the researchers found that addition of CbiG to this mixture resulted in the ap
pearance of a derivative of cobalt-precorrin 5 in which the lactone ring had been opened and the
"Cz" unit, corresponding to the methylated C20 position, had been extruded.64 From these experi
ments it was possible to conclude that CbiF was responsible for the synthesis ofcobalt-precotrin 5A
whereas CbiG generated cobalt-precorrin 5B.
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Previously, it had been established that the C2 fragment is lost as acetaldehyde rather than
acetic acid as occurs during the aerobic pathway.59.65 The enzyme that catalyses the opening of
the lactone ring, and the loss ofacetaldehyde represents a significant discovery, since no equiva
lent step has been shown in the aerobic pathway. Interestingly, CbiG displays some sequence
similarity to CobE, one of the proteins of the aerobic pathway for which no function has yet
been ascribed.

The subsequent step in the aerobic pathway is the postulated synthesis ofcobalt-precorrin 6A,
which involves methylation at CI of cobalt-precorrin5B.63 The enzyme that performs this reac
tion is thought to be CbiD. The identification ofthis enzyme was revealed by an elegant multi-gene
cloning aflrroach, where omission ofcbiD led to the biosynthesis ofa I-des methyl cobyrinic acid
analogue.b CbiD would appear to an atypical methyltransferase since it does not align with any
ofthe known (class III)16 cobalamin biosynthetic enzymes. Nonetheless, CbiD can now be placed
with greater confidence in the pathway for the synthesis of cobalt-precorrin-6A (Fig. 3).

Again, by analogy with the aerobic pathway, it is assumed that cobalt-precorrin-6A is reduced
to cobalt-precorrin-6B by an NADPH-dependent enzyme called Cbi] (Fig. 3).2.17 The subse
quent actions of CbiE and T result in methylations of the northern (C-5) and southern (C-15)
meso positions as well as decarboxylation of the acetate side chain attached to C-12 and generates
cobalt-precorrin-8. Interestingly, CbiE and CbiT are found separate in some organisms but fused
together in others.67.68 As discussed above, in conjunction with the aerobic pathway, the structure
of CbiT from M. thermoautotrophicum has been determined and shown to be methyltransferase
albeit a non-canonical cobalamin biosynthetic methyltransferase. On this basis it has been sug
gested that CbiE catalyses methylation at C-5 and CbiT catalyses C-15 methylation followed by
decarboxylation of the C-12 acetyl side chain.33 Experimental evidence for the role of CbiT as a
methylase and decarboxylase has come from the synthesis of some novel (non biological)
corrinoids.69 By incubating cobalt-precorrin 3 in the presence ofCbiH, F, G and T, products were
synthesized that were either methylated at C IS or were methylated and decarboxylated.69 The
absence of compounds that were decarboxylated but not methylated implies that CbiT first me
thylates at CIS and the decarboxylares the acetic acid side chain.63.69

Finally, cobalt-precorrin-8 undergoes isomerisation to form cobyrinic acid, the putative
isomerase being the cbiC gene product,5 followed by amidation of the a and c acetyl side chains,
in a reaction catalysed by the cbiA gene product,7° to form cobyrinic acid-a,c-diamide (Fig. 7).
Recent studies on the S. enterica CbiA have shown that it is a monomer and is able to use either
ammonia or glutamine as the amido donor. Analysis of the glutaminase partial reaction demon
strated that the hydrolysis of glutamine and the synthesis of the cobyrinic acid a,c-diamide prod
uct are uncoupled.7° It would appear that CbiA catalyzes the sequential amidation of the c- and
a-carboxylate groups of cobyrinic acid via the formation of a phosphorylated intermediate. The
final amidations of the b, d, e and g side chains are catalysed by Cbip'71 Recently, it has been
reported that this enzyme is mechanistically similar to CbiA and amidates the corrin ring in the
order e, d, b, g.72 The product of the CbiP reaction is cobyric acid. However, it is likely that
cobyric acid is synthesised as adenosylcobyric acid and that the adenosylation reaction occurs, by
analogy with the aerobic pathway, at the level of cobyrinic acid a,c-diamide (Figs. 5, 7).4 The
enzymes responsible for reduction of the cobalt and the adenosylation process are discussed in the
accompanying chapter.

In summary, the biosynthesis of the corrin ring component of vitamin B12 is mediated by
complex pathways constituting aerobic and anaerobic routes.4.5.7.73 In contrast to the complete
elucidation of the aerobic pathway, there are many steps within the anaerobic synthesis that need
clarification. Moreover, the pathway has to be managed to ensure that the synthesis is controlled
to meet the demand for the coenzyme and the availability of the micronutrient cobalt. These
considerations will undoubtedly be the subject of research in the coming years.
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CHAPTER 19

Conversion of Cobinamide into Coenzyme B12

Jorge C. Escalante-Semerena,* Jesse D. Woodson) Nicole R. Roan
and Carmen L Zayas

Introduction

Cobamides are unique cyclic tetrapyrroles because their structures include an upper
(CoP) and a lower (Coa) axial ligand. The Coa and Cop ligands are
imponant for the interaction of the cobamide with enzymes, and for the chemistry of the

reaction catalyzed by the enzyme. B12 (5,6-dimethylbenzimidawlylcobamide, cobalamin) is the
best-known cobamide, which in its vitamin form has a cyano group as Cop ligand, and in its coenzymic
form it has a 5'-deoxyadenosine group as Cop ligand (Fig. I). In this chapter we review the current
understanding ofupper and lower ligand anachment to the ring macrocycle. Most ofthe knowledge
reviewed here was obtained using bacterial systems; we add to the discussion recent work from our
laboratory that uncovered variations in the conversion of cobinamide to BIZ in archaea.

While most ofthe work on cobamide biosynthesis has been performed in bacteria, knowledge of
how archaea synthesize cobamides is very sparse.l,z It is known, however, that at least some archaea
synthesize and require cobamides for survival. The best-studied example may be the methanogenic
archaea, which require cobamides for methanogenesis from Hz and COz, acetate, or methanol.3.4
Genome sequence analysis suggests that some archaea may require cobamides for a
cobamide-dependent ribonucleotide reductase required for DNA synthesis. This idea is supponed
by the purification of active cobamide-dependent ribonucleotide reductases from the archaea
Thermoplasma acidophilum and Pyrococcusfuriosus.5,6 Genome sequence analysis ofarchaeal genomes
has also provided insights into cobamide biosynthesis in archaea. To date, every sequenced genome
appears to encode several onhologs to genes required for nucleotide loop assembly and several have
onhologs to most of the genes required for the de novo pathway. Analyses of the cobalamin biosyn
thetic genes in archaea suggest these prokaryotes may synthesize cobamides via pathways more re
lated to the bacterial anaerobic pathway than to the aerobic pathway.?

Attachment of 5-Deoxyadenosine, the Upper (CofJ) Ligand
of Coenzyme B12

In this section we discuss upper ligand attachment because in S. enterica and probably in other
prokaryotes, both de novo corrin ring biosynthesis and salvaging ofexogenous, incomplete corrinoids
proceeds via adenosylated intermediates.8 Formation of the Co-C bond between the corrin ring and
the upper ligand requires the Co ion of the ring to be in its Co(I) oxidation state before the
5'-deoxyadenosyl moiety ofATP can be enzymatically transferred to it. The existence ofthe corrinoid
adenosylation pathway was first described in Propionibacterium freundenreichii ssp shermanii and
Clostridium tetanomorphum,9,10 but the identity of the gene encoding the ATP:co(I)rrinoid
adenosyltransferase enzyme was first established in E. coli, S. enterica and Pseudomonas denitrificans.8,11-13

Evidence was reponed for the existence of two separate systems in Clostridium tetanomorphum to
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Figure I. Chemical structure of coenzyme B12 (AdoB I2 ; adenosylcobalamin, AdoCbl). DMB,
5,6-dimethylbenzimidazole. Arrows and dashed line represent coordination bonds.

reduce Co(III) to Co(I), however, the genes encoding these functions were not identified. More re
cendy, the cobalt reducing systems in S. enterica became known and are discussed below. 14,1 5

Importance ofthe CorrinoidAdenosylation Pathway
Genetic evidence obtained in S. enterica showed that lack ofATP:co(I)rrinoid adenosyltransferase

(CobA) enzyme blocks de novo Vnthesis of the corrin ring, indicating that this pathway proceeds
via adenosylated intermediates. Salvaging of incomplete corrinoids such as cobyric acid and
cobinamide is also blocked in S. enterica cobA mutants, suggesting that corrinoid-binding enzymes
involved in nucleotide loop assembly also require adenosylated substrates.s Adenosylation is also
relevant to the expression of the gene encoding the transporter ofcorrinoids across the outer mem
brane of Gram-negative bacteria such as E. coli and S. emerica. In E. coli, inactivation of the btuR
gene (encodes a CobA homolog) blocks the conversion of BI2 into coenzyme BI 2> resulting in the
unregulated, constitutive expression of btuB. 16-19 The expression of the btuB gene is controlled by a
riboswitch mechanism IS,20 discussed in detail in Chapler 20.



302 Tetrapy"oles: Birth, Life and Death

Reduction ofCo3+ to Co1+

Reduction of C03+ to Colo requires consecutive one-electron reductive steps catalyzed by the
cob(III)alamin reductase (EC 1.6.99.8) and the cob(II)alamin reductase (EC 1.6.99.9) enzymes.
The reducing systems and the ATP:co(I)rrinoid adenosyltransferase (EC 2.5.1.17) enzymes respon
sible for the conversion of the vitamin to the coenzymic form of B12 were partially purified and
characterized from P. freundenreichii and C. tetanomorphum.2l

-
25 These enzymes were recenty iso

lated to homogeneity from S. enterica and the genes encoding them were identified.12.l4.l5.26 From
the latter studies it was concluded that S. enterica probably lacks a dedicated cob(III)alamin reduc
tase for the conversion ofco(III)balamin to cob(II)alamin. This conclusion was based on the spon
taneous, enzyme-independent, dihydroflavin-dependent reduction of cob(III)alamin to

cob(II)alamin.14 On the other hand, the thermodynamically unfavorable reduction ofcob(II)alamin
to cob(I)alamin27 was achieved in vitro using the reducing system comprised of ferrredoxin
(flavodoxin):NADP+ reductase (Fpr) and flavodoxin A (FldA) proteins to transfer electrons from
NADPH + H+ onto complete or incomplete co(III)rrinoids to generate co(I)rrinoids. 15 Although
the Fpr/FldA system is the first enzymatic system to be coupled to the CobA adenosyltransferase
enzyme to convett cobalamin to its coenzymic form, the involvement of this system in corrinoid
reduction is not unprecedented, as shown by the studies of the cobalamin-dependent methionine
synthase function in E. coli.28

-
32 Our current working model for the corrinoid adenosylation path

way is shown in Figure 2. In P. denitrificans, an NADH-dependent flavoenzyme with cob(II)yrinic
acid a,c-diamide reductase activity was isolated to homogeneity but the gene encoding this activity
was not identified.33 Use ofthe Fpr/FldA system for corrinoid reduction appears to be widely spread
in nature since human cells also use it to maintain function of the methionine synthase enzyme.34

Interaction between Fillvodoxin A (FlJA) and CobA Proteins
Recent IH-NMR studies of the interactions between E. coli FldA and ferredoxin:flavoprotein

reductase (Fpr) and methionine synthase (MetH) identified residues ofFldA involved in docking to
Fpr and MetH.32 The docking surface of FldA is comprised of a hydrophobic patch housing the
flavin cofactor that is surrounded by several acidic residues. Recent work from our laboratory iden
tified the same residues of FldA as being involved in docking to CobA during cobalt ion reduction
(Fig. 3).35 In vivo and in vitro assessment of the functionality of site-directed variants of CobA
identified residues Arg9 and Argl65 as critical for docking, but not for catalysis.

Redundancy in the Electron Transferases Used to Reduce C02
+ to Co1

+

A second flavodoxin was recently identified by the similarity of the nucleotide sequence of the
putative ORF (referred to as fldB) to f/dA.36 Though the FldB protein has not been biochemically
characterized as a flavodoxin, the predicted amino acid sequence of FldB is 45% identical to FldA.
Unlike f/dA, fldB function is not essential, and its expression is regulated by oxidative stress.36 The

NADPH + H+

IF p r - F A DI --l-. F P r - FAD H2rm
F I d A - F M N H' Ado

~
AlP PPPI$B

FMNH2.FADH2 "~ •.~ -~ + +. Co(III)
~. Fpr-FADH2 ~. ~-ICObAI

Figure 2. The corrinoid adenosylation pathway in S. enterica. In this model, reducing power for the
reduction of Co3+-corrinoids to Co1+-corrinoids is derived from NADPH + H+ by the action of the
ferrredoxin (flavodoxin):NADP+ reductase (Fpr) and flavodoxin A (FldA) proteins. Fpr-FAD, oxidized
form ofFpr; Fpr-FADH2, hydroquinone form ofFpr; FldA-FMN, oxidized form of FldA; FldA-FMN',
semiquinone form of FldA; PPPi> tripolyphosphate. Modified from reference 39, with permission from
The American Society for Biochemistry and Molecular Biology.
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Figure 3. Docking surface of flavodoxin (FldA). Computer-assisted modeling was used to identifY two
putative arginyl residues ofthe cob(I)a1arnin adenosyl transferase enzyme (CobA, shown as adimer), enzyme
that are critical to docking with aspartyl residues of f1avodoxin A (FldA).35 The chemical structure of
coenzyme B12 is shown in the background.

physiological role of FldB is unknown, and unpublished work from our laboratory showed that
reduced FldB cannot reduce cob(II)a1arnin to cob(I)a1arnin.

Formation ofthe Co-C Bond
Early studies of the conversion of B12 to coenzyme B12 showed that ATP was the donor of the

5'-deoxyadenosyl group.9,37 Amore detailed biochemical analysis ofthe reaction, was performed when
the gene encoding the ATP:co(I)rrinoid adenosyltransferase (EC 2.5.1.17) enzyme res~onsible for
catalyzing the reaction was identified in P denitrificans (cobO) and S. enterica (cobA).8,12, 6,38 During
the course ofthe reaction, the CobA enzyme releases tripolyphosphate (PPPi) as by-product. 31 P-NMR
spectroscopy data indicate that PPPj is not cleaved by CobA Further support for the conclusion that
PPP j is a by-product of the CobA reaction was obtained from inhibition studies.39 CobA is only the
second enzyme known to release PPP j , the other such enzyme being SAM synthetase.40

Three-Dimensional Crystal Structure ofthe ATP:co(I)rrinoid
Adenosyltransferase (CobA) Enzyme ofS. enterica

The three-dimensional sttucture of an ATP:co(I)rrinoid adenosyltransferase enzyme is known.
High-resolution crysral structures of the CobA enzyme of S. enterica in its apo form, comrlexed
with MgATP, and complexed with Cbl and MgATP were solved (PDB entries IG5R, IG64). 1The
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structures containing B12 revealed that CobA binds B12 differently than enzymes that use B12 as
cofactor such as methionine synthase, methylmalonyl-CoA mutase, diol dehydratase, or glutamate
mutase.42-47 New proteinlcorrinoid interactions where the ring is held via a limited number of
hydrophobic interactions were observed. This is likely the reason why CobA can bind several differ
ent corrinoids as substrates. The structure ofthe CobA complexed with its substrates also shows that
ATP is bound to a unique P-loop (GNGKGKT, one residue shoner than the consensus GXXXXGKTI
S), and that the nucleotide binds to the P-loop in opposite orientation to that ofATP hydrolases,
i.e., in CobA the y-phosphate ofATP binds to the location occupied by the a-phosphate in nucleo
side triphosphate hydrolases. The structure of the ternary complex shows the cobalt ion of Bt2
located ~6.1A away from the target C5' of the ribose, suggesting that the protein mv y undergo a
conformational change to bring the Co(I) and C5' target to sufficient proximity for the nucleophilic
anack to occur. The driving force for the proposed conformational change remains to be established.

Adenosylation during de Novo Corrin Ring Biosynthesis
The point of adenosylation during de novo corrin ring biosynthesis has been established in P

denitrificans, but not in any other prokaryote. Results from the analysis ofcorrinoid substrates that
can be used by the Pd. CobO enzyme showed that cobyrinic acid is not a substrate for the enzyme,
but cobyrinic acid a,c-diamide is, indicating a key role for the amide groups in substrate recogni
tion.38 The CobO (P denitri£cans) and CobA (s. enterica) enzymes can adenosylate cobyric acid,
cobinamide and cobalamin.2 .38 The timing ofadenosylation during de novo cobinamide synthesis
may be different in S. enterica, because prokaryotes that use the anaerobic pathway of corrin ring
biosynthesis (e.g., S. enterica, P freundenreichii, B. megaterium) insen the cobalt ion into the ring
early in the pathway,48-52 and there are no data to suggest that conversion ofcobalt-precorrin-2 ring
to cobyrinic acid a,c,-diamide proceeds via nonadenoyslated intermediates.

Other CorrinoidAdenosyltransferases
Homologs ofthe S. enterica CobA enzyme can be found in a host ofcobamide-producing prokary

ores. Ofthese, only the CobO enzyme from P denitrificans and the CobA enzyme ofthe methanogenic
archaeon Methanosarcina mazei GOl have been isolated to homogeneity and panially character
ized.38.53 Genes encoding additional adenosyltransferase activities in S. enterica are pduO,54.55 and
eutT. 56.57 Neither PduO nor EutT are homologous to CobA. The three-dimensional structures of
PduO and EutT may reveal different folds that provide adenosyltransferase activity. Recently, the
human and bovine ATP:adenolsyltransferases were identified by complementation of a pduO cobA
mutant strain of S. enterica during growth on 1,2-propanedioL58 Both, the human and bovine
adenosyltransferases appear to be phylogentically relared to PduO, but not to CobA. A high-resolution
three-dimensional crystal structure of an archaeal homolof of the PduO-type human
adenosyltransferase enzyme was recently reponed in its apo form. 5

The Nucleotide Loop Assembly (NLA) Pathway
The nucleotide loop is the structure within cobamides that tethers the lower ligand base to

the ring macrocycle. The nucleotide loop features an a-N-glycosidic bond between the base
and the ribosyl group, and a phosphodiester bond between the 3' hydroxyl group of the ribosyl
moiety and the (R)-I-amino-2-propanol (AP) moiety of cobinamide (Cbi) (Fig. 1). From a
biochemical standpoint the nucleotide assembly (NLA) pathway consists of three steps: (i)
activation ofthe lower ligand base; (ii) activation ofthe precursor adenosylcobinamide-phosphate
{AdoCbi-P}; and (iii) joining of the activated precursors to yield adenosylcobamide (AdoCbi)
(Fig. 4). The report in 1984 by Jeter et al that S. enterica synthesized B12 de novo, greatly
accelerated the identification and analysis of genes, proteins and enzymes involved in the as
sembly of this complex coenzyme.60 The genetic analysis of the region of the S. enterica ge
nome containing the bulk of the cobalamin biosynthetic (cob) genes60.63 was consistent with
the gene organization derived from the nucleotide sequence of the cob operon.64 The location
of the S. enterica genes whose functions are known to be required for the assembly of the
nucleotide loop and the attachment of the upper ligand are shown in Figure 5. Subsequent
work showed that the last three genes of this operon (i.e., cobUS1) encode functions required
for the assembly of the nucleotide 100p,61,62 with one additional function encoded outside of
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erence 102, with permission from Microbiology.
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the cob operon.65 In the last 10 years, our understanding of the biochemistry underpinning the
nucleotide loop assembly and corrinoid adenosylation pathways was greatly advanced by the
enzymological and structural analyses of the enzymes involved.

The CorrinoiJ Substrate
Although. discussion of the de novo synthesis of the corrinoid entering the NLA pathway is out

of the scope of this review. it is imponant to cover some aspects of it. For several decades it was
thought that the last step in de novo corrin ring biosynthesis consisted of the attachment of
(R)-I-amino-2-propanol to thef propionic acid group of cobyric acid (corrin ring). This idea was
reconsidered when we reported evidence supporting the hypotheses that (R)-l-amino
propanol-0-2-phosphate not (R)-I-amino-2-propanol was involved in the reaction.66 Therefore,
the end product of the reaction was AdoCbi-P, not AdoCbi. This finding modified our understand
ing ofone ofthe branches in the nucleotide loop assembly pathway, identifying the kinase activity of
CobU as a function exclusively dedicated to salvaging Cbi from the environment.2

Key to this discovery was the determination of the enzymatic activity of the CobO protein.66

CobO is a novel pyridoxal 5'-phosphate (PLP)-dependent L-threonine-O-3-phosphate decarboxy
lase (EC 4.1.1.81) responsible for the synthesis of (R)-I-amino-propanol-0-2-phosphate (AP-P), the
linker between the nucleotide loop and the corrin ring in cobalamin biosynthesis. The
three-dimensional structure of CobO (POB entry ILKC), its apo state (POB entry ILC5). the
apo state complexed with the substrate (POB entry ILC7), and its product external aldimine
complex (POB entry ILC8) have been determined at 1.8, 1.46, 1.8, and 1.8A resolution, respec
tively. In its native form, CobO is a dimer, with each monomer consisting ofa small domain and
a large domain. CobO has been classified as pan of the a-family of PLP-dependent enzymes. In
fact, CobO is remarkably similar to histidinol-phosphate aminotransferase (POB entry I GEW),67
not only in its three-dimensional structure, but in the coordination of the pyridoxal 5'-phosphate
and putative substrate binding site. Detailed analysis ofCobO three-dimensional structures showed
that decarboxylation occurs by placing the hydrogen of the a-carbon of L-threonine-phosphate
opposite to the Lys206 that forms the internal aldimine. An equivalent Lys residue is believed to
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Halobacterium sp. strain NRC-1.90 The initial biochemical characterization ofCbiz was performed
with recombinant enzyme encoded by the cbiZgene ofthe methanogenic archaeon Methanosarcina
mazei strain Go1.91

Physiological Roles of the AdoCbi Kinase and Guanylyltransferase Enzyme
in Bacteria

The existence of CobY helps us understand the physiological roles of the enzymatic activities of
CobU in S. enterica and other bacteria with CobU-homologs. In contrast to the AdoCbi-P
guanylyltransferase activity, the cobinamide kinase activity of CobU is not part of the de novo
coenzyme B12 pathway, but it is essential to the conversion of exogenous, unphosphorylated
cobinarnide to coenzyme B12• These conclusions are consistent with previous findings, which sug
gested that the product ofde novo corrin ring biosynthesis in S. enterica was AdoCbi- P, not AdoCbi
as previously thought.2,66

Activation of the Lower (Coa) Ligand
The Coa ligand base of cobamides varies considerably,92 and studies of lower ligand base

activation have focused on 5,6-dimethylbenzimidazole (DMB), the lower ligand base of cobal
amin.63,93·97 The activation of DMB occurs in two steps catalyzed by a NaMN-dependent
phosphoribosyltransferase (PRTase), and a phosphatase enzyme. The end result of the lower ligand
activation branch ofthe nucleotide loop assembly pathway is the conversion ofDMB to its nucleo
side. Because the first enzyme of the pathway uses NaMN as substrate, the product of the reac
tion, N -(5-phospho-a-D-ribosyl)-DMB nucleotide (a-ribazole-5 '-P), contains an a-N-glycosidic
bond. This bond configuration is needed to make the 3'-OH of the ribosyl moiety available for
the formation of the phosphodiester bond linking the lower ligand to the corrin ring. Because the
5'-OH is not phosphorylated in cobamides, the phosphate group in a-ribazole-5'-phosphate is
removed by a phosphatase. At present, the PRTase reaction is betrer understood than the phos
phatase reaction, both of which are discussed below.

General Features of the Phosphoribosyltransferase (pRTase) Enzyme
The nicotinate mononucleotide (NaMN):DMB phosphoribosyltransferase (PRTase) (EC

2.4.2.21) enzyme catalyzes the transfer of the phosphoribosyl moiety ofNaMN onto DMB to yield
a-ribazole-5-P. The PRTase activity was studied in partially purified prepararions of the enzyme
isolated from Propionibacterium freundenreichii (formerly P. shermanit),94 Clostridium sticklandii,98
and Propionibacterium arabinosum,99 and to homogeneity from Pseudomonas denitrificans (encoded
by the cobU gene)96 and Salmonella enterica (encoded by the cobT gene).97 NaMN:DMB PRTase
enzymes isolated from different sources appear to have different affinities for NaMN. For example,
the affinity of the P. denitrificans CobU enzyme for NaMN was higher (Km = 83 ~M)96 than the S.
enterica CobT enzyme (Km = 684 ~M),97 the reason for this drastic difference is unclear, but may be
a result of structural differences between these homologous enzymes. The Km for DMB has only
been reported for the P. denitrificans CobU enzyme, and is considerably lower than the affinity for
NaMN (Km = 16 nM),96 probably reflecting the low intracellular level of DMB in this bacterium.

Nicotinate Mononucleotide (NaMN) Is Not the Only Substrate
for the PRTase Enzyme

Until recently, there was no reason to doubt that NaMN was the only substrate for the NaMN:DMB
PRTase enzyme in vivo. Two pieces of information raised the possibility that NaMN may not be the
only substrate (or perhaps in some prokaryotes it may not be the substrate) that the lower-ligand
activating enzyme uses to activate DMB in vivo. In the case of the S. enterica CobT enzyme, the Km of
CobT for NaMN (0.5 I mM) was unexpectedly high. This finding is important because the intracellu
lar level ofNaMN in wild-type S. enterica or E. coli is undetecrable. 1oo•1O We now know that the CobT
enzyme ofS. enterica can use NAD+ as substrate to activate DMB, but the product of the reaction is
not a-ribazole-5-P as in the case when NaMN is the substrate. Instead, the CobT enzyme generates
a-DMB adenine dinucleotide (referred to as a_DAD).102 Although the Km of CobT for NAD+ (9
mM) is ca. 18-fold higher than that for NaMN (0.51 mM), the intracellular level ofNAD+ (ca. 0.8
mM)100,103 can compensate for the lack of affinity of the enzyme for NAD+. These results raised the



308 Tetrapy"o!es: Birth, Life and Death

IAdO.Cbi.P]

GTP PP; H2N\\~)0
""/_ N-GN
CobU y-N

self-guanylylaling 0"..···

activily CobU-His46 r" OH

\~O OH

t1bH

CobU-HiS46
OH

Ed~.Cbl.GDPJ

Ado

~
CobU

.!ransferase activity

Ado

~
O·p;

CobU
kinase activity ~

Ado

~
OH

Figure 6. Reactions catalyzed by the CobU enzyme. The CobU enzyme is thought to be always guanylylated
in vivo due to its auto-guanl1ylating activity. This activity is needed to induce the catalytically active
conformation of the protein. 3 In its active conformation the enzyme uses either ATP or GTP (shown as
NTP) to phosphorylate the hydroxyl group ofthe (R)-l-amino-2-propan-ol moiety ofAdoCbi. The phos
phate group ofAdoCbi-P is retained in AdoCbi-GDP, which is generated by the transfer ofthe GMP moiety
attached to CobU onto AdoCbi-P.

possibility that in S. enterica, the activation of DMB proceeds via a DAD. Suppon for this possibility
was obtained in vitro when a-DAD-dependent synthesis of coenzyme BI2 was demonstrated using
cell-free extracts enriched for the enzymes required for the assembly of the nucleotide 100p.I02 This
new information may reflect ways in which the cell ensures synthesis of coenzyme B12 regardless of
variations in the pools ofphosphoribosyl donors. That is, under conditions where the level ofNaMN
increases, one would predict that the CobT enzyme would use NaMN over NAD+. Under conditions
where the level ofNaMN is low, the cell could still use NAD+ to make coenzyme B12. Interestingly, the
CobT homolog of P. jreundenreichii was reponed unable to use NAD+ to activate DMB, suggesting
that not all the CobT homologs may have NAD+-dependent activity.93

Evidence that the NAD+-dependent activity of CobT may be physiologically imponant was
obtained from genetic and biochemical studies of a function present in S. enterica that compensates
for the lack ofCobT enzyme in cobT mutant strains under growth conditions that demanded coen
zyme B12 biosynthesis. This alternative function for CobT is encoded by the cobB gene, which
encodes a member of the SIR2 family of eukaryotic regulatory proteins (sinuins).I04 Sinuins are
bifunctional enzymes with NAD+-dependent ADPribo~ltransferaseand protein deacerylase activi
ties with relevance to gene expression and metabolism. I 5-113 Of relevance to coenzyme B12 biosyn
thesis is the NAD+-dependent ADPribosyltransferase activity of the CobB sinuin. In vitro
CobB-dependent synthesis ofa-ribawle-5'-P, I04 suppons the hypothesis that the NAD+-dependent
ADPribosyltransferase activity ofCobT is physiologically significant in S. enterica. Figure 7 incorpo
rates a-DAD as a putative intermediate of the NLA pathway.

Are There Enzymes of the NIA Pathway Yet to Be Discovered?
If a-DAD were indeed an intermediate of the pathway, one would conclude that one or more

coenzyme B12 biosynthetic enzymes have been overlooked. At present, it is unclear how a-DAD is
incorporated into coenzyme B12. Ifa-DAD is cleaved by a dinucleotide pyrophosphatase, the prod
ucts of the reaction would be AMP and a-ribawle-5'-P' with the latter serving as substrate for the
CobC phosphatase. Alternatively, ifa-DAD were cleaved by a dinucleotide hydrolase, the products
of the reaction would be ADP and a-ribazole, a reaction that would bypass the need for the CobC
phosphatase (Fig. 7). Extensive mutant searches have not yielded B12 auxotrophs with lesions in
genes other than the cobCUSTgenes, suggesting that the putative dinucleotide pyrophosphatase or
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dinucleotide hydrolase either has other functions in the cell, there is redundancy of these functions
in the cell, or both enzymes exist and inactivation ofthe gene encoding one ofthem is insufficient to
generate a BI2 auxotrophy. Reverse genetic approaches to this problem are needed to identify the
gene encoding the dinucleotide pyrophosphatase or the dinucleotide hydrolase.

Three-Dimensional Crystal Structure of the NaMN:5,6-Dimethylbenzimidazole
(DMB) PlITase Enzyme

The X-ray structure of the a.r0 form of the CobT enzyme from S. enterica was solved at 1.9A
resolution (PDB entry 1L4B).11 The quaternary structure of native CobT enzyme is a climer with
2-fold symmetry, and each subunit has two domains. A substantial section ofthe interface between the
two subunits is contributed by the smaIl domain and by the final helix of the large domain. The large
domains consists ofsix-stranded f3-sheets with connecting a-helices exhibiting Rossman fold topology.
The smaIl domain is comprised ofcomponents ofthe N- and C-termini of the polypeptide chain and
contains a three-helix bundle. The active site of the enzyme is formed by the loops at the C-terminal
end of the f3 strands and the smaIl domain of the smaIl subunit. The structure of the CobT enzyme
suggests that residue Glu317 is the catalytic base for the reaction. The fold of the CobT enzyme is very
different than that oftype I or type II phosphoribosylpyrophosphate (PRPP)-dependent PRTases, and
the orientation of substrates and products is opposite to that expected for a Rossman fold. J 14.115 The
structural fold ofCobT is not related to any other fold found in protein databases.

Specificity of the NaMN:DMB PRTase Enzyme for Its Base Substrate
The chemical nature of the base in the nucleotide of cobamides varies depending on their

source. The list ofbase substrates includes DMB, 5-methylbenzimidazole, 5-methoxybenzimidazole,
5-hydroxybenzimidazole, 5-methoxy-6-methylbenzimidazole, adenine, 2-methylsulfinyladenine,
2-methylsulfonyladenine, p-cresol, and phenoI.61 ,116.122 Although the S. enterica CobT enzyme
displays high specificity for NaMN, its specificity for the base substrate is very poor. This conclu
sion is based on results from in vitro studies performed with homogeneous S. enterica CobT
enzyme, NaMN and benzimidazole, dimerhylphenylenediamine, imidazole, histidine, adenine or
guanine as substrates.97 In all cases, the enzyme catalyzed the formation of the corresponding
a-nucleotide, and in all cases the product of the reaction was incorporated into cobamides that
were active in vivo.97
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To understand the molecular basis for the lack of specificity of the CobT enzyme of S. enterica
for its base substrates, crystal structures ofthe enzyme complexed with adenine, 5-methylbenzimidazole,
5-methoxybenzimidazole, imidazole, indole, 2-hydroxypurine, p-cresol or phenol were solved (PDB
entries lL4E, lLRF, lLRG lL4H, lL4K, lL4M, lL4N, lL5F, lL5K, lL5L, lL5M, lL5N,
lL50,1]HM, IJHO, IJHP, IJHQ, IJHR, IJHU, IJHY, IJHX, IJHY, mas, maY, IJH8,
IJHA).IZ3 Adenine, 5-methylbenzimidazole, 5-methoxybenzimidazole, 2-hydroxypurine reacted with
NaMN in the crystal lattice to form the corresponding a-nucleotide. The crystal structures of these
complexes revealed that only minor conformational changes in the side chains that form the DMB
binding site are needed to accommodate different base substrates. No product was formed in the
crystal containingp-cresol or phenol even though p-cresol and phenol bound to CobT in approxi
mately the same location as DMB. Analysis of the crystal structures showed that in both cases the
active site of CobT was too large for the reaction to occur, suggesting that the CobT homolog in
Sporomusa ovata (a strict anaerobic bacterium that synthesizes phenyl-cobamides) must have evolved
an active site that brings the two substrates closer together than the S. enterica enzyme. From the
mechanistic standpoint, it is of interest to learn how the S. ovata activates the substrate in the ab
sence of an aromatic nitrogenous base.

Dephosphorylation of a-Ribazole-5'-Phosphate (a-Ribazole-5'-P)
Figure 4 shows the second step in the activation of DMB being catalyzed by the CobC phos

phatase enzyme. In this reaction, a-ribazole-5'-P (the product ofthe NaMN:DMB PRTase enzyme)
is converted to a-ribazole, or alternatively, AdoB1Z-P is dephosphorylated to yield AdoBl2. This
enzymatic activity was repotted present in cell-free extracts ofP. freudenreichiP4 and P. denitrificans,96
but neither the enzyme nor the gene encoding it were identified in these bacteria. In S. enterica, the
a-ribazole-5'-P phosphatase activity is encoded by the cobCgene. The CobC protein is homologous
to phosphoglycerate mutases, acid phosphatases and to the b~hosphatase domain of eukaryotic
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase enzymes 5with many ofthe residues needed
for function conserved. 1z4 Mechanistic studies of the S. enterica CobC enzyme have not been re
poned. In S. enterica, the cobC gene is divergently transcribed from the cobD gene, a coenzyme Bl2
biosynthetic gene encoding L-threonine 0-3-phosphate decarboxylase.66

Phenotypes ofa Phosphatase-Deficient Bacterial Strain
In S. enterica, the effect of the lack of CobC enzyme on coenzyme Bl2 synthesis is most evident

when the demand for coenzyme Bl2 is high, e.g., during growth on ethanolamine as carbon and
energy source.65 However, when the demand for coenzyme BIZ is low (e.g., synthesis ofmethionine
via the Bl2-dependent methionine synthase), there is no detectable effect on Bl2-dependent growth
unless the strain also harbors a null allele of the cobT gene encoding the NaMN:DMB
phosphoryboyltransferase enzyme. Explanations for these phenotypes are not obvious. It is possible
that under conditions where low levels ofcoenzyme Bl2 are sufficient to support growth, the activity
of a nonspecific phosphatase generates a-ribazole bypassing the need for CobC activity. Alterna
tively, under these conditions the Bl2-dependent enzymes in this bacterium may be able to use
Bl2-5'-P as coenzyme.1Z5 An intriguing, and yet unexplained phenotype of cobC mutant strains is
the DMB auxotrophy observed when the strains are grown under high aeration.65 How the lack of
CobC function affects DMB synthesis when the level of environmental oxygen is elevated remains
unclear. A physiological explanation for the observed DMB auxotrophy ofcobC mutant strains will
likely shed valuable insights into the pathway of DMB synthesis in S. enterica.

Timing ofPhosphate Removal in Bacteria
In S. enterica, it is cleat that the 5' phosphate group of a-tibazole-5'-P is absent in AdoB1Z, the

final product ofthe pathway.61 It is unclear, however, whether a-ribazole-5'-P or coenzyme Bl2-5'-P
is the substrate for the CobC phosphatase enzyme in vivo. In vitro, however, CobC can use either
a-ribazole-5'-P or coenzyme B1z-5'-P as substrate.65.1Z5 Insights into the timing of phosphate re
moval in P. denitrificans were obtained through the kinetic analysis of the CobS reaction when
a-ribazole-5'-P or a-rihazole was used as substrate for the enzyme. The P. denitrificans enzyme showed
a higher affinity for a-rihazole-5 '-P (Km = O.9!1M) relative to a-rihazole (Km = 7.8 !1M).96 Although
it is clear however, that the s.e. CobC enzyme can dephosphorylate either a-ribazole-5'-P or AdoB1Z-P
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in vitro,65,125 we have obtained in vivo and in vitro evidence to suppon the conclusion that a-ribawle
a-ribazole- S' -P, is the preferred substrate for the S. enterica CobS enzyme (Zayas &
Escalante-Semerena, unpublished results).

Archaea Do Not Have an Ortholog of the Phosphatase-Encoding Gene Present
in Bacteria

Analysis ofthe archaeal genomes sequenced to date failed to reveal an archaeal onholog to Cobe.
At this point is unclear if CobC has been replaced by a functionally similar nononhologous enzyme
(such as the case with CobU and CobY) or if the archaeal pathway differs in such a way that it does
not require an a-ribazole-S'-P phosphatase. A bener understanding of how archaea activate the
lower ligand base and biochemical analysis ofarchaeal CobT onhologs will indicate ifa-ribazole-S'-P
phosphatase is an intermediate of the pathway and if an a-ribawle-S'-P phosphatase would be
required. Another possibility would be that archaea produce phoshpotylated cobamides, which are
still biologically active and meet the requirements of the cell.

The Last Step ofthe Pathway: Joining AdoCbi-GDP and a-Ribazole
The enzyme that catalyzes the last step of the NLA pathway, and for that matter the last step

of AdoCbl biosynthesis, is cobalamin (S'-phosphate) synthase. In S. enterica, this enzyme is en
coded by the cobS gene, and in P. denitrificans it is encoded by the cobVgene. 13,64 The cobalamin
(S'-phosphate) synthase enzyme has not been isolated to homogeneity, and in P. denitrificans, it
appears to form complexes with a number of unidentified proteins.96 Purified ~reparations ofS.e.
CobS enzyme were obtained to reconstitute the entire NLA pathway in vitro. I 5The in vitro data
showed that the S. enterica CobS enzyme, like the P. denitrificans CobV enzyme, can use either
a-ribazole or a-ribawle-S'-P as substrate. Recent work from our laboratory showed that the CobS
enzyme in S. enterica and the methanogenic archaeon Methanobacterium thermoautotrophicum
strain ~H (and likely in other prokaryotes) is an integral membrane protein. 126 This finding begs
the question ofwhy the final step ofcobalamin biosynthesis has been maintained through evolu
tion as a membrane-associated function. Future research in this field will explore the molecular
details of this very exciting question in an effort to uncover the selective pressures that both
archaea and bacteria have been subjected to in order ro maintain this intriguing association with
the cell membrane.
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CHAPTER 20

The Regulation of Cobalamin Biosynthesis
Jeffrey G. Lawrence*

Introduction

Expositions on the regulation of biochemical pathways usually succeed in disappointing
at least half of their potential audience. From a holistic standpoint, one could view gene
regulation as the embodiment of the physiological significance of the encoded gene prod

ucts. If one understood when, where and why genes were either active or inactive, one would
gain insight into the selective forces retaining those genes within a genome. From a reductionist
standpoint, gene regulation can be achieved in almost countless ways, each offering at worst
insight into how a cell is controlling the dynamic expression of its inherently static genetic
material and at best uncovering previously undiscovered mechanisms by which the activities of
gene products are controlled. From an evolutionary standpoint, both views may differ between
different organisms, allowing either fruitful comparative biology when the differences are recog
nized, or potentially misleading extrapolation when they are not.

The regulation of cobalamin (coenzyme B12) biosynthesis offers several more twists. First,
cobalamin biosynthesis is intimately coupled to the synthesis of other tetrapyrroles in the cells
(notable examples include heme, siroheme and chlorophyll). Second, cobalamin is a cofactor
that may be used by several different enzymes in anyone cell. As a result, multiple signals may be
integrated to control the rate ofcobalamin biosynthesis; this integration will differ among organ
isms, since organisms differ greatly in which cobalamin-dependent enzymes are encoded in their
genomes. Last, organisms may "synthesize" cobalamin when provided with complex intermedi
ates, like cobinamide, and forego the synthesis of the tetrapyrrole backbone; some organisms can
synthesize cobalamin only when provided with such an intermediate. The utilization of "im
ported" cobinamide adds yet another layer ofcomplexity to the regulation ofgene responsible for
the biosynthesis of one of the largest, most complex and perhaps most poorly understood of
bacterial cofactors.

This review will attempt to synthesize all ofthese viewpoints into a comprehensive treatment
of how and why cobalamin is synthesized. By necessity, much of the discussion will focus on
relatively few study organisms, those where cobalamin synthesis or use has been examined in
detail. As I cannot discuss all of these topics in depth, I will discuss each briefly in context and
direct the reader towards more comprehensive explorations of anyone topic. What I hope the
reader will extract is an appreciation for the vast number of strategies taken by microorganisms
to synthesis this molecule at the appropriate time and place, as well as to harness the potential
resource of corrinoid compounds present in the environment.

The Complexity of Cobalamin
Cobalamin is synthesized from uroporphyrinogen III (Uro-III, Fig. 1), the "basic" tetrapyrrole

used to synthesize all tetrapyrrole derivatives, including chlorophyll, heme, siroheme and related
molecules. Uro-I1I is one of three isomers of uroporphyrinogen, this one being asymmetric in
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having acetyl- side chains attached to ring carbons 2 and 18; the juxtaposition of these acetyl
groups plays a critical role in aerobic cobalamin biosynthesis by mediating the elimination of
carbon-20,1 yielding the 19-member corrinoid ring found in cobalamin and other cobamides and
distinguishing it from other tetrapyrroles. It is for this reason that some have speculated that
cobalamin preceded heme and other tetrapyrroles in ancestral metabolism.2,3 An alternative view
is that Uro-III could have been the favored isomer in the soup of prebiotic molecules available,
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since experiments of the Miller/Urey variety yield this isomer in a 2: 1 ratio over other forms.4

Regardless of its origin, the asymmetry of the corrinoid ring provides cobalamin with some unique
properties, due to the strain placed on the corrinoid ring.

The central cobalt atom has four planar ligands-all nitrogen atoms in the tetrapyrrole back
bone, to one ofwhich it is covalently bonded-and two axial ligands. The upper (CoM axial ligand
is 5'-deoxyadenosine in coenzyme B12; the strain of the corrinoid ring makes homolytic cleavage of
this covalent carbon-cobalt bond quite facile, and allows the adenosyl- radical to mediate interesting
chemical rearrangements. Other common upper axial ligand include a methyl- group (which is
found which cobalamin participates in methylation reactions, like that catalyzed by the E. coli MetH
methionine synthase and its human homologue), a cyano- group (found in commercially synthe
sized vitamin B12) and water (which does not form a covalent bond).

The lower (Coo) axial ligand is 5,6-dimethylbenzimidazole in coenzyme BIz, where one of the
nitrogen atoms acts as the electronegative donor group. Different cobamides have different lower
axialligands,5 most of which contain electronegative nitrogen atoms that serve to coordinate the
cobalt atom, although there are exceptions (like cresol derivatives found in Sporomusa spp.). When
corrinoids are transported into the cell, these "alternative" forms ofcobalamin are readily available,
and the cell must be able to discriminate between cobamide forms to prevent the accumulation of
potential inhibitory molecules. This idea will be discussed further below.

The lower axial ligand is connected to the corrinoid ring via an aminopropanol-phosphate group
attached to the propyl-carboxarnide chain at ring carbon 17.6 When this group is arrached during
biosynthesis, cobinamide-phosphate is formed. Cobinamide-phosphate can be formed from the
off-pathway intermediate cobinamide by kinasing the hydroxyl-group of the I-amino, 2-propanol via
the CobU kinase activity. This kinase activity-<:ompletely unnecessary during de novo biosynthesis
arrests to the imporrance ofcobinamide transport and utilization, and portends additional physiologi
cal significance (and therefore regulation) of the genes required for cobinamide utilization.

Cobalamin in Context: Regulating a Branch Point
There are at least two distinct pathways to synthesize cobalamin from Uro-lII, functioning un

der either aerobic or anaerobic growth conditions?-10 it is possible that the timing ofthe insertion of
the central cobalt atom is critical in allow for aerobic cobalamin biosynthesis, since the +1 oxidation
state of this atom is difficult to maintain. In considering the regulation of cobalamin biosynthesis,
we must assess its impact on the biosynthesis ofother molecules derived from Uro-III. In many cases
this is a moot point, since interwoven biosynthetic pathways often have separate regulatory apparati
that allow for an increase in production of a critical intermediate if it is being utilized for another
purpose. For example, a sudden increase in methionine biosynthesis would drain cysteine pools,
since cysteine acts as the donor molecule for the sulfur atom in methionine. I 1,12 An increase in
sulfate reduction and cysteine biosynthesis follows indirectly in enteric bacteria like Escherichia coli
and Salmonella enterica, since the depletion ofcysteine pools results in a lack ofmetabolic inhibition
of the CysE protein, allowing for more cysteine to be made. By analogy, one could postulate that
activating the cobalamin biosynthetic pathway would drain Uro-lII pools, and the cognate biosyn
theric genes (often considered part of the heme regulon) would be up-regulated.

Yet the situation is more complex in E. coli and S. enterica, since a single enzyme controls the
flow of tetrapyrroles into three molecules (Fig. 2). The CysG enzyme catalyzes both methylation
reactions,13 which divert Uro-lII ftom the heme biosynthetic route, and chelation of either iron ro
form siroheme,14 or cobalt to lead toward cobalamin formation. 15 (It should be noted that the role
of other metal chelatases in cobalt and iron insertion into the methylated intermediate have been
discussed. 16,17 Some perform both functions, and a putative "ancestral" form has been proposed. IS)

Therefore, CysG activity should respond to cellular needs for both cobalamin and siroheme; yet in
these rwo organisms this does not appear to be the case. First, siroheme is used as a cofactor for two
enzymes, sulfite reductase and nitrite reductase. Expression ofthe cysG gene in E. coli and S. enterica
is induced by nitrite during anaerobic respiration, but not by sulfur starvation;19 this parrern indicates
that siroheme's role as a cofactor in the CysI] sulfite reductase has not selected for regulation of cysG
expression in response to sulfur starvation, and that baseline transcription is sufficient. Second, the
intermediate produced by CysG after methylation (precorrin-2) is the precursor for cobalamin as
well as siroheme. 14 CysG can balance the production of these tetrapyrroles by chelating either cobalt
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Figure 2. The flow of Uro-III to three different tetrapyrroles as controlled by the action of the CysG
protein of enteric bacteria. SAM: S-adenosyl-methionine, SAH: S-adenosyl-homocysteine.

or iron. This activity does not appear to be regulated directly by the need for cobalamin in the cell.
However, the amount of cobalamin produced may be controlled indirectly as a function of the
amount of cobalt present in the cytoplasm; this may be achieved via an inducible cobalt transport
system encoded by the Salmonella cob operon?

While the CysG enzyme couples the methylation, oxidation and metal chelation activities of
siroheme biosynthesis into a single enzyme, clearly intermediates are released which allow for cobal
amin biosynthesis. Intermediate release is also more likely in or~anisms like BaciUus megaterium,
where these activities are encoded by three separate polypeptides,2 ,21 or Pseudomonas denitrificans,
where the methylase activity is performed by a single-function protein, CobA22 In contrast, the
flow ofterrapyrroles towards cobalamin is assisted by enzymes like the HemD-CobA hybrid protein
ofSelenomonas rurninantium, which combines the final step ofUro-III synthesis with the methyla
tion steps, thus forming precorrin-2.23 This arrangement is likely tolerated in this obligately fermen
tative organism since heme molecules are not required for respiratory cytochromes. This case also
demonstrates the danger in naming genes by homology; here the "HemD" portion of this bifunc
tional gene plays no role in heme biosynthesis.

While the apportionment of terrapyrroles between heme, siroheme and cobalamin appears to be
primarily passive in E. coli and S. enterica-with more siroheme produced anaerobically in the presence
of nitrate-the situation is more com~lex in Klebsiella aerogenes, which encodes a second siroheme
synthase (CysF) homologous to CysG. 4While cysG expression is regulated by nitrite anaerobically (as
in Salmonella), the cysFDNCoperon is controlled by the CysB activator in response to sulfur starvation.
Yet this apparent redundancy reflects more than a selected ability to produce siroheme in response to
sulfur starvation, an activity lost in E. coli and Salmonella. Unlike CysG, the CysF protein cannot
produce an intermediate that is available for cobalamin biosynthesis; this constraint may be due to a
difference in the order ofteactions catalyzed by CysF, or the failure ofthe protein to release the interme
diate during catalysis, making it unavailable to the cobalamin biosynthetic apparatus.

A question remains, then, as to why Klebsiella retains both the cysFand cysG genes, while the cysF
gene was likely lost from the ancestor ofE. coli and S. emerica. One model to explain the role of the
cysF gene entails the production ofcobalamin in Klebsiella, which (unlike in Salmonella) can occur
during aerobic growth conditions. Since the cysG gene is not induced aerobically, flow of tetrapyr
roles into the cobalamin pool would deplete the siroheme pool, interfering sulfate reduction; the
action ofthe CysF protein would allow for siroheme production without any diversion ofprecorrin-2
into cobalamin. Since the ability to synthesize cobalamin de novo was lost from the ancestor of E.
coli and S. emerica, the selection to retain the cysF gene would also have been lost (Fig. 3).
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Figure 3. Regulatory scheme whereby loss of de novo cobalamin biosynthesis would lead to the loss of the
eysFgene from the ancestor ofEscherichia coli and Salmonella enterica. A) Under aerobic growth, the CysF
protein provides siroheme for the CysIJ sulfite reductase. B) Under anaerobic growth, induction ofthe cysG
gene produces siroheme for the NirBO nitrite reductase; its high Km and Vmax prevent excess synthesis of
cobalamin due to this induction. C) After loss ofcobalamin biosynthesis, basal expression of the eysG gene
would provide sufficient amounts of siroheme to satisfY the requirements of the CysIJ sulfite reductase,
leading to the loss of the unsdected eysFgene.

Operon Induction and Physiological Significance
In Salmonella enterica, cobalamin is used as a cofactor for three different enzymes: the MetH

methionine sr,nthase, 11,25 the EutBC ethanolamine deaminase,26-28 and the PduCOE propanediol
dehydratase. 9,30 Its requirement for one or more of these functions could induce cobalamin
biosynthesis. Careful analysis of the expression of the Salmonella cob operon has revealed that it
is induced anaerobically in the presence of propanediol;31 neither methionine starvation in
metE mutants nor carbonInitrogen starvation in the presence ofethanolamine resulted in greater
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production ofcobalamin, suggesting that the selection retaining the cob genes in Salmonella lay
in its role as a cofacror during propanediol utilization. This induction is mediated by the PocR
regulatory protein (Fig. 4A), whose cognate gene is located between the cob operon (encoding
genes required for cobalamin biosynthesis) and the ldu operon (encoding genes required for
cobalamin-dependent degradation of propanediol).3 -33 The physical arrangement of the genes
suggested this regulatory relationship, which was verified by mutations in the pocR gene. The
cob and pdu operons are maximally induced anaerobically under carbon starvation conditions,
effects which are mediated by the Fnr protein and the CAP/cAMP complex, respectively.34 A
similar physical juxtaposition of the cobalamin biosynthetic genes and the propanediol utiliza
tion genes is found in Klebsiella aerogenes, and similar regulatory patterns are also found (Kolko,
Scott and Lawrence, unpublished observations).

More recently, it was found that the IHF protein is also likely involved in the maximal expression
ofthese genes,35 since cognate mutants have lower levels ofPocR protein and fail to utilize propanediol
as a carbon source. Mutations in the mivA gene (which regulates RpoS levels) also negatively affects
expression of the coblpdu regulon, but it is not clear is the effect is direct or indirect due to abnor
mally high levels of the RpoS protein.36 These data demonstrate that while biochemical evidence
provides a satisfying confirmation of strongly suspected direct interactions (like PocR binding to
adjacent promoters under its control), it is absolutely requisite if one is to establish the mode of
action ofglobal regulatory proteins in gene expression.

The regulation of cobalamin biosynthesis in other organisms is less clear than in the enteric
bacteria discussed so far. While the biosynthesis of cobalamin has been exhaustively studied in
Pseudomonas denitrificans, little is known about its regulation. Preparations ofcobamides for chemical
analysis are made from cells growing in the presence of betaine and/or ethanolamine,37 which were
known to maximize yields, so one could suspect that their utilization could provide the physiologi
cal significance behind cobalamin biosynthesis in this organism. In other organisms, information is
even more tenuous. For example, Paracoccus denitrificans requires cobalamin for anaerobic growth,38
where it employs a B\2-dependent ethanolamine deaminase. Yet this requirement does not rule out
the possibility that the required cobalamin is produced by baseline expression ofthese genes--as the
B\2 requirement for the MetH enzyme is satisfied in Salmonella growing anaerobically under
noninducing conditions-and the cobalamin biosynthetic genes are induced under other condi
tions. Cyanobacteria have cobalamin-dependent nucleotide reductases,39 but again it is not clear
that their cofactor requirements induce the expression of B\2 biosynthesis in these organisms. A
similar nucleotide reductase was thought to be the enzyme selecting cobalamin biosynthesis in
Sinorhizobium meliloti40 until methionine biosynthesis was shown to require the cofactor as well.41

Analysis of the genome sequence ofSinorhizobium meliloti42 is inconclusive, since the large clusters
of cobalamin biosynthetic genes are not adjacent to known B\2-requiring enzymes, thereby not
providing an easy hypothesis to test as was the case with the juxtaposition ofthe cob and pdu operons
in Salmonella. In some cases, even genetic data are inconclusive. For example, expression ofa five-gene
operon biosynthesis in Rhodobacter capsulatus whose products are likely involved in cobalamin (by
sequence homology to genes in Salmonella) is unaffected by oxygen tension or the presence ofcobal
amin;43 both factors affect the expression of the Salmonella cob genes dramatically. Mutations in
these genes result in strains that fail to produce cobalamin but are corrected by the addition of
exogenous cobalamin to the media, indicating that they are involved in cobalamin biosynthesis. The
same mutations also disturb the formation of the photosynthetic apparatus; whether these genes are
under similar regulation as the photosynthetic genes is unclear.

As expected from the dual role ofthe CobU protein in both de novo cobalamin biosynthesis and
in the utilization ofexternally ac~ired cobinamide, the cobUSTgenes are expressed from a separate
promoter in Salmonella enterica. This is known because lacZ transcriptional fusions show signifi
cant levels of expression under noninducing conditions, even when polar insertions are placed up
stream of the cobU gene. In Salmonella, it is not clear if the cobUST genes are expressed constitu
tively, or respond to outside signals.

In Escherichia coli, most of the cob operon is absent;45 only the cobUSTgenes remain (Fig. 4B),
allowing the synthesis of cobalamin from the complex intermediate cobinamide (which lacks the
DMB lower axial ligand). E. coli also cannot degrade propanediol in a cobalamin-dependent fash
ion (among a survey of more than 100 isolates), and no genes homologous to the Salmonella pdu
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Figure 4. Regulation ofthe primary cobalamin biosynthetic regulons in Salmonella enterica and Escherichia
coli. The five darkened arrow-heads in the Salmonella regulon represent promoters under the positivecontrol
of the PocR protein; the hollow arrow-head denotes a putatively constitutive promoter. The grey arrows
direct substrates towards genes whose encoded enzymes act on those substances.

genes have been detected in any strain.46.48 Therefore, it is reasonable to conclude that propanediol
utilization does not provide selection for the retention of the cobUSTgenes in E. coli. Preliminary
srudies have found that the putative substrare for rhe cobUST genes (cobinamide) acts as an in
ducer,45 allowing for cobalamin production from cobinamide when cobinamide is present. How
ever, this activity was not influenced by methionine starvation or the need ro utilize ethanolamine
as a carbon or nitrogen source. Therefore, the physiological significance ofcobalamin production in
E. coli is unclear.

The regulation of the Salmonella pdu and cob operons by the PocR protein was predicted from
the sequence ofthe pocR gene (it encodes an AraC-family DNA-binding protein with a C-terminal
helix-tum-helix domain). Careful genetic srudies revealed five promoters-one each for the cob,
pdu, and ~ocR transcripts and 2 for the pduFlpocR transcript-were activated by the PocR pro
tein. 31

,33. 9 A bioinformatic analysis of the promoter regions predicted eight strong and 2 weak
potential binding sites for the PocR proteins in positions where plausible regulation could oc
Cut;49 the half-sites were 30 bases in length with dyad symmetry expected ofAraC-family proteins
and three sites were proposed in the vicinity ofthe cob operon promoter. Biochemical footprinting
studies verified that a GST-PocR fusion protein bound directly to cwo of these sites,50 thereby
establishing PocR as the protein directly responsible for induction of the Salmonella cob operon in
response to propanediol.

Operon Repression and mRNA Binding
As indicated in Figure 4A, cobalamin also serves to repress its own synthesis;5! the repression

of a biosynthetic pathway by its end product is not uncommon for bacterial tegulatory circuits.
However, the mode of action by which cobalamin exerts its control in not thought to be as
common. Numerous mutant hunts were performed to find the protein(s) responsible for
B12-mediated repression of the Salmonella cob operon; no protein target was ever identified de
spite exhaustive searches (J.R. Roth, personal communication). The E. coli and Salmonella btuB
genes-encoding the outer-membrane cobamide transporter-are similarly repressed by vitamin
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Figure 5. Leader region ofthe Salmonella enterica
Typhimurium cob transcript, upstream ofthe cbiA
gene. TSS: Translation Start Site, RBS: Ribosome
Binding Site, TEA, TEB: Translational Enhancer,
sites Aand B, as defined by mutational analysis.59
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B\2' cyanocobalamin;52 similar mutant hunts
uncovered the E. coli btuR gene (homologous
to the Salmonella cobA gene), encoding a co
balamin adenosyl-transferase which adds the
upper (Co!3) axial ligand to the central co
balt atom in the corrinoid ring.53 In retro
spect this result was not surprising, since only
adenosyl-cobalamin represses the btuB gene
or the cob operon, cobamides with other up
per axial ligands would fail to repress.

There were similarities noted between the
btuB and cob transcripts: both had promot
ers situated several hundred base-pairs up
stream of the translation start site, and both
shared some sequences in common, although
the s~nificance of these sequences was un
clear..54-56 All mutations which only affected
repression ofthe cob operon by cobalamin lay
in this "leader" region between the promoter
and the translation start site of the cbiA gene
(Fig. 5). Some mutations lay in the pdu op-
eron which are thought to affect the levels of
adenosyl-cobalamin in the cell, similar to

mutations in the cobA gene.57 While this result could reflect redundant proteins mediating repres
sion, and the mutagenesis only affected the binding sites, it was tantalizing to speculate that there
was a direct mRNA-B\2 interaction mediating this effect.

More recent studies have confirmed this direct mRNA-B I2 interaction, which stabilizes an
mRNA secondary structure that occludes the ribosome loading site for both the btuB and cob
transcripts.58-61 In the case of the Salmonella cob operon, pseudoknots and long-distance mRNA
secondary structures contribute towards stabilizing an RNA hairpin occluding the ribosome binding
site (Fig. 5); the binding of cobalamin to this structure, mediated by a so-called translational
enhancer (TE element), stabilizes this structure.59 The control ofgene expression via translational
control by the direct binding ofa small molecule to an mRNA is also seen in the so-called US-Box"
genes of Bacillus, where S-adenosyl-methionine has been demonstrated to bind directly to the
mRNA of genes involved in methionine biosynthesis.62.63 The control of gene expression via
translational control-that is, manipulation of the mRNA by ribosome stalling, small molecule
binding, antisense binding, and pseudoknots and other long-distance interactions is becoming an
increasingly more frequent finding when the dissection of promoters which show complex regu
lation is performed.64

The Synergy of Cobalamin Transport and Synthesis
As indicated in Figure 4A, the genes for de novo cobalamin biosynthesis in Salmonella also

serve for the conversion of cobinamide-presumably transported into the cell-into cobalamin.
Cobalamin can be transported into the cell via the high-affiniry BtuB outer membrane protein,
which uses the power of proton-motive force mediated by the TonB protein to drive cobalamin
influx into the periplasm.65-67 There cobalamin is bound by the BtuP8.69 and delivered to the
BtuCD inner membrane transporter; here, ATP hydrolysis by the BtuD protein drives cobalamin
influx into the cell.7o-n Since E. coli can synthesize cobalamin only from cobinamide, we can
safely assume that cobinamide is also transported into the cytoplasm where it is converted into
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cobalamin; as expected, cobinamide induces the expression of the E. coli cobUST genes,45 which
encode the proteins required for this conversion.

The troubling part of this scenario is a clear source ofcobinamide in the environment. first, it
is not a known biosynthetic intermediate in cobalamin biosynthesis (rather, cobinamide-phosphate
is). Second, the pools of biosynthetic intermediates is quite low in cells, so even if cobinamide
were formed from cobinamide phosphate upon cell lysis, only very small amounts would be present
in the environment. It is more likely that cell lysis would release a complete cobamide, but per
haps one without 5,6-dimethylbenzinidazole as the lower (Coa) axial ligand; as noted above,
many alternative forms are known from many different taxa. Therefore, it is reasonable to specu
late that there cobamides could serve as a source of cobinamide if the "incorrect" lower axial
ligand were cleaved at the phosphate bond, yielding cobinamide as a product.

While far from established, there is some evidence for this scenario. Organisms have been iso
lated that produce cobamides that require cobUSTactivity for them to serve as cofactors for the E.
coli MetH methionine synthase [that is, metE mutants can utilize cell extracts as a source ofcobal
amin to grow, but metE cobS double mutants cannot (Halo, Somers and Lawrence, unpublished
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figure 6. Scheme for transport and utilization ofalternative cobamides in enteric bacteria. Corrinoids with
Coo ligands significantly different from 5,6-dimethylbenzimidawle would be directed towards a cleavage
enzyme, producing cobinarnide. Cobinamide passes through the cell through the BtuG transporter (Halo,
Somers and Lawrence, unpublished results) where it induces the cobUSTgenes.4s There, the kinase activity
ofthe CobU protein (which is not used in de novo cobalamin biosynthesis) makes cobinamide-phosphate,
which enters the biosynthetic pathway.
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results)]. Searches for mutants that cannot utilize these "alternative" cobamides have uncovered
several novel genes involved in corrinoid transport and utilization (Fig. 6). One gene (preliminarily
termed btuG) appears to encode an inner membrane transporter which appears to mediate
cobinamide movement across the inner (Halo, Somers and Lawrence, unpublished results). Such a
semi-redundant transporter could explain why btueD mutants have such mild phenotypes, whereas
cobalamin is a large molecule to make its way into the cell unassisted or via a transporter with little
or no corrinoid specificity. Mutations in other genes appear to eliminate the proposed "cleavage"
activity (termed btuXJ, although these genes have not been characterized fully (Halo, Somers and
Lawrence, unpublished results).

A more complex "salvage" route for corrinoids was proposed for Porphyromonasginiva/is, which
harbors all of the genes required for cobalamin biosynthesis using precorrin-2 as a substrate, but
apparently cannot synthesize Uro-IIC3 It is not clear whether the observed cobalamin biosyn
thetic genes represent selfish operons74 that were introduced by recent lateral transfer but are
nonfunctional and will soon be lost to deletion,75.76 or whether a cryptic pathway for Uro-III
synthesis or acquisition has yet to be discovered. If these genes do represent a "salvage" pathway
similar to the one proposed above, it is not clear what the substrate would be, but hemes or
sirohemes would be likely candidates; their utilization would require a "reverse"-chelatase activity
that would be a novel addition to the family ofenzymes participating in the transport, biosynthe
sis and reuse of the complex small molecule.

Note Added in Proof
Earlier work pointed to direct interactions between cobalamin and nascent mRNA molecules

as a possible mechanism mediating control of operons responsible for cobalamin synthesis or
transport. The widespread discovery of riboswitches in many bacterii7. 78, including one in the
leaders of the btuB genes of Escherichia coli and Salmonella enterica,79 validates this hypothesis.
Here, coenzyme B12 (adenosylcobalamin) binds directly to mRNA to facilitate translational
repression.
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CHAPTER 21

Coenzyme B
l2

-Catalyzed Radical
Isomerizations
Dominique Padovani and Ruma Banerjee*

Abstract

Cobalamins are complex organometallic cofacrors essential for catalysis in three enzyme
families, the isomerases, methyltransferases and reductive dehalogenases. This account
focuses on the isomerases, which catalyze difficult and unusual I,2-rearrangement reac

tions. These enzymes utilize AdoCbl as a radical reservoir. They induce homolytic cleavage of the
Co-C bond of the cofacror thus generating a highly reactive 5'-deoxyadenosyl radical that initiates
the radical rearrangement process. Over the past decade, structure-function and computational studies
ofseveral members of the isomerase family have provided interesting insights into the mechanism of
AdoCbl-dependent radical isomerizations. In particular, these studies have revealed the critical role
played by the protein in catalyzing the trillion-fold rate enhancement of Co-C bond homolysis, in
shielding radical intermediates from adventitious side-reactions and in facilitating the rearrange
ment process itself

Cobalamins, or B12-cofacrors, are used by three classes of enzymes and have long fascinated
bioinorganic chemists because oftheir complex structure and their stable organometallic bond which
is the only known biologically. ! These tetrapyrrolic cofactors contain a central cobalt atom tethered
by four equarorial nitrogen ligands from pyrroles A-D of the corrin ring (Fig. I). One peculiarity of
the corrin ring is the degree of flexibility, not enjoyed by the other tetrapyrrole cofacrors (e.g.,
porphyrins), afforded by its fairly reduced state. In solution and at physiological pH, the lower
trans-axial ligand of the cobalt atom is a nitrogen atom provided by the bulky base,
5,6-dimethylbenzimidawle (DMB), l that is appended via a nucleotide loop from the periphery of
ring D of the corrin macrocycle. Diversity is thus present at the upper cis-axial ligand where cyana-,
hydroxo-, -methyl- and deoxyadenosyl- groups are seen in vitamin B12, hydroxocobalamin,
methylcobalamin (MeCbl) and adenosylcobalamin (AdoCbl) respectively. Strictly speaking, diver
sity is also present in the trans position; however, technically these are described as cobamides rather
than cobalamins. !

A key feature of the enzymes that utilize B12 as cofactors is their ability ro control the reactivity
of the stable Co-C bond ro undergo either heterolytic or homolytic scission. Thus, biological
methylation reactions carried out by MeCbl-dependent enzymes, operate through heterolytic cleav
age of the Co-C bond generating cob(I)alamin and the methyl cation is transferred ro an accepror
molecule.! On the other hand, biological rearrangement reactions catalyzed by AdoCbl-dependent
isomerases, proceed via the homolytic fission of the Co-C bond, producing cob(II)alamin and a

Due to space limitations, the reference list is not exhaustive. A reference followed by an asterisk (e.g., 2*)
refers to work cited in this chapter.
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Figure I, Structure ofcobalamin derivatives. In solution and at physiological pH, the trans-axial ligand is
the bulky base DMB.

highly reactive 5'-deoxyadenosyl radical that initiates radical chemistry,2 In this chapter, we will
focus on the Bl2-dependent isomerases.

Structural Insights into the B12- Dependent Isomerases
The AdoCbl-dependent isomerases are the largest subfamily of Bl2-dependent enzymes. They

are found in bacteria, where they participate in fermentative pathways. The exceptions are class II
ribonucleotide reductase (RNR), that is important in de novo synthesis of deoxyribonucleotides,
and mammalian methylmalonyl-CoA mutase, which is involved in the catabolism of odd-chain
fatty acids, cholesterol and branched-chain amino acids.

The isomerases catalyze difficult and unusual rearrangement reactions involving the formal
1,2-interchange of a hydrogen atom on a carbon with a variable migrating group (-OH, -NH2or
a carbon-containing fragment) on a vicinal carbon.2 An exception to this rule is encountered by
class II RNRs that catalyse the reduction of ribonucleotides to deoxyribonucleotides used by the
cells for DNA replication and repair.3 A common strategy developed by these enzymes to enable
these chemically difficulr reactions is the deployment of radical chemistry with AdoCbl serving as
a radical reservoir. Thus, Co-C bond homolysis generates the radical pair, cob(II)a1amin and the
5'-deoxyadenosyl radical. The latter abstracts a hydrogen atom and leads to a substrate radical (or
a protein radical in RNR) that, in turn, rearranges to a product radical. Reabstraction ofa hydro
gen atom from 5'-deoxyadenosine generates product and the 5'-deoyadenosyl radical. Recombi
nation of the cofactor radicals completes the catalytic cycle (Fig. 2).

During the last decade, X-ray analysis5'
S and spectroscopic studies9.

11 have provided structural
insights into B12-dependent isomerases, leading in particular to the recognition of two subclasses of
enzymes with respect to their mode of cofactor binding (Fig. 3).2

To promore catalysis, enzymes of the Class-I1His-on subfamily abstract a hydrogen atom from a
carbon atom without substituents containing lone electron pairs. Enzymes in this family exhibit the
consensus sequence Asp-X-His-X-X-Gly that provides the trans-axial histidine ligand to the cobalt
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Figure 2. Postulated general reaction mechanism for AdoCbl-catalyzed radical isomerizations. The cofactor
serves as a radical reservoir to generate a highly reactive 5'-deoxyadenosyl radical that initiates radical
catalysis by abstraction of a hydrogen atom on the substrate (A) or on a cysteine residue as in RNR (B).

atom. Indeed, crystal structures oftwo members ofthe Class-I1His-on subfamily, methylmalonyl-CoA
mutases and glutamate murase,6 reveal that cobalamin undergoes a large conformational change upon
binding. The corrin ring ofcobalamin sits on an asfls Rossman-fold, the trans-axial ligand in solution,
5,6-dimethylbenzimidazole, being replaced by a histidine residue donated by the protein matrix. In
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Figure 3. Representative reactions catalyzed by the two subclasses ofAdoCbl-dependent isomerases.

this binding mode, the nucleotide tail is displaced from the cobalt and is bound in a deep pocket in an
extended conformation with the DMB being moved 14 Aaway from the cobalt atom (Fig. 4A). Based
on EPR studies and/or sequence alignments, other isomerases belonging to this subfamily include
lysine 5,6-aminomutase, a-methyleneglutarate mutase and isobutyryl-CoA mutase.2,9

In contrast, crystal structures ofenzymes of the class-II/Base-on subfamily, which initiate cataly
sis by abstracting a hydrogen atom from a carbon bonded to a heteroatom, shows that the solution
conformation ofAdoCbl is retained upon binding (Fig. 4B). Members of this subfamily include the
eliminases (e.g., diol dehydratase and ethanolamine ammonia lyase) and RNR.7,8,lo,11

Despite the diversity in cofactor binding and the chemistry of the reactions catalyzed by
BIl-dependent isomerases, the enzymes, with the exception ofRNR, share similarities in their active
site architecture (Fig. 5).5-7 A (/3/a)8 TIM-barrel lies on the upper side ofthe cofactor with the corrin
ring covering a lower cavity and isolating the active site and with the cis-axial ligand being directed
toward the inside of the barrel. This structural design thus provides direct access to the active site
cavity only via the substrate binding site. Such an architecture is well suited for radical chemistty
with the deeply buried active site cavity minimizing unwanted side reactions of radical intermediates
with solvent molecules. In contrast, the class 11 RNR contains a cobalamin-binding region and an
active site that shares no structural similarities to other BI2-enzymes.8 Instead, this enzyme retains all
the key structural features shared by class I and class III RNRs, that is a global fold composed ofa 10
stranded a//3-barrel core. This barrel is composed of two parallel five-stranded l3-sheets oriented in
an antiparrallel fashion and contains at its center, the RNR fingerloop consisting oftwo antiparrallel
l3-strands with the active site Cys located at the fingertip. 8

Co-C Bond Activation in Bl2-Dependent Isomerases
A subject ofenduring debate in the bioinorganic field is how the AdoCbl-dependent isomerases

overcome the inherent kinetic inertness of the Co-C bond. In solution, the Co-C bond dissociation
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B

Figure 4. Two modes for binding AdoCbl by the isomerases. In the "his-on" subclass of isomerases, the
nucleotide tail of DMB is removed from the cobalt and adopts an extended conformation (A). In the
"DMB-on" subclass of isomerases, the solution conformation of the cofactor is maintained (B).

enthalpy is 31.4 :t 1.5 kcal mol-I for AdoCbl and the thermal homolysis rate at 25°C is only 10-9± I

fl, representing a half-life ofone year at 37°C for the free cofactor!12 However, in AdoCbl-dependent
isomerases, presteady-state kinetic revealed that this rate is accelerated by a factor 1012

± lover the
uncatalyzed reaction, implying an ~ 15 kcal mol- I destabilization ofthe Co-C bond.13 Several mecha
nisms have been considered so far to explain this trillion-fold rate enhancement of Co-C bond
homolysis. Most of them involve steric effects, such as a trans-ligand effect where the bond strength
to the upper axial ligand could be significantly weakened by an upward flexing of the corrin ring
through steric interaction with the adenosyl moiety, an angular distortion of the Co-C bond or
wedging in of an active site residue to pry apart the Co-C bond.14•

Stopped-flow spectroscopy performed on AdoCbl-dependent isomerases reveal that Co-C bond
homolysis occurs at a rate that is much faster than catalytic turnover, indicating that this step is not
rate determining.2',15 Moreover, in the absence of substrate, the homolysis products are not ob
served, indicating that the equilibrium for the homolysis reaction favors geminate recombination.
In contrast, in the presence of substrate, Co-C bond homolysis is enhanced by ca. trillion-fold,
suggesting that substrate binding energy triggers a change in the e~uilibrium in favor ofhomolysis.

Presteady state studies on methylmalonyl-CoA mutase,16 RNRI ,18 and more recently, diol dehy
dratase,15 have yielded kinetic and thermodynamic parameters for CO-C bond homolysis and the
hydrogen transfer steps. In the reactions catalyzed by methylmalonyl-CoA mutase and RNR, the equi
librium constants for homolysis are close to unity and aG* is ~ I 5- I7 kcal mol- l, corresponding to a
rate enhancement of~1012

• In methylmalonyl-CoA mutase, lowering ofthe homolysis barrier is mainly
due to a decrease in the enthalpy ofdissociation (aH* ~16 kcal mol-I) .16 In RNR, conflicting reports of
the relative importance of enthalpic versus entropic contributions have been published which may
arise from differences in the concentrations and therefore the oligomeric states of the enzyme.17,18
Resonance Raman studies, in which isotope editing was used to identifY several vibrational modes of
the adenosyl moiety, have been reported for methylmalonyl-CoA mutase.19•These studies led to the
conclusion that the v(Co-C) is minimally perturbed in the bound versus free cofactor with the vibra
tional frequency shifring from 430 em-I to 424 cm'l upon cofactor binding. This 6 em-I downshifr
corresponds to asmall destabilization of0.5 kcal mol-I. Resonance Raman spectra ofthe enzyme-substrate
complex reveal that the v(Co-C) shifrs back to 430 em-I, corresponding to a slight strengthening ofthe
Co-C bond upon substrate binding. In contrast, in diol dehydratase, the Co-C bond homolysis of the
cofactor is achieved in two stages. A rate acceleration of 106

± 1occurs upon binding ofAdoCbl to the
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Figure 5. Protein architecrure of three different
BIrdependent isomerases. The cofactor sits on the
as~s-Rossman fold (lower parr of the strucrure)
and the (a/~)8 TIM-barrd (substrate binding do
main) lies on the upper side. The cis-axial ligand,
not shown in the structures, is directed toward the
barrel. A) The a subunit of the heterodimeric a~
methyimalonyl-CoA mutase from Propionibacte
rium shermanii represented in an open conforma
tion (2REQ). The partial substrate analog,
desulpho-CoA, is shown in ball-and-stick model
in yellow (top side). B) An En unit of the
heterodimeric glutamate mutase from Cwstridium
cochlearium (1 CB7) cocrystallized with MeCbl. C)
An a~y unit ofthe heterodimeric diol dehydratase
from Klebsiella oxytoca (1010) in complex with
CNCbl. Alpha helices are represented in sky blue,
~-sheets in light green and loops in sienna. The
cofactor is shown in ball-and-stick representation
and is colored in yellow. A color version of this
figure is available online at www.eurekah.com.

A

B

apoenzyme and a further rate enhancement of
1Q6-fold (AG* ~8.8 kcal mol-I) is accomplished
upon binding ofsubstrate to the holoenzyme. IS

Kinetic investigations of B12-dependent en
zymes present a clearer picture of how the
isomerases may control the homolytic scission
ofthe cofactor. Indeed, for all the enzymes stud
ied so far, homolysis ofthe Co-C bond is coupled

C to hydrogen atom abstraction from the substrate
or from an active site cysteine in RNR.2',1S' This
coupling is reflected by observation of an iso
tope effect on the homolysis rate by isotopic sub
stitution in the substrate. In methylmalonyl-CoA
mutase and glutamate mutase, Co-C bond
homolysis is rapid and very sensitive to sub
strate deureration exhibiting a deceleration
of ~20 when [CD3Jmethyl-malonyl-CoA or
[2,4,4-D3Jglutarnate are respectively used instead
of the corresponding protiated substrates.2' A
plausible explanation for the isotopic sensitivity
of the homolysis step is that it is kinetically
coupled to the following step. Thus, the high

energy 5'-deoxyadenosyl radical (dAdo') intermediate abstracts a H atom to form a more stable
substrate-centered radical, in the case of glutamate mutase (Fig. 6), which rearranges to a more stable
product radical in the case of methylmalonyl-CoA mutase. More recendy, similar experiments have
been performed with diol dehydratase and ethanolamine ammonia lyase and an isotope effect, albeit of
a lower magnitude was also observed. When [l,l-D2Jpropanediol and [l,1-D2Jethanolarnine were
employed as substrates kti/ko of ~ 10 and >10 respectively were measured. ls'

In contrast to other Bl2-dependent isomerases, the AdoCbl-dependent RNR catalyses the exchange
ofhydrogen from the 5' f.0sition ofAdoCbl with solvent in the presence ofan allosteric effector and in
the absence ofsubstrate. This unusual exchange reaction can be explained by the cofactor-dependent
formation ofa tillyl radical, at Cys408 in the Lactobacillus leichmannij RNR. The Cys408Ser mutant
renders the Co-C bond cleavage reaction unfavorable suggesting that the homolysis step is coupled to
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the generation ofthe thiyl radical.3*Indeed, this coupling would be expected to significantly reduce (by
~ IO kcal mol'l) the enthalpic cost of Co-C bond homolysis. By the same token, coupling of the
unfavorable H atom reabstraction step (from 5'-demcyadenosine by a thiyl radical) to the energetically
favorable Co-C bond reformation would result in a net negative enthalpic change.

The observed kinetic isotope effects for Co-C bond homolysis in methylmalonyl-CoA mutase
and glutamate mutase are much larger than expected from semi-classical considerations.2*These
results suggest the involvement of quantum chemical tunneling in the H-atom transfer from sub
strate to the 5'-deoxyadenosyl radical. Indeed, experimental evidence for tunneling has been re
ported for methylmalonyl-CoA mutase where the temperature dependence of the isotope effect was
studied.2o Arrhenius analysis of the data revealed large deviations for the parameters AHIAD and
EaD-EaH (0.078 :t 0.009 and 3.41 :t 0.07 kcal mol,l respectively) from the values predicted from
semi classical theory (0.7-1 and 1.15 kcal mol'I).

As discussed previously, X-ray structure determinations of B12-dependent isomerases revealed
two different AdoCbl conformations and raises the possibility that trans ligand effects may be more
important in one subset of enzymes than in the other. An extensive study on the Co-C bond ther
molysis in cobinamide derivatives with different axial bases showed that an increase in the basicity of
the trans-axial ligand enhances the rate of Co-C bond homolysis but has a more pronounced effect
on enhancing the competing heterolysis reaction.21 *Recent ab initio OFT calculations on cobamide
models revealed that the homolytic Co-C bond scission has a very small dependence on the nature
ofthe trans-axialligand.21 Neither the thermodynamic nor the kinetic parameters are affected when
the Co-Nax distance is changed :t 0.3 A. Taken together, these results rule out a significant role for
the trans-axial ligand in accelerating the Co-C bond homolysis.21

Recent artention has focused on the role of protein conformational changes when substrate
binds to the enzyme to explain the large increase in the Co-C bond homolysis rate. In
methylmalonyl-CoA mutase, the substrate binding domain is a TIM barrel perched above the corrin
ring ofcobalamin.5 Binding of substrate results in a dramatic conformational change that closes up
the active site and apparently destroys the binding pocket for the deoxyadenosyl group by pushing a
key active site residue, Tyr89, into the area previously occupied by the deoxyadenosine moiery.22
These crystallographic observations led to the hypothesis that the substrate-driven barrel closure
triggers homolytic cleavage and that steric crowding by Tyr89 labilizes the Co-C bond. Kinetic
studies on the Tyr89Phe mutant revealed a I03-fold and a 580-fold decrease in the kca, in the for
ward and reverse directions tespectively and a suppression of the overall kinetic isotope effect in the
forward but not the reverse direction.23*The homolysis equilibrium in the Tyr89Phe mutant was
perturbed in favor of geminate recombination, consistent with the Co-C bond homolysis step be
coming rate determining in the forward direction.23 Moreover, the ctystal structure ofthe Tyr89Phe
mutant revealed that it is essentially superimposable on the structure ofthe wild type enzyme except
at the position of the mutation which shows enhanced flexibility further consistent with a role for
Tyr89 as a molecular wedge that labilizes the Co-C bond.23*

Crystallographic studies on diol dehydratase using the Bl2-analog adeninylpentylcobalamin re
vealed that the adeninY!pentyl group is located in the TIM barrel above the corrin ring in a nucle
otide binding pocket. 15 It should be noted that the existence of such a pocket provides a rationale
for the specificity of the enzyme for the adenosyl group of the cofactor. Crystallographic and mod
eling studies reveal that distortion ofthe Co-C bond is already visible in the absence ofsubstrate and
that binding of substrate shifts the equilibrium in favor of Co-C bond dissociation.l5*,24 It was
concluded that an "adenine-attracting effect", that is strong enzyme-cofactor interactions at both
the corrin and adenine moieties, produces angular strain and tensile forces contributing to Co-C
bond labilization.

Radical Flights: Conformational Changes at Play
The first step in the isomerase-catalyzed reactions is postulated to be homolytic fission of the

Co-C bond of the cofactor to generate cob(II)alamin and dAdo*. The latter radical then abstracts
a hydrogen atom from the substrate (or the protein in the case of RNR), leading to formation of
a radical-pair intermediate.4 The existence of biradical species has been corroborated by EPR
spectroscopy which reveals the presence of parama$,netic intermediates having a cob(II)alamin
centered radical coupled to an organic radical.2*,3 ,15,25,26,30* In methylmalonyl-CoA mutase,2*
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glutamate mutase,25 a-methyleneglutarate mutase30' and RNR,3' a broad axial spectrum with g
values of2.11 and 2.0 have been observed. Simulations of the spectra obtained with RNR labeled
with deuterated cysteine supports assignment of the EPR spectrum resulting from a thiyl radical
in dipolar and exchange coupling interactions with cob(II)alamin.3' From the analysis of the
dipolar interactions, an estimate ofthe interradical distance of 5-7A was obtained.3' In glutamate
mutase, the EPR signal has been assigned to the 4-glutamyl radical interacting with cob(II)alamin
with the cwo separated by 6.6 A.25 In contrast, in diol dehydrarase15' and in ethanolamine ammo
nia lyase,26 the EPR spectra reveal the presence ofa high-field doublet that arises &om an organic
radical weakly coupled to low-spin cob(II)alamin. Simulations including both exchange and di
polar coupling in ethanolamine ammonia-lyase yield to an inter-radical distance :dO A.26

These results suggest that dAdo' moves over several angstroms &om its original position, proxi
mal to cob(II)alamin so as to abstract a hydrogen atom from the substrate. With the exception of
RNR, which involves a protein radical intermediate, the dAdo' journeys directly to the substrate.

Structural studies have provided fascinating insights into how conformational changes might
enable radical propagation in the case of diol dehydratase15' and glutamate mutase.27 In diol dehy
dratase, where the distance that needs to be bridged becween the Cl of substrate and the cobalt is
very large, rotation of the ribosyl group around the glycosidic bond swings the 5'-methylene group
ofdAdo' to within 2 A ofCl ofthe substrate. 15' This "ribosyl rotation" enables not only the radical
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transfer but ensures that the substrate hydrogen atom abstraction is stereospecific. In glutamate
mutase, where the radical journeys over a much shoner distance, a "ribose pseudorotation", from a
C2'-endo to a C3'-rodo conformation, switches the orientation ofthe C5' of 5'-dAdo' from f0inting
toward cobalt to pointing toward the substrate hydrogen atom that will be abstracted.2 Such a
"conformational toggle mechanism" could also occur in methylmalonyl-CoA mutase where the
interradical distance between the substrate and the cofactor is similar to that in gluramate mutase.

The mechanism ofradical translation in ethanolamine ammonia lyase has been probed by pulsed
ENDOR spectroscopy.28 The distance between the Cl of the substrate and the C5'-methylene
group of5'-deoxyadenosine is estimated to be 3.4:t 0.2 A, revealing that the C5'-dAdo' moves ~7 A
from its original position to one where it is in van der Waals contact with the Cl of substrate. This
was independently confirmed by pulsed ESEEM spectroscopy which revealed that the unpaired
electron on the Cl of substrate and the C5'-dAdo' are 3.2 Aaparc consistent with a direct abstrac
tion ofa hydrogen atom by the dAdo' from the C1 position of the substrate.29

Rearrangement Reactions Catalyzed by B12-Dependent Enzymes
The mechanisms by which rearrangement reactions catalyzed by Bl2-dependent isomerases

occur are of interest considering the limited analogies in organic radical chemistry. EPR spectros
copy has provided compelling evidence that these reactions involve free radical chemistry (see
above). The availability of crystal structures has spurred computational studies ab initio molecu
lar theory calculations. Nevertheless, the rearrangement mechanism remains one the least well
understood aspects of AdoCbl-dependent reactions. While a hydrogen atom is transferred inter
molecularly from the substrate to dAdo' (or to the active site Cys' in RNR) to generate a substrate
radical, a variable group migrates intramolecularly to an adjacent carbon atom. This migration
occurs with inversion (e.g., in glutamate mutase and a-methyleneglutarate mutase) or with reten
tion (e.g., in methylmalonyl-CoA mutase) of configuration. Due to these differences and to the
variability in the reactivity of the groups undergoing rearrangement, enzymes have developed
different strategies to facilitate the interconversion step (Fig. 7).

In methylmalonyl-CoA mutase and a-methyleneglutarate mutase, the carbon-centered mi
grating group is an sp2 hybridized carbon (thioacyl carbon and vinylic carbon respectively), and
rearrangement via a cyclopropyl radical intermediate is a plausible mechanism.

High level ab initio calculations predicted thar parcial protonation would substantially reduce
the energy barrier for rearrangement by ~6.2 kcal mol-1 in methylmalonyICoA-mutase.2•The crys
tal structure ofthe enzyme revealed the presence ofan ideally positioned histidine residue (His244)
that could assist the partial protonation ofthe carbonyl oxygen atom ofthe substrate.5 Mutation of
His244 to Gly, Ala or GIn results in a 102 to !03-fold decrease in the kcat compared to wild type
enzyme.2" Moreover, the His244Ala mutant lost one of the two titrable pKa groups that govern
activity in the wild type enzyme. These studies also revealed that His244 plays a major role in
shielding the radical site from access to oxygen.2"

Although ab initio calculations predict that a rearrangement pathway via a cyclopropyl radi
cal intermediate would be more favorable in a-methyleneglutarate mutase than a
fragmentation-recombination pathway (~~G* ~21.8 kcal mol- I),51 experimental results support
the latter.30".31 The enzyme is inhibited by acrylate, one of the fragmentation products of
2-methyleneglutarate, and an EPR spectrum is generated that resembles the spectrum observed
in the presence of the substrate.30• Furthermore, studies with the labeled (Z)-isomers of the
product, methylitaconate, revealed an "E-overshoot" in the initial phase of the enzyme-catalyzed
equilibration. This was interpreted as evidence for the rotation of the exo-methylene group that
could only take place in a fragmentation-recombination pathway.30 Finally, studies on the re
combination pathway of a-ester radicals produced by flash photolysis of a-phenylselenyl ester
derivatives indicated that the cylcopropylcarbinyl radical is unlikely to be formed during the
rearrangement reaction. Instead, it was pointed out that the conversion of the substrate to prod
uct radical is likely to involve a polar radical reaction mechanism, that is a heterolytic
fragmentation-recombination pathway involving the panicipation of radical anionsY

The interconversion of gluramate into 3-methylaspanate catalyzed by glutamate mutase involves
the 1,2-intershift of a sp3 hybridized carbon, thus ruling out the formation ofa cyclo-propylcarbinyl
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partial proton-transfer processes to the amino and a-carbonyl moiety of the substrate.33' The ctystal
structure ofthe enzyme reveals a suitably positioned glutamate residue (Glu171) in hydrogen bonding
distance with the amino group of gluramate.6 Mutation of Glu171 to Gin, Ala or Asn, resulted in a
>50-fold reduction in the kat and in contrast to the wild type enzyme the activity of the Glul71Gln
mutant is pH independent.33 These results are consistent with a role for Glu171 as a general base in the
mutase reaction facilitating formation of the glycyl radical intermediate.

In diol dehydratase, computational studies suggest that the shih of the hydroxyl group hom
adjacent carbon atoms C2 to C1 would be feasible via a concerted pathway throu\¢ a cyclic transi
tion state and facilitated by partial protonation of the migrating hydroxyl group. 5' Moreover, the
acrive site Lewis acid K', that contacts both hydroxyl groups of the substrate, would modestly par
ticipate in this process by lowering the barrier ofthe transition state by ~2.3 kcal mol- I

.15' Nevenhe
less, calculations show that two active site residues, His143 and Glu170, could support a "synergistic
retro-push-pull catalysis" where partial protonation of the migrating OH grouf and partial
deprotonation of the spectator OH group would accelerate the rearrangement step. 5' Recent ki
netic studies have confirmed the importance of both residues in the elimination reaction. Indeed,
the His143Leu and Glu170Ala mutant enzymes demonstrate a 524-fold and >3 x 104-fold decrease
in kat respectively and in the former mutant, hydrogen atom transfer becomes rate determining. 15

Rearrangement reaction catalyzed by ethanolamine ammonia-lyase remains one of the less un
derstood mechanisms in the field. Although recent ab initio molecular orbital calculations failed to
provide a transition state solution for the catalyzed-reaction, they suggest that an intramolecular
rearrangement reaction is more likely than a direct elimination of the amino group.34 Moreover, a
full protonation of the migrating group would be synergistic with the spectator hydroirl group
interacting with a basic catalyst, would promote efficiency of the rearrangement process.3

In lysine 5,6-aminomutase, the 1,2-intershift of the amino group is favored by the formation ofan
external aldimine linkage with pyridoxal phosphate (PLP). It renders the nitrogen sp2-hybridized and
affords the substrate radical a low-energy intramolecular rearrangement pathway via an
azacyclopropylcarbinyl intermediate radical in which the unpaired eleerron is delocalized through a
captodative elfect.35' Furthermore, computational studies indicate that partial protonation of PLP
would facilitate the 1,2-amino shift by preventing overstabilization ofthe cyclic radical intermediate.35

In RNR, the thiyl radical is essential for activity as it triggers the first committed step of the
reduction process that is hydrogen atom abstraction from C3' of the ribose. The substrate radical is
then reduced to the deoxyribonucleotide, via elimination ofthe C2' hydroxyl group and the forma
tion of a ketyl radical intermediate, by three reducing equivalents provided by NADPH and the
Cys408 residue which returns to its radical form.3

In summary, X-ray crystal structures and the kinetic and computational studies described above
have provided fascinating insights into the mechanisms of B] rdependent radical isomerizations. In
particular, these investigations have begun to reveal the critical role of individual active site residues
in facilitating Co-C bond homolysis and in stabilizing radical intermediates. Nevenheless, much has
still to be learnt to resolve intriguing properties of these enzymes. The availability of a range of
spectroscopic methods combined with computational studies will funher unravel unresolved mecha
nistic issues in the future.
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CHAPTER 22

Biosynthesis of Siroheme and Coenzyme F430

Martin J.Warren,* Evelyne Deery and Ruth-Sarah Rose

Abstract

T he biosynthesis of siroheme from uropoprhyirnogen III in bacteria. yeasts and plants is
described. The pathway requires the bis-methylation of uroporphyrinogen III to gener
ate precorrin-2, which is then oxidised to sirohydrochlorin prior to its ferrochelation. A num

ber ofstructures ofthe various biosynthetic enzymes have been elucidated and thus the overall process
is known in molecular detail. In contrast, the biosynthesis ofcoenzyme F430. which is synthesized soley
by methanogenic bacteria, is poorly understood. It is estimated that between 6 and 8 steps are required
for the transformation of uroporphyrinogen III into coenzyme F430, yet none of the biosynthetic
enzymes have been identified and only one potential intermediate has been isolated.

Introduction
Other chapters in this book cover the biosynthesis ofheme, chlorophyll, bilins and vitamin B12.

In this chapter we will focus on the biosynthesis of siroheme and coenzyme F430, two modified
tetrapyrroles that are involved in the reduction of sulphite and nitrite (see Chapter 24) and the
process of methanogenesis respectively (see Chapter 23). The relationship of these compounds is
outlined in the summary ofthe branched biosynthetic pathway shown in Figure 1. The biosynthesis
of siroheme from uroporphyrinogen III requires three biosynthetic steps and is well understood,
whereas the biosynthesis ofF430 requires at least five enzyme mediated steps in a process that has not
yet been characterised in any significant detail.

Siroheme Biosynthesis
Siroheme was first identified as a prosthetic group in sulphite reductase1

,2 and subsequently in
nitrite reductases.3 The structure of siroheme was determined to be that of an iron-containing
isobacteriochlorin, derived from the common uroporphyrinogen III template that is characteristic
of all modified tetrapyrrole.2 The transformation of uroporphyrinogen III into siroheme requires
three steps, namely the bis-methylation of uroporphyrinogen III into precorrin-2, the oxidation of
precorrin-2 into sirohydrochlorin and the chelation of sirohydochlorin with ferrous iron to give
siroheme (Fig. 2).

The biosynthesis of siroheme was first investigated in Escherichia coli where it was found that
lesions in the cysG gene resulted in the loss ofNADH-dependent nitrite reductase activity.4 As the
main structural genes for nitrite reductase had already been identified, it was suggested that cysG
encoded an enzyme for the synthesis ofsiroheme, a known prosthetic group for this enzyme.5 Sub
sequently, the gene was sequenced and shown to encode a 457 amino acid protein.6 Sequence com
parisons revealed that CysG shared similarity with the cobalamin biosynthetic methyltransferases,
including CobA, Cobl, Cob], CobM, CobF and CobL (see Chapter 18) (Fig. 2).7,8 However, the
sequence similarity was shared only over the C-terminal region ofCysG, from amino acids 202-457.
The N-terminal region of CysG did not show sequence similarity to any other protein on the data
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Figure 1. The branched tetrapyrrole biosynthetic pathway, highlighting how siroheme and coenzyme F430

are synthesised from uroporphyrinogen 111 via precorrin-2. (A =acetic acid side chain, P =propionic acid
side chain).

bases (Fig. 2). The high level of sequence identity of the C-terminus with the cobalamin biosyn
thetic enzymes, and especially with CobA, the uroporphrinogen III methyltransferase that methy
lates at positions C2 and C7, strongly implied that cysG was able to catalyse a very similar reaction.9

Indeed, it was very shortly shown that CysG did catalyse the transformation of uroporphyrinogen
III into ~recorrin-2,by the addition of two S-adenosyl-L-methionine derived methyl groups to C2
and C7. 0 Strangely, the enzyme was able to catalyse the addition ofa third methyl group to C12 to

generate a trimethylpyrrocorphin. 11 However, this third methylation only occurred under condi
tions where a high concentration of enzyme was present, and is nor thought to represent a physi
ological process.

Although these experiments demonstrated that CysG was able to synthesize precorrin-2, the
dehydrogenase and ferrochelatase activities required to convert precorrin-2 into siroheme still had to

be found. Significantly, though, no other mutants in siroheme deficiency had been located and it
was thus suggested that at least one of these functions may be resident within the N-terminal region
of CysG. In fact, gene dissection experiments reinforced this idea, as production of the C-terminal
region of CysG gave a peptide that was still able to catalyse the synthesis of precorrin-2 from
uroporphyrinogen III even though the corresponding truncated gene was not able to complement
an E. coli cysG phenorype.12 Moreover, within the N-rerminal region of CysG a putative NAD+
binding site (GXGXXA) was detected. 12 Finally, purified CysG was shown to catalyse the synthesis
of siroheme not only by methylating uroporphyrinogen III, but also by performing an
NAD+-de~endent dehydrogenation to generate sirohydrochlorin and a ferrochelation to give
siroheme. 3 Thus, CysG was shown to be a multifunctional enzyme, whereby the C-terminal region
of the protein is responsible for the methylation reactions and the N-terminal region is required for
oxidation and metal insertion activities.

The structure of CysG was determined by X-ray diffraction studies after the Salmonella enterica
protein had been overproduced and crystallised.14 The protein was shown to exist as a homodimer
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Figure 2. Synthesis of siroheme and the enzyme modules thar are responsible for its synthesis. Siroheme is
synthesised from uroporphyrinogen III in three steps. Initially, uorporphyrinogen III is methylated at
positions 2 and 7 to yield precorrin-2. Two elecrrons and two protons are removed from preocrrin-2 to give
sirohydrochlorin and finally sirohydrochlorin is chelated with ferrous iron to yield siroheme. Strategies to
make siroheme: (I) In some enteric bacteria, siroheme is made from uroporphyrinogen III by the acrion of
a single mulrifunctional enzyme called CysG. This enzyme is composed ofa C-terminal methyltransferase
region (diagonal shaded area) and an N-terminal dehydrogenase/chelatase region (checked area). (2) In
yeast, siroheme is made by the action of two enzymes, one which carries our the methylations for the
synthesis ofprecorrin-2 (Met1p - which displays similarity to the C-terminal region ofCysG) and the other
which performs the dehydrogenation and ferrochelation reacrions (Met8p - and displays similarity to the
N-terminal region of CysG). Finally, some bacteria have individual enzymes for each of the reactions
required for siroheme synthesis. Thus, some bacreria have a separate uroporphyrinogen methyltransferase
(SirA), a dehydrogenase (Sire) and a ferrochelatase (SirB).

with two structurally independent modules. The C-terminal region has a topology that is, as expected,
similar to the class III methyltransferases ofcobalamin biosynthesis. 14, 15 The N-terminal region forms
a large active site between a Rossmann fold domain and a smaller a/l3 domain. 14 This region of the
protein contains one key catalytic residue. an aspartic acid. Although this region of the protein is able
to catalyse both the dehydrogenation and chelation reactions within the one active site, it is not clear
how this is achieved. 14

The crystal structure of CysG revealed one more fascinating finding in that it was shown to be a
phosphoprotein. An analysis of mutant variants of the serine residue that is fost-translationally
modified suggests that phosphorylation may prevent dehydrogenase activity. I This is significant
since in many enteric bacteria, CysG acts as the source of precorrin-2 for cobalamin (vitamin Bd
biosynthesis as well as siroheme. Thus inactivation of the dehydrogenase activiry would result in
elevated precorrin-2 levels that would then be incorporated into cobalamin and represents a way
that flux is controlled along a branched pathway.

In yeast. mutagenesis studies suggested that siroheme synthesis required two gene products, Met1p
and MetSp (Fig. 2).16 Sequencing ofMETl revealed that that it encodes a protein product of 526
amino acids. 16 The first 325 amino acids of Metl p do not reveal similariry to any other protein,
whereas the C-terminal220 amino acids share a high degree ofsimilarity with the uroporphyrinogen
III methyltransferases, including the C-rerminal region of CysG (Fig. 2).16 No function for the
N-terminal region ofMetl p has been demonstrated but there is always the possibility that this part
ofrhe protein helps to control the activity ofthe enzyme. Met8p is a 274 amino acid protein rhat has
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a high degree ofsimilarity with the N-terminal region ofCysG (Fig. 2), which is known to house the
dehydrogenase and ferrochdatase activities. I? As with CysG, Met8p also contains a putative nucle
otide binding sequence in the form ofa GXGXXG motiE On the basis of the sequence data, it thus
appears that Metlp is a uroporphyrinogen III methyltransferase and Met8p is a precorrin-2 dehy
drogenase and sirohydrochlorin ferrochelatase (Fig. 2). Indeed, yeast mutants in both METJ and
MET8 can be complemented by eysG. 16,1? Finally, the activity ofMet8p was shown in vitro after the
MET8 gene was cloned and the encoded protein overproduced as a recombinant enzyme. I? Met8p
was also crystallised and its structure determined to 2.2 Aresolution. 18 The protein, as expected, has
a similar topology to the N-terminal region ofCysG.14,18 Both the dehydrogenase and ferrochelatase
activities are housed within a single active site, where Asp141 is thought to play an essential role in
both catalyric processes.18

In the enteric bacteria and a range ofother eubacteria, as mentioned above, siroheme is made by
the action of the multifunctional enzyme CysG. However, in the bacilli, such as Bacillus subtiiis and
Bacillus megaterium, siroheme is synthesised by the action of three separate enzymes, which are
encoded by sirA, Band C (Fig. 2).19,20 These encode a uroporphyrinogen III methyltransferase
(SirA, which is also known as CobA), a precorrin-2 dehydrogenase (SirC) and a sirohydrochlorin
ferrochelatase (SirB) (Fig. 2). The SirA protein has a high level of sequence identity with other
uroporphyrinogen III methyltransferases such as CobA and the C-terminal region ofCysG (Fig. 2).
SirC has sequence identity with Met8p and the N-terminal region ofCysG (Fig. 2), although it has
no ferrochelatase activity. It would seem likely that enzymes such as Met8p started offas straightfor
ward dehydrogenases like SirC and then acquired chelatase activity. It is not apparent from the study
ofMet8p and SirC why Met8p is able to chelate metal ions into sirohydrochlorin. The final member
ofthis bacterial siroheme pathway branch trilogy is SirB, an enzyme that has some sequence identity
with the cobaltochelatases found in the anaerobic route of cobalamin (vitamin B12) biosynthesis
such as CbiX and CbiKY

In higher plants, siroheme is made in the plastid. Uroporphyrinogen III methitransferases have
been described in both maize and Arabidopsis and their function determined.2 ,23 The enzyme is
made in the cyrosol with an N-terminal extension that acts as a chloroplast transit peptide, and
which is cleaved after translocation into the plastid. In maize the expression of the gene appeared to
be coregulated with genes associated with nitrate assimilation, consistent with siroheme playing a
role in nitrite reduction.22 Although no precorrin-2 dehydrogenase has yet been identified in higher
plants, the terminal enzyme of the siroheme pathway has recently been discovered in Arabidopsis
thaliana.24 The enzyme, a SirB homologue, is made as a precursor protein of225 amino acids. The
marure form ofthe enzyme consists of 150 amino acids, giving it a size ofonly about half that ofthe
SirB orthologues found in the bacilli. In fact, the large SirB proteins appear to be made from a
protein fusion of two such smaller gene products, presumably after a gene duplication event, as the
N- and C-terminal region ofthe larger SirB proteins display a level ofsimilarity to each other. Green
fluorescent protein (GFP) tagging of the plant SirB confirmed that the protein is localised to the
plastid. Surprisingly, the recombinant enzyme was found to contain a Fe2-S2 centre, which is very
unstable. The Fe-S centre is not essential for activity and is likely to act as a redox sensor. Fe-S centres
have been reported on some protoporphyrin ferrochelatases in both prokatyotes and eukaryotes, but
the plant SirB is the only sirohydrochlorin ferrochelatase known to contain such a redox group. The
Fe-S centre is housed in the C-terminal region of the Arabidopsis SirB.

Coenzyme F430 Biosynthesis
It has been estimated that methanogens generate about a trillion tons ofmethane gas per annum,

of which about one third escapes into the atmosphere where it is photochemically converred into
CO2.25-2? The concentration of methane in the atmosphere has been rising steadily over the past
300 hundred years, a highly significant fmding since methane is about 50 times more potent than
CO2 as a greenhouse gas. The concentration of methane in the atmosphere is likely to increase
further with the employment ofintensive farming ofcrops such as rice and ruminant livestock. As a
combustible gas, methane is also of commercial importance and through the employment of
methanogens on the decomposition oforganic material it represents a cheap source ofenergy. There
are thus strong environmental and strategic arguments for a thorough understanding of the process
of methanogenesis and this is covered in Chapter 23.
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Figure 3.Thestructure ofcoenzyme F430 with
the extra rings highlighted.
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Methanogens are members of the
Archaea that are highly specialised in terms
oftheir biochemistry and are unique in be
ing able to produce methane. Classical ex
periments by a number of eminent scien
tists have allowed much ofthe biochemistry
ofmethane formation from Cl compounds
such as COb methanol, methylthiols and
methylamines as well as C2 acetate to be
elucidated.2? Key to this process is the role
of methyl-coenzyme M, which is the
penultimate intermediate in methane pro-
duction. 25 It is reduced by the enzyme me
thyl CoM reductase to give methane with

the formation of a heterodisulphide between CoM and another coenzyme called coenzyme B. It is
the reduction ofthis heterodisulphide that is coupled to ATP formation. The ability ofmethyl CoM
reductase to catalyse the formation of methane lies in the use of a novel cofactor called coenzyme
F430 (Fig. 3).25 This is a modified tetrapyrrole with a centrally chelated nickel ion. Analogies with
the role of the cobalt ion in vitamin B12 can be drawn with the change in oxidation state that nickel
undergoes in the role ofcoenzyme F430. In its active form the nickel ion at the centre of F430 is in a
Ni(I) form, which is methylated by methyl CoM to generate a Ni(IlI)-CH3 species, a transient
unstable intermediate that readily reduces to Ni(II)-CH3. This then spontaneously protonlyses to
give CH4 and Ni(II).25

Despite the indispensable role played by F430 in the process of methanogenesis and its global
importance, little is known about how this remarkable cofactor is made.26 As a modified tetrapy
rrole, the synthesis ofcoenzyme F430 is based on the macrocydic template design also observed in

Uroporphyrinogen III Precorrin-2

Coenzyme F430 15,173-seco F430

Figure 4. An outline of the biosynthesis ofcoenzyme F430 based on the synthesis from precorrin-2 and with
late nickel insertion.
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the hemes, chlorophylls, sirohemes, corrins and heme d/.26•28 However, it differs from these other
modified tetrapyrroles in the nature of the centrally chelated metal ion and in the oxidation state
of the macrocycle as it is a tetrahydroporphyrinogen and is therefore the most reduced member of
the family. As well as the 4 pyrrole-derived rings found in all modified tetrapyrroles (labeliedA-D;
Fig. 3), F430 also contains two extra rings (E and F; Fig. 3). E is alactam derived from the amidated
acetic acid side chain anached to ring B whilst F is a keto ring derived from the propionic acid side
chain on ring D. The two methyl groups found at positions 2 and 7 also suggest that F430 is
derived from precorrin-2, an intermediate of the synthesis of cobalamin, siroheme and heme d/.
Indeed, labelling experiments clearly indicate that the bio~nthesisofcoenzyme F430 proceeds via
either precorrin-2 or its oxidised relative sirohydrochlorin. 9 Moreover, under cenain growth con
ditions, a 15,173-seeo intermediate ofcoenzyme F430, missing ring F, can be isolated and convened
into coenzyme F430 in the presence of ATp'6 This is the only intermediate in the biosynthesis of
F430 that has been isolated and characterised. Based on the observation that coenzyme F430 is
derived from either precorrin-2 or sirohydrochlorin and proceeds via the seeD intermediate, a bio
synthetic pathway has been postulated and this is outlined in Figure 4.26•30 There are likely to be
between 6 and 8 enzymes required in the transformation of precorrin-2 into F430. The steps in
clude amidation, lactam synthesis, macrocyclic ring reduction, nickel insenion, nickel reduction,
propionic acid side chain activation and ring F cyclisation.

Coenzyme F430 biosynthesis in a disrupted crude cell extract has been investigated more recently
with the a~plication of mass spectrometry to help in the identification of potential pathway inter
mediates.3 Here, either uroporphyrinogen III or precorrin-2 was incubated with crude cell extracts
from Methanothermobacter thermoautotrophicus. This involved the construction of a system for the
rapid generation of both uroporphyrinogen III and precorrin-2, which was achieved by making
plasmids encoding hemB, C, D, and hemB, C, D, -eobA. Despite the presence of these substrates in
the crude cell incubation mixture, there was so significant increase in the production ofcoenzyme
F430. One reason to explain the lack ofde novo synthesis ofF430 could be the absence ofa coenzyme
or lack of appropriate conditions to allow relevant reactions to take place. Alternatively it may be
due to the presence ofa bottleneck in the pathway, but in all cases these possibilities would result in
the accumulation of an earlier metabolite. A variery of methods were employed to determine the
nature of any molecules that were accumulating, including an hplc method for F430 derivatives,
isolated as their free acids. The use of this hplc method coupled to mass spectrometry provided a
powerful tool for analysis of pathway intermediates. Incubation of uroporphyrinogen III and
precorrin-2 with a cell free extract resulted in the isolation and identification of a range of com
pounds including sirohydrochlorin and nickel-sirohydrochlorin. A funher compound with a mass
oftwo units less that nickel sirohydrochlorin was also observed. It had a UV-visible spectrum similar
to nickel-sirohydrochlorin although the retention time of this compound is considerably greater
than nickel-sirohydrochlorin on a reverse phase column, indicating that the peripheral groups had
undergone modification. Amidation of carboxyl peripheral groups of a tetrapyrrole is known to
cause a dramatic increase in the retention time of a molecule. Consequently, amidation of
nickel-sirohydrochlorin is the most likely cause of the shift in retention time. Mass spectral analysis
of intermediates containing nickel is easy due to the isotope profile of the metal. A funher com
pound was found in low abundance that contained nickel, with a mlz ratio of 949 that could
represent a later intermediate. Based on these results it is possible that coenzyme F430 synthesis could
proceed via sirohydrochlorin, nickel sirohydrochlorin and nickel sirohydrochlorin a,e-diamide as
suggested in Figure 5. However, these intermediates could also be the result of mis-incoporation of
nickel into the cobalamin biosynthetic pathway, which is also known to proceed via sirohydrochlorin,
and thus the observed intermediates could be anifactual.

There is thus a great deal still to be learnt about coenzyme F430 biosynthesis, including the
identification of the pathway intermediates and biosynthetic enzymes. With more archeal genomes
becoming available and with the development of molecular tools for archeal genetic manipulation
there is hope that some progress will be made on this very interesting biochemical pathway. What is
clear from both coenzyme F430 and siroheme biosynthesis is that precorrin-2 plays a pivotal role as
an intermediate and that this branch of the pathway is likely to represent the primordial route for
modified tetrapyrrole synthesis.
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CHAPTER 23

Role of Coenzyme F430 in Methanogenesis
Evert C. Duin*

Abstract

Methane production by methanogenic archaea takes place in many anaerobic microbial
habitats such as swamps, rice paddies, fresh water sediments and the intestinal
tract of animals and insects. Almost all species of methanogenic archaea are able to oxi

dize Hz and to use COz as the electron acceptor. Species from several families are also able to use
formate, methanol, methylamine, and acetate. Although every pathway starts out different, they all
end with the same step, the reduction of methyl-coenzyme M (CH3-S-CoM) with coenzyme B
(HS-CoB) to CH4 and the mixed disulfide ofcoenzyme M and coenzyme B, CoM-S-S-CoB. This
step is catalyzed by methyl-coenzyme M reductase (MCR). The enzyme contains a tightly bound
nickel porphinoid, Factor 430 (F430)' For the enzyme to be active the nickel has to be in the Ni(I)
state. Although the enzyme was first isolated in 1981, only in recent years have we seen the develop
ment ofmethods to purify highly active MCR. This opened up the way to study the different states
of MCR with spectroscopic methods including electron paramagnetic resonance, electron nuclear
double resonance, resonance Raman, X-ray absorption, and magnetic circular dichroism spec
troscopies. Here, I will present an overview of the most imponant findings and how these relate to
the proposed reaction mechanisms as discussed in the literature.

Introduction
I grew up in a city called Haarlem in the western pan of the Netherlands. The street we lived on

was on the outskins ofthe city and only one row ofhouses separated us from the farmlands behind it.
To the horror of our mothers, my friends and I would spend most ofour summer holiday trying to
jump over the small canals that crisscrossed the meadows, more than once ending up in the middle of
a canal. Ofcourse all kids were familiar with the fact that ifyou poked the mud at the bottom of the
canals and collected the gas bubbles that emerged in a jam jar you could make the gas explode by
igniting it with a match taken from your mom's kitchen. In our play we were in fact repeating an
experiment described by Alessandro Volta in 1776.1

It took several other great scientists to identify the gas bubbles as methane and to show that this
is produced by microbes living in the anaerobic layer ofthe sediment. A whole series ofenzymes has
been characterized being involved in methanogenesis, the pathways involved in the production of
methane from several substrates.z The enzyme directly involved in the methane production,
methyl-coenzyme M reductase (MCR), was first purified by Ellefson and Wolfe in 1981.3 At that
time MCR was known as component C ofthe methylreductase system. Two more components were
needed for this system to work in vitro, component A and component B. Component B, which was
later renamed into coenzyme B, turned out to be a cosubstrate in the reaction: when methyl-coenzyme
M (CH3-S-CoM) is converted to CH4, coenzyme B (HS-CoB) forms a mixed disulfide with coen
zyme M (HS-CoM).4,5

CH3-S-CoM + HS-CoB --+ CH4 + CoM-S-S-CoB
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Component A, on the other hand, turned out to be a set of proteins, AI, A2, and A3 that are
involved in the ATP dependent reductive activation of MCR.6,7

Component C had a characteristic nonfluorescent yellow color, giving rise to an absorption band at
around 425 om with a shoulder at 450 nm. It was immediately realized that this color had to be due to
the nickel-eontaining factor 430 (F430) that had been purified earlier from cell extracts.3Unfortunately
MCR turned out to be a very labile enzyme. Later studies with the enzyme from Methanothermobaeter
marburgensis (previously known as Methanobaeterium thermoautotrophicum, strain Marburg), showed
that already upon breakage of the cells most activity was lost. Based on the MCR content ofcells and
methane formation in cell suspensions it was estimated that in purified ~rotein only I to 4% of the
protein molecules were expected to be active and participate in catalysis. As a result we know more
about free F430 in solution and F430 bound to inactive enzyme than we do about the cofactor in active
MCR. In recent years new methods have been developed to purifY higWy active MCR. This opened up
the way for spectroscopic investigation ofF430 in the active protein.

This Chapter focuses on these recent developments. It turns out that some of the properties of
free F430 are very different from those of protein-bound F430. It has even been proposed that F430
might have a different structure in active MCR.9 In addition we will discuss the different reaction
mechanisms that have been proposed for methane production and see how these are in agreement or
disagreement with the recent spectroscopic data.

Methanogenesis
The production ofCH4 by archaea has an important influence on life on this planet. First ofall,

methanogenesis is the last step in the anaerobic breakdown ofbiopolymers and takes place in many
anaerobic microbial habitats such as swamps, rice paddies, fresh water sediments and the intestinal
tract of animals and insects. The complex polymers, like cellulose, starch and proteins, are fust
broken down into their respective building blocks, which in turn can be fermented into propionate
and butyrate and further into Hz, COb formate and acetate. These last four compounds are typical
substrates for the methanogens that convert them into CH4. Other substrates are methanol and
methylamines. The second influence on life is due to the fact that CH4 is a potent greenhouse gas.
Although part of the CH4 produced by methanogens is reoxidized by other organisms, more and
more CH4 escapes to the atmos~here mainly due to increasing areas for rice production and the
increase in amounts of livestock. 0

Methanogens contain different metabolic parhways for the conversion of the different substrates
into methane. The two major metabolic pathways of methanogenesis are shown in Figure I. The
CO2-reducing pathway or hydrogenothropic pathway uses H2, CO2 and/or formate as substrates,
and the aceticlastic pathway utilizes acetate. The entrance of the methylothrophic pathway (metha
nol and methylamine) into these pathways is also indicated. The reduction ofCO2to CH4 proceeds
via coenzyme-bound C)-intermediates, methanofuran, tetrahydromethanopterin, and coenzyme M
(see also Fig. 2). In the first step COz is reduced to the level offormate, formyimethanofuran. From
formylmethanofuran the formyl group is transferred to tetrahydromethanopterin, which serves as
the carrier of the C1 unit during its reduction to methylene- and methyltetrahydromethanopterin.
The fourth and last reduction step in the pathway utilizes the structurally simple substrate,
methyl-coenzyme M (see also Fig. 2). For the reduction steps electrons from the oxidation of Hz are
used. This input is either directly via hydrogenase or via coenzyme F420. In the aceticlastic pathway,
acetate is first activated by phosphorylation and subsequent formation of acetyl-coenzyme A. Car
bon monoxide dehydrogenase cleaves acetyl-coenzyme A into two one-carbon units. The carbon
monoxide unit is oxidized to carbon dioxide at the same enzyme complex, whereas the methyl group
is transferred to tetrahydromethanopterin. Two reducing equivalents are generated in this process
that can be used for the reduction of the heterodisulfide and ATP synthesis.

As you can see in Figure I, all pathways use the same last step, the conversion ofmethyl-coenzyme
Minto CH4 by MCR, making MCR the central protein in methanogenesis. Methyl-coenzyme Mis
converted to C~ and the mixed disulfide ofcoenzyme M and coenzyme B. From our point ofview
the production of methane is the most interesting aspect ofmethanogenesis. The production of the
mixed disulfide (also called heterodisulfide) is, however, much more important for the cell. II The
CH4 is only a waste product. Most methanogens couple the reduction of the disulfide bond of the
heterodisulfide indirectly to ATP synthesis.



354 Tetrapyrroles: Birth, Lift and Death

Formate --~ C02

H2 - - - -"1MFR

CHO-MFR

H4MPT~

~ MFR

CHO-H4MPT

1
CH:::H4MPT

H2 - - - - ..1
CH2=H4MPT
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Figure 1. Merabolic pathway of methanogenesis from CO2 and Acetate. CHO-MFR,
N-formylmethanofuran; CHO-H4MPT, N5-formyltetrahydromethanopterin; CH=H4MPr,
N5,Nlo-methenyltetrahydromethanopterin;CH2=~MPT,N5,NIO-methylenetetrahydromethanopterin;
CH3-H4MPr, N5-methyitetrahydromethanopterin; CH3-S-CoM, methyl-coenzyme M; CH3COO-:
Acetate; P, phosphate; HS-CoA, coenzyme A; CH3COS-CoA; acetyl-coenzyme A.

Free Factor 430
Coenzyme F430 is a nickel porphinoid of unique structureI2

,I3 (Fig. 2). The 11: chromophore
extends only over three ofthe four nitrogens, making F430 the most extensively reduced tetrapyrrole
found in nature. F430 is a tetrahydrocorphin, 'corphin' being the name proposed by Eschenmoserl4

for this class of tetrapyrroles in which the carbon framework of a porphin is combined with the
linear chromophore typical for corrins. Two additional rings are found in F430, a lactam ring fused to

ring B and a 6-membered carbocycle formed through intramolecular acylation ofCIS by the propi
onic acid side chain at ring D.

Native, as-isolated, F430 is thermally unstable to epimerization ofthe acid side chains at ~-carbon
positions 12 and 13 of pyrrole ring C to form the 13-monoepimer and ultimately the
12,13-diepirner. IS It is also oxidatively unstable, being slowly oxidized in air to 12, 13-didehydro-F430,
which is termed FS60 because it exhibits an absorption maximum at 560 nm. ls
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Native F430 is silent in electron paramagnetic resonance (EPR) spectroscopy. Figure 3, panel B,
shows the EPR spectra for the free cofactor in three different oxidation states. F430 is present in cells
in the pentaacid form (Fig. 2). This form is present in a protein bound and in a free form. '6.17 F430
was also prepared as a pentamethyl ester12 and a pentaamide.'8 The structure of F430 was initially
solved by nuclear magnetic resonance (NMR) spectroscopy on the pentamethyl ester (F43oM). In
contrast to F430, F430M is soluble in noncoordinating organic solvents. This was crucial for the
NMRstudies since in the presence ofdonors the nickel ion in both F430M and F430 has the tendency
to form 5- and 6-coordinated, paramagnetic complexes. These could not be studied by NMR spec
troscopy. The spectra shown in Figure 3 are for the F430M form. Both Ni(II)F430 and Ni(II)F430M
could be reduced to Ni(I).19-21 Oxidation of Ni(II)F430M in acetonitrile leads to Ni(III)F430M.21

Dependent on the temperature, the divalent nickel ion can be found in two forms in aqueous
solution, a tetragonally coordinated paramagnetic (S = 1) form with two water molecules as the
axial ligands at 10 K or a 4-coordinated diamagnetic (S = 0) form at room temperature. 22 The
high amount ofsaturation makes the corphin rin~ ~uite flexible. To coordinate the small low-spin
Ni(II) form, F430 deforms into a saddle shape',2 which results in a shortening of the Ni-N
distances. It has even been shown by theoretical calculations that F430 can in principle accommo
date a trigonal-bipyramidal coordination geometry about the nickel. 24

Name That Signal
Several diffetent fotms of MCR have been prepared and described. Some of these forms, however,

are produced under very artificial conditions in vitro and will not be discussed here. Table 1 gives an
overview of the properties of the different M CR and F430 forms discussed in this paper. The names of
the MCR forms are based on the initial detection of the respective EPR signals in whole cells and cell
extracts under more reducing conditions, like MCRredl and MCRredl, or more oxidizing conditions,
like for example MCRox1 (see below).25 In the absence ofan EPRsignal the form was dubbed MCRsilent
for EPR silent. Now we know, however, that there is more than one silent form, based on crystallization
experiments and X-ray absorption measurements. Three silent forms can be discerned: MCRsilem,
MCRredl-silem and MCRoxl-silem. The differences between these forms will be discussed below.
Figure 3, panel A, shows the EPR spectra of some of the MCR forms.

o CO- COOH,2 2
~ .- PP03 - \ 0

HS ~~H
H CH3

HS-CoB _-CH
3

H3C,_

"sAv
S03

H2NOC - - "'--- COOH

20

CH3-S-CoM H --

1--
COOHHOOe

Av
S03

''''IHS

HS-CoM COOH
F430

Figure 2. Structures of coenzyme B (HS-CoB, N-7-mercaptoheptanoyl-O-phospho-L-threonine),
methyl-coenzyme M (CH3-S-CoM, 2-(methylthio)ethanesulfonate), coenzyme M (HS-CoM,
2-mercaptoethanesulfonate) and Factor 430.
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Figure 3. EPRspectra ofthe methyl-coenzyme M reductase (A) and coenzyme F430M (B) in different forms
and oxidation states. F430M is the pentamethyl ester form ofF43o. Data collected at 77 K.

Reviewing the spectra in Figure 3, there are some clear similarities and differences between the
different EPR spectra. The two top spectra in panel A are from MCR in the active form which is
named the MCRredl form. The properties of this form can show more subtle changes dependent
on the presence of methyl-coenzyme M or coenzyme M in the buffer solution. MCRredl in the
absence ofeither compound, designated as MCRredla, is very labile and the activity and EPR signal
have a half life of only a couple of hours. In the presence of one of these compounds the half life
increases significantly. MCRredl in the presence ofmethyl-coenzyme M, designated as MCRredlm,
has a halflife ofa couple ofdays. MCRred1 in the presence ofcoenzyme M, designated as MCRred1c
has a half life of a whole week. So although one would prefer to study the redia form this is not
possible due to the low stability and the redlc and redlm forms, therefore, have been studied more
extensively. Throughout the text the name MCRredl will be used when no specific information is
known about the subtype. In addition to the differences in stability more differences can be found
for redlc and redlm. Although both are highly active, the redlm form is the more active. Also the
absorption spectra (Table 1) and EPR spectra (Fig. 3) are similar but not the same. The EPR spectra
in Figure 3 show that the superhyperfine coupling due to the nuclear spin (I = 1) ofthe four nitrogen
nuclei coordinated to the nickel, is hardly resolved on the MCRredlc signal but is highly resolved on
the M CRred1m signal. This difference was proposed to be due to binding of the methyl-coenzyme
M substrate to the nickel,26 but X-ray absorption spectroscopy (XAS) measurements showed that
the coordination around the nickel is similar in both cases and only involves five ligands from the
enzyme (see below).
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The spectrum ofMCRred2 is more complex. In this case we see an overlap ofan axial redl signal
(two apparent g values) and a rhombic signal (three apparent g values), the MCRred2 signal. The
fact that only up to 50% of the red2 signal can be induced has been puzzling for a long time but
recently we found that this is probably an artifact offreezing. The MCRred2 form can be induced by
adding coenzyme M and coenzyme B to MCR in the red1 form.26 Temperature studies showed that
in fact there is equilibrium between the red2 and the redl forms, the protein being mainly red2 at
higher temperatures, > 40"C, and mainly redl at lower temperatures, <20"C.Z7 Upon freezing part
ofthe enzyme in the red2 form is converted into the redl form, even when the sample is flash frozen
in cold ethanol (200 K).

Native F430 is EPR-silent and therefore the nickel is in the 2+ oxidation state. Both Ni(II)F430
and Ni(II)F430M could be reduced to Ni(I),19-21 forming 4-coordinate complexes.28 Their EPR
spectra are consistent with as = 1/2 species with its spin density residing predominantly in the
dx 2-l orbital of the central nickel ion (Fig. 3, panel B). Although not very well resolved, the
Ni(I)F430M spectrum shows superhyperfine structure on the~ line (g = 2.069) due to the interac
tion of the free electron on the nickel with the nuclear spin of the four nitrogen ligands from F430.
Oxidation ofNi(II)F430M in acetonitrile leads to Ni(III)F43oM.21 The EPR spectrum ofNi(III)F430M
consists of an axial type signal with no detectable fine structure on the ~ line (g = 2.212) and
resolved fine structure on the g. part (g = 2.022, Fig. 3, panel B). The superhyperfine structure is
due to the coupling with the nitrogen nuclei of two acetonitrile solvent molecules coordinated in
the axial positions. The EPR spectrum is typical for an S = 1/2 species with the unpaired electron in
a nickel dz2 orbital.21

It might seem strange to show the EPR'spectrum' for MCRsilent and Ni(II)F430M, but not
everybody might be familiar with this technique. The absence ofa signal in MCRsilent tells us that
the nickel has to be in the 2+ oxidation state, since Ni(II)F430 does not show a spectrum either. In
EPR spectrometry only paramagnetic species with spin 1/2, 3/2, 5/2, etc. show up under the stan
dard (perpendicular mode) measuring conditions. This was further proven by m~netic circular
dichroism measurements that showed that the nickel is high spin (S = 1) Ni(II).29.3 Based on the
similar absorption and EPR spectra of MCRredI and Ni(I)F430M and Ni(I)F43o (Table 1) it was
proposed that the nickel in the redl state is 1+. Since red2 can be formed from redl by the simple
addition ofcoenzyme M and coenzyme B and the fact that this conversion is reversible an oxidation
state of 1+ has been assigned to this form.

The oxidation state of the nickel in the MCRoxI form has always been a point of discussion.
Due to the high stability against oxygen and the fact that the signal could be induced in cells under
relatively oxidizing conditions (see below) the nickel was proposed to be 3+. Looking at the EPR
spectra, however, the oxI EPR signal shows more similarities with the siSnals of Ni(I)F430M and
MCRredI than with that ofNi(III)F430M (Fig. 3). Although model studies I and density functional
theory calculations32 could not rule out that the signal was not due to Ni(III), electron nuclear
double resonance (ENDOR) studies were more in favor of the nickel being Ni(I).33 Several tech
niques have been applied to address this issue, which will be discussed below in detail, but the
emerging picture is that the MCRoxI form is best described as a coupled Ni(II)-thiyl radical species
with the unpaired electron in the dx 2-l orbital.

EPR Signals in Whole Cells
To be able to study the MCR enzyme one must obtain either the stable inactive MCRoxl form

which can be converted into the active MCRredl form,34 or to obtain the MCRredl form directly.
Different methods can be used, but they all start with inducing the desired form in whole cells. This
can be done for example by changing the gas phase before the cells are harvested. Figure 4, panel A,
shows an experiment where the MCRox1signal is induced in whole cells. In this experiment, aliquors
of 50 rnl were taken under exclusion of oxygen from a batch fermenter containing 10 L of cell
suspension growing at 65"C. The 50 rnl was immediately cooled to 4"C and the cells were spun
down within 5 min. The cell pellet was resuspended in 1 rnl buffer and a 350 III sample was frozen
in an EPR tube and stored in liquid nitrogen. The EPR spectrum taken at t = 0, shows the EPR
signals that are detectable in cells in the late exponential phase growing on a mixture of80% Hz and
20% COz. Due to the fact that 10% of all protein in these cells is MCR we can clearly discern the
MCR EPR signals. A small amount of the MCR enzymes must be in the MCRsilent form at t = 0
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since the overall signal intensity ofthe EPR signals increases during this experiment. The major EPR
detectable form at t = 0 is the MCRredl form. A small percentage is present in the MCRoxl state.
On t = 0 the gas phase was changed to 80% Nz and 20% COz. As indicated in Figure I, in the
hydrogenothropic pathway used by M. marburgensis, Hz can be considered the reductanu.nd COz
the oxidant. By removing Hz we create a relatively oxidizing condition for the cell. Within 5 min we
see a decrease in the MCRredl signal intensity and an increase in the MCRoxl signal intensity.
After about 30 min most of the MCR is now in the MCRoxl state. This is the point where the cells
are cooled down to stop any further changes and the cells are harvested. Upon further purification a
pure MCR preparation can be obtained that contains 50 to 70% of the MCRoxl form, the remain
ing part being MCRsilent.z6•35

By changing the gas phase to 100% Hz a more reducing environment is created in the cel1s, not
only increasing the intensity of the MCRred I signal but also inducing a new signal, MCRred2 (Fig.
4, panel B). The MCRred2 signal is already detectable after 5 min but overlaps with signals from
different hydrogenases present in the cells. Again after 30 min the cells are ready to be harvested.
Since we know that the red2 signal can be induced by adding coenzyme M and coenzyme B to MCR
in the tedl form, it is easy to explain what is happening in whole cells. The heterodisulfide reductase
in the cells must be using the Hz to split the heterodisulfide into coenzyme M and coenzyme B.
Apparently these coenzymes are produced in high enough amounts to induce the red2 signal. The
MCRred2 form is lost during purification (due to the loss of coenzyme B and is converted into
MCRredI) and the final purified enzyme normally has 70 to 90% in a redl form, in this case the
MCRredic form. Only when all buffers are supplemented with coenzyme M can MCR directly be
purified from whole cel1s.Z6.35
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Figure 4. Induction ofthe methyl-coenzyme M reductase states MCRox I (A) and MCRred I and MCRred2
(B) in whole cells ofMethanothermobacter marburgemis. Data collecred ar 77 K.
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Structure ofMeR and the Nickel Site
Crystal structures ofMCR from M marburgensis in various enzymatic inactive, EPR-silent Ni(II)

states have been resolved to 1.16 A.36-39 The 300-kDa enzyme is a functional dimer of two ally
heterotrimers with two independent F430-harboring active sites. Each F430 is deeply buried within
the protein and accessible from the outside only by a 50 Achannel through which methyl-coenzyme
M can reach F430. Two forms ofparticular interest are shown in schematic form in Figure 5. Struc
ture A has been prepared from MCR in the ox1 form. Since all MCR forms turn silent upon crystal
lization via autooxidation ofthe nickel, this form was called MCRoxI-silent. In this form, coenzyme
M coordinates axially with its thiol group to the nickel from the proximal side of F430 (Fig. 2,
reduced pyrrole rings A, B, C and D clockwise). From the distal side the oxygen of a glutamine
residue axially coordinates the nickel, as it does in all crystal struCtures. Coenzyme B can reach into
its channel with its thiol group-containing arm only up to a distance of8 Afrom the nickel. Struc
ture B has been prepared from cells without changing the gas phase before harvesting and without
adding coenzyme M to the buffers during purification. In this case a completely silent form is
obtained, called MCRsilent. CoM-S-S-CoB was found to be coordinated with its sulfonate group to
the Ni(II) from the proximal side. Ifwe would imagine methyl-coenzyme M on the position where
we find coenzyme M in structure A, this would represent a possible starting point of the catalytic
cycle. Structure Bwould represent the end of the reaction cycle.

The crystal structures showed some more surprises. They revealed the presence of five modified
amino acids near the active-site region. Four ofthese modifications are methylations.36 Afifth modi
fication is the insertion of sulfur into a glycine residue forming a thioglycin (indicated as S=C< in
Fig. 5).36 Three of the four methylated amino acid residues were also present in the crystal structure
ofMCR from Methanosarcina barkeri.37 The fact that these residues are completely conserved among
the known MCR amino acid sequences already indicates that these modifications are put there on
purpose and are not a side effect of the formation of CRt. Labeling studies showed that the methyl
group ofall four amino acids in M. marburgensis are posttranslational modifications and are derived
from the methyl group ofmethionine, most likely via S-adenosyl methionine.40 The glycine residue
used to form the thioglycine is also highly conserved. The exact function of these five modifications
is not known.

A B

Figure 5. Models of the crystal structure from methyl-coenzyme M reductase in the MCRoxI-silent state
(A) and the MCRsilent state (B).
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All crystal structures of methyl-coenzyme M reductase obtained to date are of an inactive en
zyme in the Ni(II) oxidation state. The active enzyme has the nickel in the I + oxidation state. To
study the nickel in active MCR other techniques have been used: XAS and ENDOR spectroscopy.
Two major XAS studies have been described in the literature.9,41 These showed that the nickel in
MCR always contains at least five ligands, the four nitrogen ligands from F430 and the distal oxygen
ligand from the glutamine residue. As already proven by the crystallization studies all silent forms
were found to have a sixth axial ligand, being sulfur in the case of MCRoxI-silent and
MCRcedI-silent, and oxygen in the case ofMCRsilent (Table 1). Also the nickel in the MCRoxI
state was found to be 6-coordinate, having a sixth sulfur ligand. This was a confirmation of
cryoreduction experiments where the MCRoxI-silent form was directly converted into the MCRoxI
form at 77 K indicating that the nickel in both states must have the same coordination.42 So the
sulfur ligand must be due to the thiolate sulfur of coenzyme M. The two XAS studies disagree on
the coordination and geometry around the nickel in the MCRcedI states. The study done by Duin
et al41 showed that the MCRcedI form is 5-coordinate, leaving the sixth position open for the
nickel to bind the substrate methyl-coenzyme M. Tang et al9 found that the MCRcedI state con
tained a sixth, oxygen ligand, but proposed that this was bound very weakly to explain for the
difference found in reactiviry of this state in comparison to the other inactive states that are 6-coor
dinate. The differences between these two studies can be easily explained. In the case ofTang et al
the samples only contain up to 60% of the relevant MCR state in comparison to 80 to 90% in the
Duin paper. Since the contaminating silent forms are 6-coordinate and XAS detects all nickel forms
it is possible that the presence of 40% ofa silent form resulted in an overestimation of the amount
of ligands around the nickel in the Tang paper.

Additional evidence for the absence of a sixth ligand in MCRcedI comes from crystallization
studies.39 When the MCRcedI form was crystallized the so-called MCRcedI-silent form was ob
tained. Several crystals have been made and these showed that this enzyme state is only partially
occupied by coenzyme M. The coenzyme M was found to be bound via the thiolate sulfur, and the
occupancy varied between 0 and 90%. This is not unexpected since the redl form was purified in
the presence ofcoenzyme M. When the enzyme was washed extensively lower amounts ofcoenzyme
M were found in the crystal structure. When the protein was crystallized in the presence of coen
zyme M an occupancy of 100% was found. It was proposed that in the red I state the nickel is
5-coordinate and binds coenzyme M when this is present to become 6-coordinate in the red I-silent
state. The fact that no other, oxygen-based, ligands were detected in the MCRcedI-silenr crystal
structure argues againsr the presence ofsuch a ligand in the Ni(I) state. It is not very likely that the
nickel would lose a ligand that is already bound upon oxidation to the Ni(II) state.

As pointed out, XAS measurements cannot be used when more than one enzyme form is present
in the sample. To get more insight into the geometry and ligands around the nickel in the MCRced2
state, ENDOR studies were undertaken. Although there is a mixture of two EPR signals in frozen
samples that show partial overlap, by observation of the red2 region that does not overlap and
comparisons with samples that only contain the MCRcedI signal, it is possible to assign the ob
served peaks in the MCRced2 sample to the respective redl or red2 components.

Upon discovery of the MCRced2 signal in whole cells and cell extracts it was already noted that
in contrast to the MCRcedI signal no resolved superhyperfine structure was detected. However, the
broadness of the peaks ofthe EPR signal was proposed to indicate the presence ofunresolved hyper
fine splitting. Therefore this signal was assigned to MCR25 ENDOR measurements43 confirmed
that the nitrogen superhyperfine couplings in MCRced2 are smaller than those in MCRced!. The
nitro-i3ens can be divided into two sets with a superhyperfine coupling differing by about a factor of
two. This might indicate that the macrocyde in the MCRced2 state is significantly distorted. It
was proposed that at least pyrrole ring A must be slightly bent out of the plane of the macrocyde.
This together with the influence of the axial ligands would lower the symmetry around the nickel
and cause a strong mixing of the d orbitals of the ground state. This would explain the unusual g
values for this state.

In addition to the nitrogen coupling, isotropic proton superhyperfine couplings were detected.43

These were similar in character to proton superhyperfine couplings observed in type II blue copper
proteins for cysteine l3-protons and in iron-sulfur dusters. Since the red2 state is induced from the
MCRcedI state by the simple addition ofcoenzyme M and coenzyme B, and the fact that coenzyme
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B cannot reach far enough into the active-site channel, it was proposed that these couplings were
due to coenzyme M bound to nickel via the thiolate sulfur in axial position.43 To prove this, studies
were performed with 33S-labeled coenzyme M.44 In Figure 6 the outcome of this experiment is
shown. When H33S_CoM was used to induce the red2 state, the MCRred2 EPR signal was clearly
broadened due to the interaction ofthe free electron on the nickel with the nuclear spin ofthe sulfur
nucleus (I = 3/2). This result in combination with hyperfine sublevel correlation (HYSCORE) data44

indicates that the thiolate sulfur of coenzyme M is directly bound to the nickel. For clarity the
residual redl signals present in the samples have been subtracted from the EPR spectra in Figure 6.

So in summary we have proven that the nickel in the MCRred2 state is also 6-coordinate, the
sixth ligand being the thiolate sulfur ofcoenzyme M, and that the macrocycle underwent a confor
mational change, explaining the observed differences in g values in comparison to the other MCR
forms with 6-coordinated nickel.

All of this sttuctural information shows how the protein affects the properties of F430. F430 is
rigidly bound to the protein by 21 hydrogen bonds and the active site cavity does not allow a large
amount of bending, so instead of being bent like the free cofactor in solution, the structure ofF430
in the protein has a relatively flat geometry around the nickel. Recent calculations showed that
outside of the protein the conformation ofthe 12,13-diepi-F430 is energetically more favorable, but
the protein restraints are causing F430 to have a lower energy conformation than the diepimer in
MCR45 The diepimer has different chemical properties from F430. Unlike F430 the diepimer does
not bind axial ligands in the Ni(II) state. So the protein forces the nickel in F430 to accept axial
ligands. This is further evidenced by the fact that free Ni(I)F430 is square planar and does not bind
ligands in the axial positions. Inside the protein, however, the nickel in the 1+ oxidation state is
5-coordinate in the MCRredl form or even 6-coordinate in the MCRred2 form.

Oxidation State of Nickel in the MCRoxl Form
Evaluation ofthe EPR spectra and ENDOR data obtained for MCRoxllefr room for doubt about

the oxidation state of the nickel in this form. Therefore several other techniques were used in an
artempt to solve this question. Cryoreduction experiments were the first in this series.42 Cryoreduction
turned out to be very useful to study EPR silent forms ofmetalloenzymes. Upon exposure ofa sample
to X-ray radiation water molecules in the sample get oxidized, creating free-electrons that in tum can
reduce the metal site resulting in the detection ofan EPR signal. This experiment is performed at 77 K
and it is assumed that no ligand rearrangements take place at this temperature upon reduction of the
metal. Therefore the induced EPR spectrum can be used to draw conclusions about the coordination
ofthe metal in the previous EPR-silent state. In addition annealing ofthe sample might result in ligand
rearrangements and changes in the EPR spectrum. This experiment was done on a MCRoxl-silent
sample that was prepared from MCRoxl. Upon exposure to X-rays at 77 K part of the silent form,
about 10 to 15%, was directly converted back into MCRoxI without annealing, indicating that this
state is more reduced than the silent form with Ni(II). However, it cannot be excluded that the nickel
was oxidized to the 3+ oxidation state, since also the water in the sample gets oxidized. In a patallel
experiment, it was shown that exposure ofthe MCRredl-silent form to X-ray radiation resulted in the
formation ofa new redI-like EPR signal that when the temperature ofthe sample was increased slowly
converted into the redl signal. This results could clearly be interpreted as a reduction of the Ni(II) in
MCRredl-silent to Ni(I) in MCRred1. Therefore it was concluded that the conversion ofMCRoxI-silent
into MCRoxl was also due to reduction.42

Although this conclusion seemed very solid, new evidence indicated that in the case ofMCRox1
the X-ray radiation might have oxidized the nickel. The first evidence came from X-ray absorption
spectroscopy. XAS is not only used to determine the ligands and geometry around a specific metal
but can also be used to determine the oxidation state of that metal since the edge position is
sensitive to the charge on the metal. XAS studies revealed that the energy of the nickel K-edge in
the MCRoxl sample was the same as those observed for EPR-silent MCR forms with the nickel in
the 2+ oxidation state and clearly different from the energy of the nickel K-edge of the MCRredl
forms with the nickel in the 1+ oxidation state.41 Therefore it was proposed that the MCRoxl
state might corresponds to high spin Ni(II) (S = 1) coupled to a radical on the axial sulfur ligand
to explain the fact that this species is EPR active. Of the two theoretical cases ofan Ni(II)-thiolate
dianion or an Ni(I1)-thiyl radical the second one would be more realistic. This meant that the
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Figure 6. EPR spectra of methyl-coenzyme M reductase in the MCRred2 state. Solid line: induction of
the red2 signal with coenzyme M (HS-CoM), dotted line: induction of the red2 signal with 33S-labeled
coenzyme M (H33S-CoM). Data collected at 77 K. Reproduced from: Finazzo C et aI. JAm Chern Soc
125:4988-4989; ©2003 with permission from The American Chemistry Society.44

whole coenzyme M/NiF430 system is an electron more oxidized than the silent Ni(II) forms. The
formal charge on the nickel would therefore be 3+. However, the correct description ofthe MCRox 1
state would be somewhere between a pure Ni(III) species and a Ni(II)-thiyl radical. Additional
evidence came from magnetic circular dichroism (MCD) measurements. The energies of the nickel
d-d transitions of the different MCR forms were determined and compared with those ofF43o in
the 1+, 2+, and 3+ oxidation state. The position of the dod transitions in the MCD spectra is
related ro the oxidations state of the nickel. Again it was found that the overall shape of the MCD
spectra of MCRoxl were very similar ro those ofthe MCRsilent forms and Ni(II)F430M with the
nickel in the 2+ oxidation state.46-48 The position of the dod transitions, however, was in line with
a more oxidized state ofthe Ni, confirming the Ni(III)/Ni(II)-thiyl radical description. This model
was funher validated by Density functional theory (DFT) calculations.48

Activation and Inactivation ofMethyl-Coenzyme M Reductase
Now that all the MCR forms have been introduced and their structures are known we can go up

one level and see how these forms are related. A very imponant relationship between the MCRcedl,
MCRced2 and MCRoxl forms is shown in Figure 7.

The MCRoxl form can be activated and convened into the MCRcedl form by incubation with
the reductant titanium(III)citrate at pH 9.0-10.0 and 6S°c.34 Subsequently MCRcedl can be con
vened into MCRced2 by the addition of both coenzyme M and coenzyme B.26 The MCRced2
form, in return, can be converted back into the MCRoxl form by the addition of polysulfide.35
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Figure 7. Relationship of three forms from methyl-coenzyme M reductase, MCRredl, MCRred2, and
MCRoxl, and the structure of the nickel site.

There are some very important aspects of this cycle. First of all these forms are present in whole
cells and one can ask if such a cycle might serve a purpose in the cell. The answer is probably yes.
Some methanogens encounter microaerobic conditions during their daily cycle. The active MCRredI
form is highly oxygen sensitive. Upon exposure to oxygen or other oxidants, the redI form is quenched
and converted into the silent form. Till now, no methods have been found that can convert the
silent- or redlsilent form into the redl form in vitro. The cell probably contains an activating system
to do this that requires ATP.? Still, it is not sure if this systems works for both the MCRsilent and
MCRredI-silent forms. In addition, the cycle in Figure 6 might provide the cells with a method that
does not require ATP.

To protect MCR from damage by oxygen the cell has to find a way to convert MCRredI into
MCRred2. This can be done by gassing the cells with 100% H 2 (Fig. 4). Of course in nature the
conditions would be completely opposite upon exposure of the anaerobic microbial community
towards oxygen or higher redox potentials. It does not seem unreasonable to assume that under
microaerobic conditions the production of H 2 due to fermentation is slowed down or that the
hydrogenases in the methanogens would be inactivated under these conditions. The production of
methyl-coenzyme M would stop and the concentration ofcoenzyme M would increase. Dependent
on the relative amount ofcoenzyme B present in the cell this could induce the red2 state that would
subsequently react with an oxidant like polysulfide causing the conversion into the MCRoxI form.

We think polysulfide works as an oxidant since addition of polysulfide to the MCRredl form
results in quenching of the signal due to the oxidation ofNi(I) to Ni(II). It is not clear what oxidant
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is used by the cells. Both high concentration of sulfide and low concentrations of polysulfide have
been used to convert MCRred2 into MCRoxl in vitro.35 The effect of sulfide can probably be
explained by the presence of traces of polysulfide. Both sulfide and polysulfide might be present in
the cell, but it is much more likely that a different disulfide or other oxidant is involved in this
conversion. This oxidant, however, has to be very specific. When the MCRred2 EPR signal was
titrated with ferricyanide, the EPR signal disappeared due to the oxidation ofNi(I) to Ni(Il).35 The
plot of the EPR signal intensity against the potential can be fitted with a one-electron Nernst curve
with Em = -440 mV (pH 7.2, vs NHE). This process, however, is not reversible and the addition of
titanium(IlI)citrate does not result in rereduction to MCRred2 even at higher temperatures. Addi
tion of other compounds like methylviologen, FAD and FMN also resulted in quenching of the
EPR signal. Both NAD+ and NADP+ do not have an effect on the signal intensity (Mahlert, Thauer,
Duin, unpublished results).

The second important aspect of this cycle has to do with the uncertainty of the oxidation state of
the nickel in the MCRox1 form. Based on their cryoreduction experiments Ragsdale and coworkers
assumed that the nickel in the MCRox 1 form was in the 1+ oxidation state.42 This meant that it was
necessary to propose the existence of a second redox active group in MCR to explain the observed
redox processes. Based on resonance Raman (RR) studies coupled with reductive titrations, Ragsdale
and coworkers proposed that reductive activation ofM CRox 1 to MCRred1 involved a two-electron
reduction ofa C=N bond in ring B or D ofthe F430 macrocycle (Fig. 2).9 They studied both the free
F430 and different MCR forms. However, these studies are not as straightforward as they seem. The
reductive titrations were performed with titanium(IlI)citrate and as already noted by the authors
this is a tricky substance due to its instability at high pH and 6YC, the conditions used to activate
MCR. The reduced MCR itself is also unstable. Therefore the amount of electrons needed to con
vert ox1 into redl was found to be either 1, 2 or 3. The titrations for F430 were performed at both
pH 10.0 and 7.0. At pH 7.0, F430 cannot be fully reduced, but titanium(IlI)citrate is more stable.
Extrapolation ofthe data resulted in a total of2.7 electrons for the reduction ofNi(Il)F430 to Ni(l)F430.
The authors concluded from these results that for the reduction of Ni(Il)F430 to Ni(I)F430 one
electron is needed for the nickel and two electrons for a second redox active group. This is the same
group that is reduced in the conversion of MCRox1 into MCRredl which was proposed to involve
two electrons. In addition they showed that the RR spectra of the ox 1 form and the red1 form are
very different, especially in the hydrocorphin ring modes with C=N stretching character. This as
signment was based on shifrs observed in the RR spectra after labeling with 15N. Taken all this data
together it was proposed that one of the C=N bonds in the macrocycle gets reduced in the reductive
titrations.

Aside from the fact that the nickel can be better described as a Ni(III)/Ni(Il)-thiyl radical species,
the titration results are not in line with previous voltammetric studies on F430 and F430M. Holliger et
al19 have performed a titration on F430 under similar conditions. They found that only 1 electron was
needed to reduce Ni(Il)F430 to Ni(I)F430' Cyclic voltammetric studies on F430M showed that one
electron was needed for the reduction to Ni(I) or the oxidation to Ni(III).49 Ragsdale and coworkers
argued that in this latter case the spectroscopic characterization ofthe reduced Ni(I)F430M was not on
the species reduced in the voltammetric experiment but was on a species separately prepared by chemi
cal reduction. In this case the amount of reduction was not controlled and more than 1 electron might
have been taken up. Therefore these experiments were repeated recently. 50 It was shown that only one
electron is involved in both the bulk electrolysis and chemical reduction ofNi(Il)F430M to Ni(I)F430M.
The spectral propenies of the Ni(I)F430M forms obtained with both methods were identical showing
that only one electron is needed for the reduction and that this electron goes to the nickel.5o Reduction
of the ring probably would have resulted in completely different absorption spectra since the most
intense band is due to the It-Jt* transition. It can be concluded that for the conversion of MCRred2
into MCRoxl and MCRox1 into MCRred1 no ring reduction or oxidation has to be invoked. The
changes observed in the RR spectra for the different M CR forms9can easily be explained by proposing
a change in conformation of the macrocycle or a change in axial conformation.

There is another experiment that is related to this activation cycle. This is a labeling study done
on whole cells with radioactive 355.5' An alternative method to induce MCRox 1 in whole cells is to
add sodium sulfide to a growing cell culture prior to harvesting the cells. By using 355 labeled sulfide
it was found that the sulfur gets incorporated into the protein and only gets released upon activation
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of the MCRoxl state to the MCRredl state. At the time these experiments were done it was not
clear how MCRred2 was related to the other states, but now we know that the addition of sulfide
with probably traces ofpolysulfide can induce the MCRox1 state from the red2 state present in cells.
Although the red2 state is normally not present in growing cells, in this labeling experiment the cells
were incubated for 20 to 50 min with sodium sulfide without gassing the cells. Under these condi
tions it is possible that the red2 state is induced, which subsequently reacts with the sulfide (or
polysulfide). In the labeling studies it was proposed that the sulfur from the sodium sulfide forms a
Ni-S adduct in the oxl state that is reduced upon activation resulting in the observed release of
radioactive sulfur. However, from the in vitro experiments it is clear that treatment of MCRred2
with polysulfide does not result in a new Ni-S adduct. In both the red2 and the resulting oxl state
coenzyme M is bound to the nickel. Unless we are talking about two different oxl states, which is
not impossible but not very likely due to the spectral similarities of the different oxl preparations,
we propose that the sulfur from sodium sulfide or polysulfide binds somewhere to the protein,
maybe in the active site, but not to the nickel. Upon activation this sulfur is split off and two
electrons are needed to break a covalent X-S bond. It is clear that the 35S labeling experiment has to
be repeated with the MCR in the MCRred2 form in vitro to learn more about the activation and
inactivation of MCR.

Prelude to the Catalytic Mechanism
Several different reaction mechanisms have been proposed for the formation of CH4 by MCR.

These, however, had to be adjusted every time new evidence was found related to the catalytic
mechanism. So before discussing possible reaction mechanisms let us first go over the evidence that
make up the rules every proposal must follow:

i. The catalytic cycle starts with the enzyme in the Ni(I) oxidation state. The only active form of
MCR is MCRredl, in which the nickel has the 1+ oxidation state. This also means that the
starting point is 5-coordinate nickel with one open coordination site for substrate binding.

11. Of the two substrates, methyl-coenzyme M has to bind first to the enzyme. From the
crystal structures it is dear that methyl-coenzyme M has to enter the active site first, since
binding of coenzyme B closes off the entrance of the active site, stopping other molecules
from entering.36

iii. The enzyme exhibits a ternary complex involving methyl-coenzyme M and coenzyme B.
The reaction does not start till both substrates are bound. Hypothetically it would be pos
sible that CH4 is immediately formed when methyl-coenzyme M enters the active site
channel in the absence ofany coenzyme B. Coenzyme B would then be needed to regener
ate active MCR after CH4 is released. Steady-state52 and pre steady-state kinetic experi
ments,53 however, showed that coenzyme B is integrally involved in methane formation
and methane is not produced until coenzyme B is bound.

iv. MCR is very specific for the substrate methyl-coenzyme M and coenzyme B. MCR can
only convert a few other compounds that are structurally very similar to the natural
substrates. Ethyl-coenzyme M (2-(ethylthio)ethanesulfonate) and difluoromethyl
coenzyme M (2-(difluoromethylthio)ethanesulfonate) are substrate analogs. Interestingly,
trifluoromethyl-coenzyme M (2-(trifluoromethylthio)ethanesulfonate) was not reduced
in activiry assays and turned out to be an inhibitor. 54,55 Replacing the thioether sulfur
with oxygen (2-methoxyethanesulfonate) resulted in the creation of an inhibitor, but
replacing the sulfur with selenium (2-(methylseleno)ethanesulfonate) gave a substrate
with a even higher Vmax than found for methyl-coenzyme M.54 The aliphatic arm length
ofcoenzyme B (N-?-(mercaptohexanoyl)-L-threonine phosphate) turned out to be very
important. In the case of C6-coenzyme B (N-6-(mercaptohexanoyl)-L-threonine phos
phate) only 1% of the maximal activity was found. No activity was found with
C8-coenzyme B (N-8-(mercaptooctanoyl)-L-threonine phosphate). Both compounds are
inhibitors of the reaction.56.57

v. Upon conversion of methyl-coenzyme Minto CH4, an inversion of configuration takes
place around the C atom of the methyl group.58 This was found with activity studies using
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the labeled substrate analogs (R)- or (S)-[I-2H,3H]ethyl-coenzyme M. The produced ethane
was subsequently converted into acetate. Configurational analysis of the acetate showed
that inversion ofconfiguration had taken place.58

In addition to these five 'rules' there are a few further observations that may be of importance:
Native Ni(I)F43oM does nor react with thioethers, including methyl-coenzyme M.49 Methane forma
tion was shown, however, with the more reactive eleetrophile methyl iodide (CH3I). When CH3I was
allowed to react with Ni(I)F43oM first a Ni(II) complex was formed without the formation of CH4.
Only after the addition ofacid was CH4 formed. Addition ofdeuterated acid gave over 85% CH3D.59

The intermediate form was proposed to be Ni(II)-CH3. Ni(II)F43oM reacted with (CD3hMg to give
Ni(II)-CD3which could be detecred in 2H-NMR The signal disappeared after the addition ofacid.60

As already mentioned the properties OfF430 change upon binding to MCR. Although the nickel
is more prone to coordinate ligands in its axial positions, it is clear from rule (iii) that methyl-coenzyme
M does not interact with the nickel till coenzyme B is bound. This is also evidenced from the studies
on the MCRred2 form. From the difference in stability found between MCRredl in the absence
and presence of coenzyme M it is clear that coenzyme M has to bind to the enzyme. The place of
binding is not known but ir might be somewhere in the 50 A-Iong active-site channel. From XAS
studies we know that coenzyme M is not bound to the nickel in the redl state. Ifcoenzyme B is now
added to the enzyme solution, the MCRred2 form is induced. ENDOR studies have proven that in
this form coenzyme M is bound to the nickel. So the binding ofcoenzyme B to MCR might induce
a conformational change forcing the nickel (or coenzyme M) to be more reactive. Since
methyl-coenzyme M also stabilizes the protein activity and EPR signal in the MCRredIm form, it
can be proposed that the substrate is already present in the active site without interacting with the
nickel and that upon binding of coenzyme B a conformarional change makes the nickel (or
methyl-coenzyme M) more reactive resulting in the binding of methyl-coenzyme M to the nickel.
So based on this it might be necessary to include in a proposal for the catalytic cycle some kind of
activation step.

Based on the work with the free cofactor 430, most proposals include a CH3-Ni-F430 as an
intermediate in the catalytic cycle. Recent densiry functional theory calculations, however, showed
rhat it is possible to come up with a reaction scheme that does not involve such an intermediate.6]

Catalytic Mechanism
Figure 8 shows a reaction mechanism (mechanism I) where binding ofcoenzyme B to coenzyme

M is used to activate methyl-coenzyme M which results in the formation of a CH3-Ni(III)-F43o
intermediate. This mechanism was recently proposed by Ragsdale and coworkers53 and is similar to

an older proposal by Berkessel.62 After both substrates are bound, a coenzyme B radical is generated
with the concomitant formation of a radical R' on the protein (step 1). The coenzyme B radical
reacts with methyl-coenzyme M to form a sulfuranyl radical (step 2), making the methyl-S bond
more prone to homocatalytic cleavage by Ni(I) to form CH3-Ni(III)-F43o and a disulfide anion
radical (step 3). The CH3-Ni(III)-F43o is reduced by the R' radical to CH3-Ni(II)-F43o (step 4) and
subsequent protonation leads to the formation of CH4 (step 5). Ni(lI) is regenerated to Ni(I) by
taking up the free electron from the disulfide-anion radical (step 6). In principle this proposal fol
lows all five rules. In regard to rule (v) it has to be assumed that displacement of the sulfur from the
methyl group by Ni(I) proceeds with inversion of configuration. This is important since the subse
quent ~rotonolytic cleavage of the alkyl-metal bond would be expected to proceed in a retention
mode. SThe model has one weak aspect. In the crystallization studies it was found that coenzyme B
cannot enter the active site channel all the way. With the thiolate sulfur of coenzyme B being 8 A
away from the nickel, the methyl carbon of the sulfuranyl radical species would be about 4Aaway
from the nickel, too far for a direct interaction with the nickel. The model would predict that the
Cs-coenzyme B analog would be a better substrate, since it would place the methyl-S bond closer to
the nickel. This, however, is not the case.

A different reaction mechanism has been proposed by Thauer and coworkers (Mechanism II,
Fig. 9).3S.39 This proposal uses the fact that MCR catalyses a reaction that is somewhat similar to
that catalyzed by ribonucleotide reductase; a hydroxyl group (in the case of MCR a thioether
group) is reduced at the expense of the formation ofa disulfide. Therefore it was proposed that the
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Figure 8. Hypothetical reaction mechanism 1. Adapted from reference 53. See text for description.

formation ofCH4 proceeds in part via similar intermediates and uses similar principles. So in both
proposed reaction mechanisms a thiyl radical is formed in an oxidation reaction that subsequently
reacts with a thiolate to form a disulfide anion radical. In the hypothetical mechanism for MCR in
Figure 9 it is shown that after the sequential binding of the two substrates the methyl group of
methyl-coenzyme M is transferred onto the Ni(I) yielding a CH3-Ni(III)-F430 intermediate (step
1). The CH3-Ni(III)-F430 immediately oxidizes coenzyme M to the thiyl radical concomitantly
forming CH3-Ni(II)-F430 (step 2). Mer protonation CH4 and Ni(II)-F43o are formed. Subsequently
the coenzyme M thiyl radical forms a heterodisulfide anion radical with the coenzyme B thiolate
(step 3). The heterodisulfide anion radical reduces the Ni(II)-F43o back to Ni(I)-F43o (step 4). This
proposal is in line with the five rules. In step 1 it was proposed that the binding of coenzyme B
induces a conformational change that makes the nickel more reactive. Also the inversion of con
figuration is taken into account. A weakness ofthe proposal is that some proton shuffiing is needed.
It was proposed that one of the two tyrosine residues in the active site is involved in the process. In
step 1 a proton is needed to make HS-CoM. This proton is released upon formation of the
coenzyme-M-thiyl radical. In step 2 and 3 the CH3-Ni(II)-F43o intermediate is protonated by one
of the tyrosine residues. Subsequently, a proton is abstracted from coenzyme B and accepted by the
thiyl radical which in turn reprotonates the tyrosine residue. The ctystal structure, however, shows
that the position and orientation ofone tyrosine residue and the absence ofa hydrogen bond to the
other residue, making the phenol oxygen less acidic, are not in support of such a role in the cata
lytic mechanism.38 However, the ctystal structures show the enzyme in the inactive form and upon
activation the expected conformational change might place one of these tyrosine residues in a more
favorable position to be able to take part in the catalytic mechanism.

The model explains why some ofthe analogs are inhibitors. The fact that trifluoromethyl-coenzyme
M is an inhibitor and the difluoro compound is not can be explained by the fact that the bulky
fluorine atoms prevent the protonation of the CF3-Ni-F43o intermediate while this is still possible
for CHF2-Ni-F430.63 That with ethyl-coenzyme M a lower activity is found is due to the fact that a
nucleophilic artack by the nickel is more difficult due to the more bulky ethyl group. The model
does not give an obvious reason why changing the length of the aliphatic chain of coenzyme B
results in the observed absence of activity.

So altogether it seems that mechanism II is inline with most of the available data. A recent
theoretical paper by Pelmenschikov et a1,61.64 however, showed that some of the assumptions made
in this model might not be correct. In mechanism II it is assumed that the CH3-Ni(IlI)-F430 com
pound formed in step 1 is a strong oxidant which immediately oxidizes coenzyme M forming the
thiyl radical (step 2). DFT calculations, on the other hand, showed that the CH3-Ni bond is vety
weak for both Ni(IlI) and Ni(II) and the thiyl radical formation turned out to be highly endother
mic, making the whole reaction scheme energetically vety unrealistic.



Role ofCoenzyme ~30 in Methanogenesis 369

In addition to the evaluation of mechanism II as ptoposed by Thauer and coworkers. a new
model was proposed completely based on OFT calculations (Mechanism III, Fig. 10). At the begin
ning ofthe reaction cycle the two substrates are bound with a distance of5.9 Abetween the thioether
sulfur of methyl-coenzyme M and the thiolate sulfur of coenzyme B. In the first step (step 1) the
nickel interacts with the thioether sulfur of methyl-coenzyme M resulting in the formation of a
methyl radical and a Ni(II)-thiolate complex. The methyl radical then abstracts a hydrogen atom
from coenzyme Bforming CH4 and the coenzyme B radical (step 2), leading to the stereo inversion
at the carbon. In step 3, the coenzyme M anion is released and reacts with the coenzyme B radical to
form the disulfide anion radical that rereduces Ni(II) to Ni(I) (step 4). The proposed model seems to
be in line with the five rules but does not contain an activation step. It was proposed that
methyl-coenzyme M would not access the nonpolar active site channel by itself but would bind to
the coenzyme Bbinding place. With the arrival ofcoenzyme B. methyl-coenzyme M is pushed into
the active site where it reacts with the nickel. The tyrosine residues do playa role in this model, but
are only involved in stabilizing some of the reaction intermediates via hydrogen bonds.

For the calculations two simplified models of F430 were used. One model. F430B, contains only the
nickel, the four nitrogen ligands and the bonds connecting the nitrogens. like a tetraaza complex. A
second model, F43l, used for the final calculations contained most ofthe typical structural features of
F430. To reduce the size ofthe system, the acetamide group. the two methyl groups and all five acid side
chains were omined or replaced by hydrogen. In regard to the different propenies ofF430 and diepimer
F430 it is clear that the side chains have an imponant influence on the propenies of the nickel. In
addition to the influence of the acid side chains at ~-carbon position 12 and 13 it is known that
removal ofthe carbonyl group of the 6-membered carbowcle moves the redox potential for reduction
of the nickel up by 300 mV. This group is present in F430 and not in F43l. Still the 0 IT calcularions
showed that nickel-sulfur and nickel-carbon bond strengths are the same for both models. One would
expect these to be different for both models and even more different for the complete F430.

In respect to the substrate analogs and inhibitors it was found that the relative long distance
between the two thiol sulfurs and coenzyme M and coenzyme B is actually optimal for methyl
release. Making this distance longer or shoner would make the mechanism energetic less favorable,
which is in line with the absence of activity with Cg-coenzyme B and the almost total absence with
C6-coenzyme B. In addition it was proposed why trifluoro-coenzyme M is not a substrate. For a
·CF3 radical a stereo inversion barrier of 24.3 kcal/mol was calculated, compared to a value of 6.1
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Figure 9. Hypothetical reaction mechanism 11. Adapted from reference 39. See text for description_
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kcalJmol for a 'CHF2 radical. Apparently the inversion barrier is too high for a 'CF3 radical and
there is no possibility for the radical to rotate in the pit. This explanation, however, is not in line
with the fact that ethyl-coenzyme M is a substrate. Dependent on the orientation ofthe ethyl group
the ethyl radical formed might have to rotate in the pit, explaining why a lower activity is observed.
If, however, the ethyl group has already the correct orientation (the methyl moiety ofthe ethyl group
would be lying just above the macrocycle, a position in principle allowed by the crystal structure) no
rotation is needed and it cannot be explained why a lower activity is found.

Although mechanism II and III seem to be in line with our rules, at the moment it is too early to
predict which model comes close to the actual mechanism. The key evidence lacking is whether the
actual mechanism involves a CHyNi or a Ni-thiolate complex. Stop-flow and freeze-quench tech
niques would be needed to trap possible intermediates. Unfortunately both types of intermediates
are expected to be EPR silent. The nickel-carbon bond ofa Ni(III)-CH3complex would be expected
to be very electron-rich and it would nor be possible to trap it in the enzyme due to the availability
of hydrogen donors in the active site channel.49 A combination of freeze-quench techniques,
cryoreduction of the samples and isotopic labeling might be able to give the answer to this problem.
Due to the fact that there will be different forms present in these samples it might not be straight
forward to explain the data obtained in such an experiment.

Anaerobic CH4 Oxidation
There is another interesting development that might be important for the understanding of

the formation of methane by MCR. Geochemical evidence, radiotracer experiments and stable
isotope measurements show that methane is converted to CO2 in anoxic layers of sediments.65,66

Based on the fact that methanogens can oxidize small amounts of methane during growth on
other substrates it was proposed that methanogens are responsible for this anaerobic methane
oxidation. In addition it was proposed that sulfate-reducing bacteria were needed to provide the
appr~riate environmental conditions making the methane oxidation thermodynamically fea
sible. Studies of the effects of adding sulfate to methanogenic sediments were in line with this
so-called Consortium Hypothesis. Recently the firsr microbial consortium capable of anaerobic
methane oxidarion has been isolated from the Cascadia convergent margin off the coast of Or
egon where discrete methane hydrate layers are exposed at the sea floor.67 The consortium consists
ofarchaea that grow in dense aggregates ofapproximately 100 cells that are surrounded by sulfate
reducing bacteria. The remaining question now is how these archaea oxidize methane anaerobi
cally. The steps in methanogenesis from CO2 to methyl-coenzyme Mare reversible68 (Fig. 1) and
methylotropic methanogens use directly analogous reactions to oxidize a fraction of the methyl
substrate to CO2, Since MCR has been detected in these consortia, it has been proposed that
MCR might be involved in the anaerobic oxidation ofCH4.69 In the simplest model that has been
proposed the MCR reaction takes place in reverse direction. If this is true we have to add another
rule that it is a prerequisite that the reaction can go in both directions. In this case none of the
proposed mechanisms can be envisioned to proceed in both directions.

MCR Is Still a Mystery
The recent development of methods to obtain higWy active protein has sparked new interest in

methane formation by MCR. This is clearly evidenced by the amount of recent papers published by
different groups, using very different approaches. We are now at a stage where we know the geom
etry and coordination around the nickel in all relevant MCR forms. We are still in the dark, how
ever, about structural changes at other positions in MCR that are not sensed by the nickel. The only
way to solve this is to obtain crystals of MCR in the active MCRredl form, in addition to the
MCRred2 and MCRoxl forms. This will not be easy but is definitely possible. With current meth
ods, crystals can be obtained within 6 hours. Ifcare is taken that all handling is done under exclusion
of oxygen it should be possible to obtain structures of the oxygen sensitive forms. In addition we
have to be careful comparing the properties of free F430 with those of F430 bound to the protein.
OFT calculations showed that the CH3-Ni intermediate found in the reaction ofF43oM with ICH3
might not be an intermediate in the formation of methane by MCR. Therefore we should be open
to different possible reaction intermediates. In principle the reaction intermediates would have to be
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Figure 10. Hypothetical reaction mechanism III. Adapted from reference 61. See text for description.

trapped and characterized. This, however, might be very difficult if mixtures of forms are obtained.
Since the intermediate will probably be EPR silent we have to use other techniques for the character
ization like cryoreduction or even XAS. Both techniques, however, do not work very well for samples
containing mixtures of different forms. Another path that is being followed at the moment is a
reevaluation of the different substrate analogs and inhibitors ofM CR. This list is much longer than
the analogs mentioned here in this Chapter. Some of the inhibitors have only been tested in cell
extracts. Retesting of these inhibitors on purified protein showed that some of these result in irre
versible inhibition.7° Characterization of MCR inhibited by these complexes and the inhibition
mechanism might give clues about the actual reaction mechanism of M CR.
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CHAPTER 24

The Role of Siroheme in Sulfite
and Nitrite Reduetases
M. Elizabeth Stroupe and Elizabeth D. Getzoff*

Abstract

Sulfite and nirrite reductases (SiRs/NiRs) use siroheme, an iron-containing
isobacteriochlorin, alongside a [4Fe-4S] cluster to perform the six-electron reduction of
sulfite to sulfide or nitrite to ammonia. X-ray crystallographic structures of the catalytic

siroheme-containing subunit of Escherichia coli assimilatory SiR provide clues about the relationship
between the SiRs and the NiRs, allowing us to use the E. coli enzyme as a model system for other
siroheme-eontaining SiRs and NiRs. 1-3 These structures also provide insight into the role ofthe siroheme
in this powerful redox reaction, both as an anchor for the acid/base chemistry that directs substrate
formation and as an electronically-flexible cofactor that drives the electron transfer reaction.

Introduction
To date, scientists have identified only one class of enzymes that uses a siroheme cofactor: the

sulfite and nitrite reducrases (SiRs and NiRs). Siroheme, which is equivalent to iron-sirohydrochlorin,
is an isobacteriochlorin; that is, the central macrocycle is more reduced than the canonical protopor
phyrin IX-derived macrocycles like heme or chlorophyll. Furthermore, the siroheme biosynthetic
enzymes are more closely related to the enzymes that make the porphyrinoid component ofvitamin
B12, suggesting that siroheme is ofantique origin, perhaps evolving before the predominance ofan
aerobic environment.4 To appreciate the role ofsiroheme in SiRs and NiRs, we must first define the
relationship between the sulfur-reducing and the nitrogen-reducing components of this enzyme
class. From there, we can explore the structure-function relationship ofthe siroheme based on X-ray
crystallographic structural analysis of the E. coli SiR. The first component of this relationship is the
role ofthe enzyme/cofactor ensemble in directing proton transfer for accurate catalysis. The second
is the effect of siroheme's unique electronic properties on the six-electron reduction of sulfite to
sulfide or nitrite to ammonia.

Siroheme-Containing Sulfite and Nitrite Reductases Represent
a Single Enzyme Class

Several different types of SiRs and NiRs fall into this enzyme class, including the nicotinamide
adenine dinucleotide phosphate (NADPH)-dependent assimilatory sulfite reductases (aSiRs) and
nitrite reductases (aNiRs);5,6 the ferredoxin-dependent aSiRs and aNiRs;7 the cytochrome
c3-dependent dissimilatory sulfite reductases (dSiRs);8; and references therein the NAD(P)H-dependent
dissimilatory nitrite reductases (dNiRs);9 and a low-molecular weight aSiR (Fig. 1).10 Of all these
siroheme-containing SiRs and NiRs, only the dNiRs subclass has nonsiroheme-containing counter
parts, representing an extended group of metalloenzymes. 11

•
12
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Figure 1, continued. B) A ribbon diagram ofE. coli aSiRHP that highlights the pseudo two-fold structural
symmetry that also relates the homology regions that are defined above. The homology regions (defined in
A) arelabeledN-HI toN-H4orC-H 1toC-H4 according to their positions in the N-terminalotC-terminai
halfofaSiRHP. HI is blue, H2 is gold, H3 is green, and H4 is red. The siroheme (dark gray bonds) binds
in a deep groove at the junction ofthe three domains. Oxygens are red balls, nitrogens are blue balls, sulfurs
are yellow balls, and irons are green spheres. The linker (cyan) is the two-fold symmetric partner of the
siroheme. The distally-bound phosphate has been removed from the figure for clarity. Acolor version ofthis
figure is available online at www.eurekah.com.

Diversity between the SiR and NiR Enzymes
Assimilatory and dissimilatory SiRs and NiRs differ in their biological function, oligomeric state,

and whether or not they release partially-reduced intermediates during catalysis. Both enzymes react
with either substrate (sulfite or nitrite), however each shows binding selectivity for its namesake.7· 13

NADPH-dependent aSiRs are found in prokaryotes and plant eukatyotes where they reduce sulfur
to the proper redox state for incorporation into sulfur-containing amino acids and cofactors.5 aSiRs
are large (> 700 kDa) oligomers that contain eight copies of a cytochrome P450-reductase-like,
flavin-containing protein (SiRFP; 60 kDa) and either four or eight copies ofa siroheme-containing
hemoprotein (SiRHP; 64 kDa).14,15 SiRFP interacts with a molecule ofNADPH and passes reduc
ing equivalents through a flavin adenine dinucleotide (FAD) and a flavin mononucleotide (FMN)
to SiRHP, which binds substrate on the distal face of the siroheme.14,15 When urea-denatured,
SiRFP dissociates as an octomer whereas SiRHP dissociates as a monomer. 14 SiRHP is active when
reducing equivalents are supplied chemically and can be evaluated as a monomeric hemoprotein. 16
aSiRs perform the six-electron reduction without releasing partially-reduced biproducts and with
out any discernable spectroscopic intermediates. I? The ferredoxin-dependent aSiRs and aNiRs are
60 kDa, monomeric enzymes with one siroheme and one [4Fe-4S] cluster per molecule? In contrast,
most dSiRs are a2~2 heterotetramers found in sulfur-reducing eubacteria and archae.8 The a subunits
are typically about 50 kDa whereas the ~ subunits are typically about 40 kDa.8 Some variations exist in
both the subunit composition (some dSiRs have an additional two y subunits) and the number of
metal centers in the heterotetramers, however the hallmarks ofthe dissimilatory enzyme are its role in
facilitating the final step of sulfur-based, anaerobic respiration and the release of partially-reduced
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intermediates during catalysis.8•1? NAD(P)H-dependent dNiRs are dimeric enzymes involved in
nitrate-based tespiration in which the major subunit is the siroheme-eontaining hemoprotein and the
smaller subunit is the NAD(P)H-dependent reducrase.9

Symmetry Defines Homology between the Assimilatory
and Dissimilatory Enzymes

In 1995, Crane et al solved the X-ray crystallographic structure of the E. coli aSiRHP (Fig. IB).
Their structure reveals a pseudo two-fold axis ofsymmetry that relates the N-terminal and C-terminal
halves of E. coli aSiRHP (Fig. 1). Structural homology between the N- and C-terrninal halves of the
monomeric hemoprotein identifies three core regions that define the siroheme binding site and the
[4Fe-4S] cluster coordination (Fig. 1). These structural units are called homology regions 1-4 (Hl
H4). The homology extends to other monomeric SiRs and NiRs, as well as the a and ~ subunits of
the tetrarneric dSiRs (Fig. lA).1 Both the structural symmetry in aSiRHP and the sequence homol
ogy between each halfofaSiRHP with the a and ~ subunits of the dSiRs suggest that these enzymes
evolved through a gene duplication event, in which each homologous half is needed to form a
two-component active site.8 Whereas aSiRHP houses the siroheme, [4Fe-4S] cluster, and active site
within a single 60 kDa monomer, dSiRs likely assemble an a and a ~ subunit, which are together
about 90 kDa in size, to bind coupled cofactors and form the active site.

SiRs and NiRs Have Multiple Redox Centers and Intricate
Spectroscopic Features

In the siroheme-containing SiRs and NiRs, siroheme works with a [4Fe-4S] cluster, reducing
sulfite to sulfide (S03,2 to S,2) or nitrite to ammonia (N02' to NH3). Together, this ensemble of
iron-containing cofaetors acts as a "metallic battery,» passing six electrons from a molecule ofNADPH,
ferredoxin, or cytochrome c to the central atom of the anionic substrate.

The earliest studies on siroheme-containing SiRs and NiRs from E. coli and S. oleracea probed
the enzymes' diverse ultra-violet/visible (UV/vis), electron paramagnetic resonance (EPR), resonance
Raman (RR), and Mossbauer spectra.13.18,29 In brief, aSiR and aNiR can access at least four distinct
oxidation states: oxidized (in which the siroheme iron is formally +3 and the [4Fe-4S] cluster is
formally +2), one-electron reduced (in which the siroheme iron is formally +2 and the [4Fe-4S]
cluster is formally +2), two-electron reduced (in which the siroheme iron is formally +2 and the
[4Fe-4S] cluster is formally +1), and "super-oxidized" (in which the siroheme is formally +4 and the
[4Fe-4S1 cluster is formally +2). Each state is characterized by a unique UV/vis, EPR, or Mossbauer
spectra. The E. coli aSiRHP is the most extensively studied of these enzymes and details about its
spectroscopy have been reviewed elsewhere.3o By using the distinct EPR signals for the +3/+2, +2/
+2, and +2/+1 states, redox potentials were measured for E. coli aSiRHP of-340 mY for the sirohemel3

and -405 mY for the [4Fe-4S] cluster;23 addition of anions (CO and CN') affects the redox poten
tials ofeach cofactor.22 These extensive studies on the E. coli aSiRHP provided an indirect picture of
the enzyme's active site and were the basis ofthe hypothesis that the five iron atoms are electronically
coupled throughout the whole catalytic cycle by an endogenous cysteine ligand.

Later studies on dSiR from Desulfovibrio vulgaris (Hildenborough) suggest that the relation
ship between the siroheme and the [4Fe-4S] cluster may be slightly different in other systems. In
particular, inorganic sulfur has been implicated in bridging the cofactors in the dSiR system, despite
conservation of four potential cluster-ligating cysteine residues (Fig. lA).31 Further, redox potentials
of -298 mY and -620 mY were measured for the dSiR's siroheme iron and [4Fe-4S] cluster.32 The
exogenous inorganic sulfur remained bound to the enzyme throughout turnover, supporting the
hypothesis that the cofaetors are coupled throughout the catalytic cycle.33 Despite the differences
between aSiRs and dSiRs, however, the overall relationship between the siroheme and cluster is
similar in both systems.

X-Ray Crystallographic Structures Support the Spectroscopic Data
E. coli aSiRHP has an elegant active site in which a single cysteine ligand serves both as one ofthe

four ligands to the [4Fe-4S] cluster and as the proximal ligand to the iron of the siroheme (Fig. 2).
Based on Crane et al's subsequent structures of the enzyme in various redox states and in complex
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Figure 2. Siroheme and [4Fe-4S] cluster cofactors from the X-ray crystallographic structure of the E. coli
assimilatory sulfite reductase hemoprotein. The siroheme (dark gray tubes, top) from the X-ray crystallo
graphic structure ofthe oxidized aSiRHP with the proximal cysteine ligand (green, center) and the [4Fe-4S]
cluster (gold and dark green spheres with light gray bonds, bottom). The distally-bound phosphate anion
has been removed for simpliciry. Irons are dark green spheres, oxygens are red balls, nitrogens are blue balls,
inorganic sulfites are gold spheres, sulfurs are yellow balls, metal - ligand and covalent bonds between
cofactors are light gray. A color version of this figure is available online at www.eurekah.com.

with a series of distally-bound anions, we can assign structures that correlate to a proposed mecha
nism in which the six-electron reduction occurs by three additions oftwo electrons (Fig. 3).2,3 These
structures, alongside careful spectroscopic characterization ofthe species present in the protein crys
tals, provide a structural basis for a wealth of biochemical data that has been collected on the aSiRs.
Together with recently obtained ultra-high resolution X-ray crystallographic data on the E. coli
aSiRHP (Stroupe and Getzoff, unpublished data), the many structures ofaSiRHP provide a detailed
view into the life of the siroheme cofactor as it serves alongside a [4Fe-4S] cluster to perform a
powerful six-electron reduction reaction.

Siroheme-containing SiRs and NiRs represent a large class of fairly diverse enzymes with cwo
defining features. First, they use a coupled sirohemel [4Fe-4S] cluster as the accive-site cofactors.
Second, these coupled cofactors reside within a conserved, cwo-fold symmetric assembly, whether
a monomer or an arrangement ofa and f3 subunits. Given these class characteristics, the structure
of E. coli aSiRHP can serve as a model for the siroheme-dependent sulfite and nitrite reductases.

Siroheme Is at the Heart of the Six-Electron Reduction ofSulfite
to Sulfide or Nitrite to Ammonia

Two characteristic structural features of the siroheme contribute to its distinct conformation in
the context of aSiRHP (Fig. 4). First, the eight porphobilinogen-derived carboxylates remain intact
on siroheme, distributed according to the asymmetry ofthe tetrapyrrolic precursor uroporphyrinogen
III (starring with ring A, the macrocycle's side chains follow an AP AP AP PA pattern, where A =

acetate and P = propionate) (Fig. 4B). Second, the cwo S-adenosyh-methionine (SAM}-derived
methyl groups on C2 and C7 ofrings A and B break the four pyrrole rings' conjugation by saturating
C2, C3, C7, and C8 (Fig. 4B). In the context of the protein, siroheme's unique structural features
help explain how the enzyme binds geometrically diverse anionic substrates and how distortions in
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Figure 3. Aseries ofX-ray crysrallographic structures illustrate the changes in the active site as a5iRHP binds
to various anions, suggesting a means by which the enzyme binds to geometrically diverse anions. The
following structures are complexes ofE. coli aSiRHP with HP04·2 (A), reduced chemically by two electron
equivalents (B), bound to H503·

2 (C), bound to N02- (D), and bound to a reduced sulfur intermediate,
modeled as 50.2 (E).2.3 Each substrate and intermediate complex (B-E) was generated in the crystal by
chemically reducing the enzyme and, in C-E, the small molecule was soaked into the crystal.2.3 Whereas the
anion geometry correlates with the species in the proposed mechanism, the structures do not necessarily
represent on-path intermediates.

the siroheme facilitate coupling between the two metal centers and the bound substrate throughout
the catalytic cycle. By expanding on the themes ofcharge in the active site and the coupled metallic
cofactors, we can explore the role ofsiroheme as the anchor for the six-electron reduction ofsulfite to
sulfide or nitrite to ammonia.
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Figure 4. Siroheme-the X-ray crystallographic densiry and the chemical structure of the iron-containing
isobaeteriochlorin. A) The 2F0-Fe electron densiry ofthe siroheme calculated at 1.1 A-resolution. Blue cages
represent the map contoured at 3 sigma, purple contours at 5 sigma, and red contours are at 10 sigma. B)
Siroheme's chemical structure.

Siroheme Anchors the Transformation of Sulfite to Sulfide or Nitrite
to Ammonia

Siroheme's eight carboxylates contribute an overwhelmingly negative charge that is neutralized
in the protein framework by positively-charged residues and hydrogen-bonding panners lining the
active site cavity. ArgII3, ThrII5, ArgII?, His123, Arg2I4, Arg302, Lys306, Gln396, and Arg485
interact with the siroheme side chains, either through hydrogen bonds or salt bridges (Fig. SA).
These residues form a dome around on the distal side of the siroheme, positioning all eight of the
siroheme side chains on this face to make room for the proximally-bound [4Fe-4S] cluster that sits
directly beneath the siroheme ring A. J

Four other positively-charged residues, Arg83, ArgI53, Lys2I5, and Lys21?, interact with the
distally-bound anion and likely serve as general acids during catalysis, providin~ the protons needed
to release oxygen atoms from sulfite and nitrite as water molecules (Fig. 5B).I, In the absence ofa
protein, but with an appropriate reductant, free siroheme functions as an efficient catalyst in
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incompletely reducin§ sulfite or nitrite (the major product from the sulfur reduction reaction is
hydrosulfite, S204-2). 4-36 Therefore, the protein scaffold likely plays an imponant role in direct
ing proton transfer to keep the reaction on pathway, but need not contribute significantly to the
energetics of the reaction. Of these four residues, Lys217 is the only one that is not strictly con
served between aSiRHP and dNiRs (Fig. lA) and has been proposed to be significant in discrimi
nating between sulfite and nitrite binding. l Funher, these four residues are not strictly conserved
with the heterodimeric dSiRs (Fig. lA), suggesting that the active site's protein environment may
change with the varying subunit assembly. These differences in the active site may be related to the
dissimilatory enzyme's abiliry to release panially reduced species.

As purified and crystallized in the oxidized state, aSiRHP has a phosphate molecule in its active
site, with one ofits oxygens bound to the siroheme iron. l Upon reduction, the phosphate is released
(Fig. 38).3 This "redox gating" phenomenon offers an explanation for the observation that the
oxidized enzyme eXEeriences a long lag time in binding substrate, whereas the reduced enzyme
shows no such lag.3, Interactions between the phosphate anion and the surrounding side chains are
extensive (Figs. 58, 6A). A second phosphate oxygen interacts indirectly with the siroheme by bridg
ing hydrogen bonds through Lys215Nl; to the C18 acetate and through Lys217Nl; to both the C 12
acetate and the Cl3 propionate. Another phosphate oxygen makes hydrogen bonds with Arg83Nll,
ArgI53NE, and an ordered water molecule. The final oxygen makes a direct hydrogen bond to the
C8 propionate. This p-o bond is longer than the others (1.60 ±0.01 A, compared to 1.51 ± 0.01 A,
1.53 ± 0.01 Aor 1.53 ± 0.01 A [Stroupe and Getzoff, unpublished data]), supponing the notion
that the enzyme specifically favors protonation of this oxygen. 1

Unlike the phosphate anion, which binds SiR's siroheme iron through one of its four oxygen
atoms, substrate (sulfite or nitrite) binds through its central sulfur or nitrogen atom.2 In the case of
sulfite, the central atom (sulfur) is about 1.7 A closer to the siroheme iron than is the phosphorous.
As a result, the anion is no longer in direct hydrogen-bonding distance to the siroheme carboxylates
(Fig. 68). The lysine-mediated hydrogen bonds remain between two ofthe three sulfite oxygens and
the C12, Cl3, and C18 side chain carboxylates. One of the sulfite oxygens is believed to be proto
nared because in the X-ray crystal structure, the 5-0 bond is about 0.3 A longer than the other two
s-o bonds; this protonated oxygen also interacts with an ordered water molecule.2 A second water
molecule bridges the hydrogen bond between the unprotonated oxygen and the C8 propionate. The
same water molecule also makes a hydrogen bond to Arg153Nll, which has flipped over to improve
interactions with the smaller substrate through a direct hydrogen bond to the sulfite's protonated
oxygen. ArgI53Nll'S guanidinium group is likely the source of the first proton in the six-electron
reduction (Figs. 3C, 6). In participating in the interactions between the substrate and the proton
source, the siroheme anchors a fundamental hydrogen bond network that facilitates the proton
transpon needed for accurate catalysis.

When the substrate nitrite binds, a water-mediated hydrogen bond links one nitrite oxygen to
both the C8 propionate and Arg153NE(Fig. 6C).2The two sets oflysine-mediated hydrogen bonds
are maintained, linking the same substrate oxygen with the C12, C13, and C18 siroheme side
chains (Fig. 6C). In the NO-bound structure, only the water-mediated hydrogen bond to the C8
propionate group and a direct hydrogen bond to Arg153Nll remain (Fig. 60). In the SX-bound
structure, both hydrogen bonds to the C8 propionate group and Arg153NE are water-mediated
(Fig. 6E). For the last step of the reaction, Arg153 is the likely source of the final proton (Fig. 3).

In the structures described above, we see aSiRHP as it binds to geometrically diverse anions
(P04:2 S03:2N02: 2NO, and SX), reflecting the structural changes that likely occur during cataly
sis.2 During turn-over, six electrons and six protons are added to the substrate and three water
molecules are released. In each step, the siroheme side chains play an imponant role in directing
proton transfer by anchoring hydrogen-bonding networks to ordered water molecules, protein side
chains, and substrate oxygens.

The Siroheme Tetrapyrrole Shows Significant Departure
from Planarity

One ofthe most striking features in the structure ofaSiRHP is the siroheme's pronounced saddle
shape. 1Similar deviations are described for some protoporphyrin IX hemes and are attributed to the
influence of the surrounding protein residues in bending the typically planar molecule.37 Unlike
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Figure 5. Protein and watet interactions with the siroheme. A) A view of the siroheme (dark gray
bonds)-[4Fe-4S] cluster (gold and dark green spheres) ensemble, viewed from the top. The distally-bound
phosphate has been removed for clarity. Protein side chains (purple) interact with the siroheme side chains
and hold them all on the distal face ofthe isobaeteriochlorin. Oxygens and ordered water molecules are red
balls, nitrogens are blue balls, hydrogen bonds are gray balls, and covalent bonds between cofactors are light
gray. B) The four proton-supplying residues, that interact with the distally-bound phosphate: Arg83,
Arg153, Lys215, and Lys217. A color version of this figure is available online at www.eurekah.com.

protoporphyrin IX-derived hemes, however, siroheme's flexibility stems in part from the puckers in
the pyrroline rings A and B. These puckers cause significant deviarion from planarity (Figs. 2, 4A).
C3 of ring A is about 0.15 Abelow (exo) the plane formed by Cl, C4, and the two pyrroline
nitrogens A and B, whereas C2 is about 0.40 A above (endo) the same plane. In ring B, C7 and C8
are 0.26 A and 0.78 A below and above, respectively, the plane define by C6, C9, and the two
pyrroline nitrogensA and B. The endo/exo patterns ofC2, C3, C7, and C8 contribute to siroheme's
asymmetry by accentuating the nonplanatity of rings A and B. Additionally, the bridging meso
carbon between rings A and B sits almost 2 A below the plane formed by the 11 central carbons
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Figure 6. Hydrogen bonding networks in the aSiRHP/anion complexes. A) HP04·2, B) HS03', Figure is
continued on next pages.
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(CIO-C20) of the planar rings C and 0 (Fig. 2) (Stroupe and Getzoff, unpublished data), almost a
whole Angstrom more than the most pronounced of the protoporphyrin IX hemes analyzed
computationally by]entzen, et al.37.38 As a result of the saddle-shaped isobacteriochlorin and the
asymmetric placement of the [4Fe-4S] cluster beneath ring A (Fig. 5), the bridging carbon between
rings A and B is within van der Waal's contacts ofone ofthe cluster's inorganic sulfur atoms and may
provide another pathway for the electrons during catalysis.3

Skoheme's Structural and Electronic Characteristics Control
Anion Interactions

The saddle-shaped deformation of the isobacteriochlorin also defines the interaction between
the macrocycle and the siroheme iron which, in turn, affects bonding to the proximal cysteine
ligand and binding of the distally-bound anion. As a result of the bowing of ring A and B, the
iron-binding central cavity formed by the pyrrole/pyrroline nitrogens is larger in this isobaeteriochlorin
than in typical porphyrins. Consequently, the oxidized metal sits only about 0.26 A above the plane
formed by the tetrapyrrole nitrogens, closer than in most ferric-porphyrin complexes (the typical
distance for the oxidized iron porphyrins is freater than 0.3 A).' Upon reduction, the iron radius
shrinks as the iron goes from high-spin Fe+ to low spin Fe;+2 the iron moves essentially into the
plane of the pyrrole/pyrroline nitrogens at a distance ofonly 0.06 A.3When the iron moves into the
plane of the pyrrole nitrogens, the Fe-Cys483Sy distance shortens by about 0.2 A, suggesting that
the coupling of the cofactors is strengthened by reduction of the system.3This coupling extends to
the distally-bound anion, as shown through extensive spectroscopic work in which the redox poten
tial of the cluster is modulated by the nature of the distally bound anion.21.23

The cysteine thiolate proximal ligand in E. coli aSiRHP has a direct affect on the length of the
anion-siroheme iron bond. Cys483, the bridging cysteine ligand, has unusual stereochemistry in which
the Sy-C~ bond is eclipsed with the Ca-N bond (Fig. 2). This noncanonical side-chain configuration
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staggers the Sy-C/3 bond with the Fe-NB and Fe-NC bonds (Fig. 5). As a ligand to both the siroheme
iron and to the [4Fe-4S] cluster, Cys483Sy approximates sp3 hybridization and the sulfur lone pair
projects opposite the vector formed by the Sy-C/3 bond, staggered between the Fe-NA and Fe-NO
bonds.3 On the other hand, the canonical d-orbital symmetry for a heme iron is Oh, in which the dxy
orbital projects between the iron-pyrrole nitrogen bonds and the d.z and dyz orbitals project below and
above the pyrrole nitrogens. Given this configuration, there would be very little It-interaction between
the sp3-hybridized Cys483Sy and the siroheme Fe+3 because the sulfur lone pair would be parallel to
the dxy orbital and would pass between the dxz and dyz orbitals.2 The same does not hold for the
distally-bound anion, however, and the lack ofmacrocyclic conjugation in rings A and B improves the
sirohemes ability to backhond with a distally-bound anion.2As a result ofboth the lack ofbackhonding
with the proximal ligand and siroheme's improved ability to share electrons with a distally-bound
anion, the factors that determine anion-to-siroheme iron bond length are different in E coli aSiRHP
than in most porphyrin systems. In most metalloporphyrin complexes with a backbonding proximal
ligand, when a distal ligand that makes strong It-interactions with the metal binds, the bond length
between the proximal ligand and the metal increases. This occurs because electron density moves into
the distally-bound ligand, decreasing the metal's ability to bond with the proximal ligand. With the
staggered cysteine ligand whose interactions with the siroheme depend very little on backbonding, a
strongly-interacting distal ligand pulls electrons from the metal, improving the metal's ability to inter
act with the negatively-charged cysteine ligand. Consequently, the siroheme iron-Cys483Sy bond shott
ens. This trend is seen a series of structures in which E coli aSiRHP is bound to CO, CN-, S03-2.
N02-

2. NO, and S-2 (Fig. 3).2

A Possible rt Cation Radical Intermediate
In addition to the structural distortions caused by saturation of rings A and B, there are signifi

cant electronic characteristics that control the reactivity of the macrocyclic ring. Decreased conjuga
tion destabilizes the highest occupied molecular orbital (HOMO) of the macrocycle, allowing it to
be more easily oxidized than the fully conjugated porphyrin.39 Such an oxidation would result in
formation of a It cation radical on the ring. Experimentally, a siroheme It cationic state has been
isolated, both in free siroheme and within the aSiRHP enzyme. 19.40 Computationally, Chang et al.
propose that this unique oxidation event occurs because the energy of the macrocycle's HOMO is
raised above that of the reduced metal's HOMO, promoting the removal of an electron from the
ring before metal oxidation.39 Mechanistically, ifsuch a It cationic state were to exist, the sirohemel
[4Fe-4S] cluster could perform the six-electron reduction in two steps ofthree electrons each (equiva
lent to going from S03-2 to SO-/S02-3and then from SO-/S02-3 to S-2) rather than in three steps of
two electrons each (as depicted in Fig. 3). Attempts to differentiate the two mechanisms are incon
clusive. A single ferroheme-NO intermediate has been trapped during nitrite reduction by aNiR or
aSiRHP. This species correlates to a two-electron reduced intermediate with a reduced siroheme
iron, accounting for three electron equivalents.18.21.41 On the other hand, both SiR and NiR can
react with NH30H, which is four-electrons more reduced that N02: supporting the mechanism in
which reduction occurs in three steps of two electrons where this substrate correlates to the second
intermediate (Fig. 3). Crane, et al suggest that the enzyme might avoid being trapped in this stable
intermediate by passing three electrons in a concerted fashion. 3 No electronic intermediates have
been characterized during the sulfur reduction process, thus the mechanism by which aSiRHP per
forms its six-electron reduction reaction is still open for debate and study.

Conclusions
Siroheme is an ancient, unique colact:or whose utility is hamessed bySiRs and NiRs for the six-electron

reduction reactions of sulfite to sulfide and nitrite to ammonia. Although this reaction can also be
catalyzed by other metallic cofactors, the siroheme/[4Fe-4S] cluster is an elegant ensemble that can pass
the electrons efficiently without release of partially reduced intermediates. The siroheme's importance
in this reaction is two-fold. First, the cofactor's carboxylate side chains anchor the acid/base chemistry
that occurs during catalysis as six protons are delivered and three water molecules released. Second, the
unique electronic nature of the isobacteriochlorin allows its saddle-shaped structure. The extreme dis
tortions of the siroheme macroeycle facilitates anion binding by allowing close contact among the
siroheme, its central iron, and the distally-bound anion. The macroeycle's accentuated asymmetry also
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allows for tight interactions between the siroheme and its [4Fe-4S] partner, both through the shared
cysteine ligand and by through-space interactions ofa cluster sulfide and the meso carbon that bridges
rings A and B. Such unique fearures raise questions about the enzyme's electron transfer mechanism
that have yet to be answered by the biochemical and structural studies on the enzyme.

Note AdJ.ed in Proof
Since the writing ofthis chapter, the structure ofthe heterotetrameric dissimilatory sulfite reduerase

Archaeoglobus jUlgidus was reponed by Schiffer et al.42 Their structure suppon the hypothesis put for
ward by Crane et al that aSiR is the product of gene duplication event: a second siroheme-[4Fe4S]
cluster is found in dSiR sitting in the pocket that is occupied by aSiR's linker. A bulky side chain blocks
access to the active site on the distal face ofthe siroheme so this second set ofcofactors are believed to be
strucrural, rather than caralytic.
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CHAPTER 25

The Role of Heme d
1

in Denitrification
Stuart}. Ferguson*

Abstract

H eme d l is found only in a bacterial periplasmic enzyme, cytochrome cd\> that catalyses
reduction of nitrite to nitric oxide. The unique features of the d l heme include
saturation oftwo ofthe pyrrole rings and presence oftwo carbonyl groups. Reasons for the

selection of the d l ring for an enzyme catalysing this reaction are discussed and related to model
compound studies. The problem of the biogenesis of the d l ring is outlined.

Introduction
There is a good case for arguing that the d l heme is the most mysterious ofhemes.lts structure,

shown in Figure 1, has a number of features that are quite distinct from the 'normal' heme b or
Fe-protoporphyrin IX that is found in globins, cytochromes band many other proteins. As Figure 1
indicates, relative to heme b two of the pyrroles are saturated, and they also have extra electron
withdrawing substituents, carbonyl groups at positions 3 and 8, and a double bond between atoms
171 and 172

• The 'usual' 2- and 4- vinyl groups of the ring have been replaced by methyl and acetate
groups at both these carbons of the heme ring.

The d t heme ring must have been tailored by evolution to meet a specific function. This view is
consistent with the known presence of the d t heme in just one protein, the bacterial cytochrome cdt
nitrite reductase. This is a dimeric enzyme of the bacterial periplasm where it plays a key role in
denitrification, the respiratory reduction of nitrate, via nitrite, nitric oxide and nitrous oxide to nitro
gen gas. I Thus the physiological reaction catalysed by cytochrome cd] is the one electron reduction of
nitrite to nitric oxide. This reaction occurs at the d] heme of the enzyme. The other heme in the
enzyme is Fe-protoporphyrin IX joined to the protein by two thioether bonds so as to constitute a
c-type cytochrome center (Fig. 1). The latter receives electrons from either monoheme c-type cyto
chromes or cupredoxins, such as pseudoazurin, which contain a type I copper centre.2 Electrons are
supplied in turn to these proteins from the cytochrome bc] complex of the respiratory chain. The
context in which cytochrome cdt operates is impottant. The redox potentials of typical donor cyto
chromes cand cupredoxins are ofthe order of+250mV, conveniendy placed to be suitable reductants
for an enzyme that catalyses reduction of nitrite to nitric oxide, a reaction for which the mid point
potential is +370 mY at pH7.

Despite a long period ofuncettainty, extending from the 1960's until the late 1980s, there is now no
doubt that the physiological reaction is the one electron reduction of nitrite to nitric oxide. Two other
reactions are catalysed, the four electron reduction ofoxygen to water and the two electron reduction of
hydroxylamine to ammonia. An extensive kinetic study has established that, based on the criteria ofkc.,1
Km the enzyme is specific for nitrite relative to these other two substrates, again suggesting that the d]
heme has been selected for its advantageous features in reducing nitrite.3 1t has proved possible to trap
an intermediate ofoxygen reduction at the active site ofthe enzyme.4There have been no repotts ofthe
nitrite analogue, formate, being used as a substrate, or even acting as an inhibitor.
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Oxford,OXl 3QU, UK. Email: stuart.ferguson@bioch.ox.ac.uk
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Figure 1. Structural formulae for b, c and d] type hemes.

The reduction ofnitrite to nitric oxide requires several things ofa heme protein. First the anionic
nitrite must bind with sufficient affinity to the heme. One might expect that the ferric state of the
heme would form the initial complex with the substrate nitrite, but an optimal mechanism might
require the ferrous heme to form the initial Michaelis complex with the nitrite. Second, the nitrite
must be reduced only as far as nitric oxide, and not further to ammonium via hydroxylamine as
some nitrite reductases are able to do. Third, the product nitric oxide must not be reduced further to

nitrous oxide. Finally, the heme must release nitric oxide which usually has high affinity for heme
groups, especially in their ferrous oxidation state. We will consider how the unusual features of the
cd} heme might have been selected so as to meet at least some of these tequirements. This has to be
done in the context of the three dimensional structure ofcytochrome cdl .

SttuctweofC~OCMomec~
Crystal structures have been obtained for the enzymes hom Paracoccus pantotrophus (formerly

Thiosphaera pantotropha) and Pseudomonas aeruginosa. In each case, the molecule is a homodimer,
with each polypeptide being folded into two domains. An alpha helical domain comprises the c-type
cytochrome part of the molecule. The d] heme is held in an eight bladed beta propeller structure
within a pocket which provides many hydrogen bond panners for the polar substituents. 5-7 The
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overall fold of the P. pantotrophus protein is shown in Figure 2. The hemes on a monomer are
sufficiently dose to permit electron transfer on a timescale compatible with steady state turnover,
but electron transfer across the dimer interface between any pair of hemes is thought to be kineti
cally insignificant. Several reviews dealing with cytochrome cdt as a whole rather than just the d l

heme have been published recently.6,8.10 In addition, another recent review provides complemen
tary perspective on both dl heme and its role in the nitrite reductase. II

Surprisingly, the structures of the 'as prepared' oxidised enzymes from P. pantotrophus and P.
aeruginosa are not identical. For the P.pantotrophus enzyme the d) heme has two axial ligands; on the
proximal side a histidine, as expected, but on the distal side there is a tyrosine (residue 25) from the
cytochrome cdomain. Thus the 6-coordinated iron atom of the dl heme has no vacant coordination
site for the substrate, nitrite. However, reduction of the crystals showed that the tyrosine residue
had 'backed out' of the active site and thus generated a vacant coordination position at the Fe
ofthe dl heme. Soaking ofsuch crystals with nitrite permitted crystallographic observation ofnitrite
bound via its nitrogen atom to the d1 heme iron. 12 One of the oxygen atoms of nitrite, presumably
that destined to become product water, was hydrogen bonded to two histidine residues that sit in the
active site above the d1 heme. In some crystals it was possible to observe nitric oxide bound to the dl
heme,12 presumably as a result of electron transfer to the substrate nitrite. Although it is generally
assumed that a dl heme iron to oxygen bond does not form during nitrite reduction, a recent theo
retical study argues that oxygen-linked binding of nitrite may playa role in the enzyme reaction
mechanism. 13 However, there is no experimental proof for this, but nor it can be definitely dis
proved by existing experimental data; it is, nevertheless, the least likely mechanism.

Tyrosine movement away from the d l heme iron upon reduction of the P. pantotrophus cyto
chrome cdl was accompanied by a striking ligand switching in the cytochrome c domain. l2 In the
original oxidised state the heme iron in the cytochrome c domain had bis-histidinyl coordination,
but reduction caused replacement of one of the histidines ligands by a methionine residue which
had previously been some distance away from the heme. Currently it is believed that the crystal
structure of the oxidised as prepared enzyme does not relate to conformational states of the en
zyme that occur during steady state catalysis. There are solution spectroscopic studies that show
the catalytically active form of the oxidised state of the enzyme to have histidine!merhionine
coordination at the heme in the c-type cytochrome domain centre. 14

.
l5 Thus the enzyme needs to

be activated by reduction. A straightforward conclusion would be that the structure seen for the
reduced form of the P. pantotrophus enzyme also applies to the oxidised state during catalytic
turnover. However, in more recent work the enzyme has been reduced before crystallisation. In
this case the resulting crystal structure showed differences from the structure obtained following

Figure 2. The structure of cytochrome cdl from Pamcoccus pantotrophus.
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reduction ofcrystals of oxidised protein. '6 The heme iron ligands were still histidine/methionine
at the c and histidine/vacant at the db but the relative positions of the two (c and d,) protein
domains had changed. Oxidation of the new crystal form by the alternative substrate oxygen did
not change the relative orientations of the domains; the c-heme ligands remained the same but an
oxygen molecule, or reduced species derived from it, could oe seen at the d l heme. There is
currently some uncertainry about the factors and conformations that open up the d, heme active
site to the approach of the substrate nitrite. Nor is the driving force behind ligand switching from
the bis-histidinyl at the c heme and histidine/tyrosine at the d, heme to the histidine/methionine
at the former and histidine/vacant at the latter yet understood. Production of enzyme carrying
site-directed mutations ofcritical residues has not been a simple matter because the specialised d,
heme is not synthesised by the common host organisms such as Escherichia coli. Recently, it has
proved possible to obtain active variants of cytochrome cd, of P. pantotrophus. The first such
mutant was Y25S. This was active and thus established that there is no obligatory role for the
ryrosine residue 25 that is normally ligated to the d1 heme ironY

The crystal structure of the oxidised Y25S protein shows that the bis-histidinyl coordination is
retained at the c-type centre but that the d, heme iron is coordinated by the same histidine ligand
as seen in the wild rype structure. The absent ryrosine side chain is replaced by sulphate from the
crystallisation liquor and the hydroxy group of the serine side chain is some distance away. Rather
surprisingly this variant Y25S protein did not, in contrast to the wild-type form, first require
switching into an active form by reduction.'? In an unexpected development it has emerged that
in solution the Y25S variant has his/met coordination at the c-type heme center.'s This explains
why this protein has no requirement for reductive activation, a process that switches the cherne
from his/his to his/met in the wild type.

The significance of tyrosine coordination to the ferric dl heme iron comes under further scru
tiny when the structure of the oxidised cytochrome cd, from Pseudomonas aeruginosa is consid
ered. In this case the iron ofthe cytochrome cdomain had histidine/methionine coordination and
the d, heme had the equivalent histidine ligand as in the P. pantotrophus enzyme but hydroxide
was the other axial ligand. 19 The sttucture of the P. aeruginosa enzyme also did not show an
obvious route for substrate into the active site. There is also a further difference with the P.
pantotrophus structure. In the P. aeruginosa enzyme there is a crossing over between the c domains
of each monomer.'O,19 The significance of this is not known. In contrast to the P. pantotrophus
enzyme, the cytochrome cd, from P. aeruginosa does not undergo such a large conformational
change upon reduction, '0.20 although access to the active site must be opened up. A structural
investigation suggests that it is the conversion of ferric d, heme to the ferrous state that triggers
the opening of the d, heme distal pocket.

An important similariry between the structures of the enzymes from the two sources is that in
each case there are two histidines which sit above the nitrite binding site on the d, heme. These
histidines are regarded as proton donors to the substrate5,2' and their importance for the nitrite
reductase reaction can be appreciated by the finding that their loss through mutagenesis in the
case of the P. aeruginosa enzyme results in loss of activiry.2' Furthermore, the absence of one of
these histidines causes the c and d, domains of the enzyme to move with respect to each other.22

The meaning of this relative domain movement and its relation to the different domain orienta
tions seen for the P. pantotrophus enzyme remains to be determined. It is possible that during each
turnover ofsubstrate there is a reordering of the protein such that each of these overall conforma
tions is sequentially adopted.

As will be discussed later, the d1 heme requires a complex series of biosynthesis steps. Many
hemes of periplasmic proteins are covalently bound, ie the c-rype cytochromes, but the d, is not.
It may be that forms of cytochrome cd, nitrite reductase in which the polypeptide chain com
pletely surrounds the d1 heme are important in order to avoid possible heme loss. Some support
for this suggestion comes from the finding that during purification d, heme is lost more readily
from Y25S variant compared with the wild rype.'?

Crystal structures ofcytochromes cd, from P. aeruginosa or P. pantotrophus with not only nitrite
or an oxygen-derived species but also nitric oxide, carbon monoxide, a partially reduced form of
oxygen and cyanide have been reported.4,'2,23-26 The nitric oxide and carbon monoxide complexes
of the ferrous d, heme in the P. aeruginosa enzyme have been investigated by resonance Raman
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spectroscopy. The iron to ligand bonds have characteristics distinct from those found in other he
moproteins. These distinct features were thought in girt to reflect the influence of a highly ruffled
structure of the d, heme on its electronic properties. 7

Mechanism ofNitrite Reduction
The mechanism of nitrite reduction reaction catalysed by cytochrome cd, is far from certain.

It is generally assumed that nitrite binds to the ferrous state of the d l heme, an event that is
followed by electron transfer to the substrate and loss of one oxygen atom as a water molecule.
This leaves a bound nitrosyl species which can rehydrate to nitrite, as evidenced by exchange
studies with '80 labelled water.

Bound nitrosyl has to leave the active site as nitric oxide. This is most likely to be promoted by
the heme remaining in the ferric oxidation states as ferrous hemes in general have the higher
affinity for nitric oxide. The factors that could prevent the rapid transfer of an electron from the
c heme to form a ferrous-nitrosyl complex are not understood. Apart from this issue, one might
envisage that the d, heme is optimised to release nitric oxide. In this context it may be relevant
that the energy levels of the Fe d orbitals are, for the ferric state, inverted relative to 'normal'
heme.28 Ferric and ferrous d, heme nitrosyl complexes have been observed,o.29 but there is as yet
no kinetic study that establishes the kinetic competence of one of these species.

Studies of cyanide binding to the cytochrome cd, of Paracoccus pantotrophus showed that the
ferrous state has an unusually high affinity for cyanide.24 A crystal structure was obtained for the
cyanide complex of the enzyme in this oxidation state. This showed that the cyanide was not
bound in any particularly stabilised form with respect to hydrogen bonds or other noncovalent
interactions. The oxidised state of the cytochrome cd] from P. pantotrophus did not bind cyanide,
in part at least because there is a powerful driving force for the phenolate oxygen ofa tyrosine side
chain to bind to the ferric iron of the d, heme and thus displace the cyanide. Consequently, and
because the tyrosine does not bind to the ferrous d l heme, these studies do not provide direct
insight into the relative affinities of the ferrous and ferric states. However, some insight into this
has come from a study of cyanide binding to d] heme held in the heme-binding pocket of myo
globin.3o In this system the affinity for cyanide was relatively independent of the iron oxidation
state, again indicating the unusual affinity of the ferrous state for the anionic cyanide.

The bindin~of cyanide to P. aeruginosa cd] has also been studied both in solution and by
crystallography. 5 In common with the P. pantotrophus enzyme, this enzyme binds cyanide in the
ferric state, but in contrast to the P. pantrophus enzyme a comparable affinity is seen also for the
ferrous state. This difference reflects the absence of the 'rebinding tyrosine' that displaces the
cyanide from the P. pantotrophus enzyme. In the enzymes from both sources the cyanide is bound
similarly with one of the two conserved active site histidines that lie in the nitrite binding site
being with hydrogen bond distance.24-25 It is reasonable to envisage that these histidines provide
positive charge as one of the factors that contributes to anion binding, in particular the substrate
nitrite to the heme. Studies with a varant of the P. aeruginosa enzyme that lacks one of these
histidines shows the importance of this residue for the binding of both cyanide and nitrite.25

The d] heme may be fine tuned to bind nitrite rather than cyanide even though these two ions
are close in the spectrochemical series. Direct evidence that the ferric state of~ochromecdl from
P. pantotrophus has a preference for nitrite over cyanide has been obtained.3 The enzyme from
this source requires activation by switching into a conformation for oxidised enzyme in which the
cheme has switched to histidine/methionine coordination from bishistidinyl and the d] heme has
become five coordinate as a consequence of the loss of a tyrosine ligand. Nitrite will bind to this
'activated' oxidised state to form a very long lived nitrite - ferric enzyme complex.3' In effect, the
binding of nitrite appears to stabilise the activated oxidised state of the protein. In contrast, cya
nide is unable to achieve this stabilisation; it is displaced by the tyrosinate side chain, thus strongly
suggesting that the special features of the d] heme ring are indeed tailored to optimise the binding
and reduction of nitrite. Further support for this comes from studies of the Y25S P. pantotrophus
variant protein. Cyanide binds to both the oxidised and reduced forms of this protein but more
strongly to the latter. The comparison of the affinity ofY25S variant in its two redox states for
cyanide is not complicated by the tendency of Y25 to bind to the wild type oxidised enzyme.
Y25S binds nitrite in its oxidised form more strongly than the wild type (dissociation constant c
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7 x 10-5 M compared with 2 x 10-3 M) and if we assume that the ten fold higher affinity of the
ferrous state for cyanide will also apply to nitrite we can estimate a dissociation constant of c 7 x
10-6 M for nitrite binding to the ferrous state of the d l heme.

In general terms, the special features of the d l ring can be seen as contributing to the with
drawal of electrons from the ring. The contribution of each feature could in principle be delin
eated through preparing, by synthetic methods, variations of the dl ring. The only studies in this
direction are those by Chan and coworkers who were able to insert the d) heme variants into a
semi-apo preparation (ie with dl heme lost but c-type cytochrome centre retained) ofcytochrome
cdl from Pseudomonas stutzeri. Deletion ofone carbonyl group could be rolerated but other changes
that made the molecule more like 'standard' heme could not support enzyme activity.32 More
needs to be done in this direction ifwe are to understand the precise tailoring of the dl heme ring.

Beyond providing selectivity for nitrite, a second feature required of the d] heme ring is that it
must not allow the reduction of nitrite to proceed beyond the nitric oxide oxidation state. This may
indeed be a vety critical design feature ofthe d l heme ring as those other nitrite reductases, which can
reduce nitrite to ammonium via formal intermediates of nitric oxide and hydroxylamine.24 These
include a siroheme-containing enzyme and a pertaheme c-type cytochrome known as NrFA.

A critical reason why the d l ring is not involved in the onward reduction of nitric oxide to
ammonium relates to the reduction potential required for the latter reaction. Unlike reduction of
nitrite to nitric oxide and of hydroxylamine to ammonium, which have mid point potentials of
+300mVand +800mV respectively, the reduction of nitric oxide to hydroxylamine requires a
stronger reducing potential, in the region of OmV. Determination of the reduction potential of
the d l heme within cytochrome cdl has proved problematic, but estimates are in the range of
+300mV. Similar values have been reported for isolated d l heme. These values correlate well with
the position of cytochrome cdl in electron transport systems.24 As pointed out earlier, electrons
reach this enzyme via the cytochrome bCI complex and soluble c-type cytochromes and cupredoxins
which operate at a mid point potential close to +250mV. In contrast, the siroheme type of nitrite
reductase operates with NADH (-320mV) as its direct electron donor and the c-type cytochrome
NrfA nitrite reductase receives electrons directly from the ubiquinol or menaquinol pools, with
respective approximate redox potentials of +60mV and -50mV respectively; ammonia is the reac
tion product for both these enzymes.

In summary, the behaviour ofthe d) heme in nitrite reductase is modulated to at least some extent
by the environment provided by the protein. Separating the intrinsic contribution of the d, heme
ring from that provided by the protein is difficult. Thus the ability to bind anions in the Fez

+ state is
thought to be a consequence of both the specialised features of the modified pyrrole and key amino
acid residues, for instance the two positively charged histidines which are at the active site. A theoreti
cal analysis by Ranghino et al suggests that the redox state of the d l heme and the rrotonation states
of the two histidines together provide critical advantageous features for catalysis.3

The value of the reduction potential of the d l heme in cytochrome cdl is a puzzle. Redox
titration of the enzyme from P. pantotrophus generates a remarkable hysteretic and cooperative
titration. In the reductive direction a potential of60 mv is observed but in the oxidative direction
the potential is for both types ofheme c. 250 mv.34 Such complexities have not been seen for the
P. aeruginosa enzyme but nevertheless there is a puzzling variation, from +190 mV to +280 mV, in
the value of the reduction potentials reported for the d l heme.6 Cytochrome cdl from Pseudomo
nas nautica gave the simplest oxidation/reduction titrations yet reported, allowin~ a clear determi
nation of the c and d l redox potentials as +234 mV and +199 mV respectively.3 Furthermore, it
should be recalled that the redox potential has to fit in with the redox potential at which the
enzyme works in the respiratory chain. There seems little doubt that the reduction potentials of
the heme in the cytochrome c domain is 250 mV, consistent with it receiving electrons from a
cupredoxin or c-type cytochrome with comparable potentials. As explained earlier, these electron
donors are in turn reduced by the bCI complex.

Insights into d1 heme Chemistry from Model Compound Studies
Analysis of model compounds has shown that the ring oxidation potential for the free base

form of a dioxoisobaceriochlorin are almost identical to that for porphyrin itself.36 Other model
compound studies have suggested that a dioxoisobacteriochlorin such as d l is neither easier nor
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harder to oxidise rhan the standard Fe protoporphyrin IX,37 but rhe absence of the two keto
groups has been shown to make the ring much harder by c 400 mY to reduce. Thus on rhis basis
the biosynrhetic effort in making d! heme appears to achieve nothing relative to the porphyrins
themselves,. However, a consequence of the two oxo groups in the d! heme is increased charge on
the metal, which, for model compounds, shifts the Fe(II)/Fe(llI) couple to less (c 200 mY) nega
tive values with respect to a porphyrin. As explained earlier, an oxidation/ reduction potential of
c 250 mY is required for rhe active site ofcd1• However, whilst such a value is towards the positive
end ofthe range ofvalues for the 'standard' porphyrins in b-type cyrochromes, such potentials can
be readily achieved by tuning the environment provided by a protein for rhe heme pocket. Thus
reasons other than tuning redox potential are indicated for the presence of the keto groups. In
creased charge on rhe ferrous state of the d l heme could be a contributory factor in rhe abiliry of
this species to bind anions (see earlier), a property not normally associated wirh rhe ferrous state
of b-type cyrochromes.

Amongst orher model compound work Ozawa et al studied rhe oxidation of rhe nitrosyl-iron
(II) complex of dioxoisobacteriochlorin.38 The product was shown to be an Fe(II)-NO 3t-cation
radical complex wirh a bent Fe-NO bond. It was argued rhat rhe 3t cation radical was formed in
preference to rhe FellI-NO complex because rhe Fe-NO hybrid orbitals were lowered in energy,
relative to a standard porphyrin, by rhe presence ofrhe ring oxo groups.38 The relevance ofrhis work
is rhat a nitrosyl complex (FeIlNO)' is often postulated to be a reaction intermediate in rhe ~o
chrome cd! reaction rhat follows rhe dehydration of an initial ferrous d1 heme-nitrite complex. 9

In a development of their initial work, Ozawa et al showed that the presence of an axial
imidazole ligand resulted in valence isomerisation such that rhe 3t cation was lost and the Fell-NO
speices became Fell-NO· imidazole.4o Addition of a further mole of imidazole displaced the
NO; through comparative studies with other model compounds the ease of this displacement
was judged to correlate with the presence of the electron withdrawing oxo groups. The latter
would cause increased positive charge on the Fe which would, via an effect on Fe (dz) ->NO
(3t*) backbonding weaken the Fe-NO bond. By analogy the the axial proximal histidine ligand
may have a role in contributing to the release of NO from the d1 heme. On the basis of the
model compound work it was suggested that a distal histidine or other nucleophile might also
contribute to the release of NO from the d! heme active site. Comparison of several model
compounds certainly suggested that the oxo groups in d! heme would contribute to the disso
ciation of NO from the d l heme in cytochrome cdl .

Biosynthesis of J1 heme
Lack of understanding of the advantageous features for catalysis of the d! heme ring is mir

rored by a similar pauciry of information as to how formation of these features is achieved.
Sequence analysis of genes adjacent to the structural gene for cytochrome cd.. nirS, has identified

seven genes which, on rhe basis of mutational analysis, are believed to be required for d[ biogenesis. Of
rhese, a clear role can be assigned for only one, nirE. This codes for an S-adenosyl methionine transferase
which is believed to be responsible for converting uroporphyrinogen III into precorrin-2, a reaction step
that is common to several other porphyrin biosyntheses (Chapter 18). Of the other genes, nirD, nirE
nirG, nirH, nirj, and nirL, only niT] has any clear resemblance to other genes in the databases. The
presence of a predicted CXXCXYC sequence in Nit] suggests an FelS protein with some similarity to
orher cofactor assembly factors (e.g., NifB and PqqE) which are believed to convert substrate S-adenosyl
methionine into a radical form, but, as the functions of the latter have also not been assigned, the com
parison does not contribute to understanding function. By analogy wirh heme and siroheme synrhesis it
is likely that metallochelation will be the last step in synthesis ofrhe d! heme per se but this step may have
to be followed by transport of the completed d! heme to the periplasm. The apo form ofcytochrome cd!
is thought to be delivered to the periplasm as an unfolded polypeptide and therefore is unlikely to carty
the d l heme with it across rhe membrane. Simple diffusion ofthe expensively assembled d! heme moiety
does not seem to be a sensible strategy for delivery ofthis co&etor to its protein. There are several 'double'
reactions, e.g., decarboxylation rhat have to be achieved to generate a d! heme (Fig. 1) molecule but quite
how these are achieved by the Nit proteins is as mysterious as the reason why biology has evolved the
unusual d! heme. Several possibilities for a biosynthetic pathway are discussed elsewhere. II In a recent
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development, the expression of nirFDLGH from P. stutzeri in P. aeruginosa has been found to cause
production ofa pigment, termed P800, that in vitro can be convened to the d1heme ring. Pigment 800
has several unusual features, including an epoxide ring and it remains to be seen as to what extent this
compound 800 is related to a true intermediate on the pathway.41

Note Added in Proof
Two recent papers have suggested that nitric oxide can be released from the ferrous state of the dl

heme.42-43 Other mechanistic developments include the demonstration that interaction with an
electron donor protein, pseudoazurin, facilitates product release,44 the reaction studied at pH 6
differs from at pH i 5 and a very rapid reaction study that has identified some new intermediate
species including a putative Michaelis complex.46 There has been provision ofevidence that binding
of nitrite to the active site of the P. pantotrophus enzyme can drive a lignad switch from histidine to

methionine at the c-type heme47 and that a weakly coupled heme-radical pair may occur at the
active site.48 Production of a variant of P. pantotrophus cytochrome cdl in which the c-heme is
bishistidinyl coordinated in both oxidation states has allowed the oxidation/reduction potential of
the d l heme in the enzyme to be resolved at +175 mV because the c-heme was shifred to -60 mV 49

In the same paper49 it was shown that transcription of the the d l biosynthesis gene cluster requires
NO, probably mediated by the Nnr transcription factor. It has been suggested that two of the
biosynthesis genes in the nir cluster, nirD and nirL, are transcription factors and that possibly only
nirj is needed to catalyse a reaction step that is specific for the dl biosynthesis.50
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