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PREFACE

Heme biology aims to provide a cohesive understanding of the fundamen-
tal regulatory and signaling roles of heme in life and disease processes, as
well as the underlying chemical and molecular basis. Heme is arguably the
most ubiquitous and unique molecule in the human body. It gives our
blood the distinctive color and plays key roles in the proper functioning of
all cells. This book provides an in-depth analysis of the roles of heme in
three types of human tissues, reticulocytes, brain and liver, on which
heme exerts crucial effects.

Heme biology links human function and diseases to the molecular and
cellular events occurring in cells, as well as the structural and chemical
features of heme. It describes how heme is made, how its level is regulated
in various tissues, and what kinds of diseases ensue when the heme level
becomes dysregulated. It describes in detail key protein macromolecules
with which heme can interact with and thereby control their activities. It
also sheds light on how altered interactions between heme and proteins
can lead to dysregulated molecular and cellular processes, which in turn
cause human diseases. This book includes information about how the
chemical properties of heme and heme analogs can be applied to cancer
therapy. Overall, this book can be informative and insightful to both the
general curious readers and advanced researchers interested in heme
biology.

vii



This page intentionally left blank



CONTENTS

Preface

List of Contributors

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Introduction
Li Zhang

Heme Biosynthesis and Degradation: What Happens
when it goes Haywire?
Li Zhang and Rebekah Sessoms

Heme: An Ingenious Regulator
of Gene Transcription
Li Zhang

Heme-Regulated elF2o Kinase in Translation
and Erythropoiesis
Jane-Jane Chen and Rajasekhar NVS Suragani

Role of Heme in Brain Functions: Dr. Jekyll
or Mr. Hyde?
Tatyana Chernova and Andrew G. Smith

Heme and microRNA Biogenesis
Feng Guo

vii

xi

33

55

85

127



X Contents

Chapter 7

Chapter 8

Chapter 9

Index

The Vast Potential of Heme in Regulating
Biological Processes: A Global Perspective

Li Zhang, Aaron Arvey, Donovan Pham Huynh
and Christina Leslie

The Chemical and Structural Bases of Heme
Recognition: Binding Interactions of Heme with
Proteins and Peptides

Y. Li and Li Zhang

Clinical Applications of Heme Biosynthetic Pathway:
Photodynamic Therapy with Protoporphyrin IX
Huiying Ding, Baran D. Sumer and Jinming Gao

139

161

197

211



LIST OF CONTRIBUTORS

Jane-Jane Chen and Rajasekhar NVS Suragani
Harvard-MIT Division of Health Sciences and Technology, Massachusetts
Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139

Huiying Ding, Baran D. Sumer, and Jinming Gao

Department of Pharmacology, Department of Otolaryngology, Simmons
Comprehensive Cancer Center, University of Texas Southwestern Medical
Center, Dallas, Texas 75390

Feng Guo
Department of Biological Chemistry, UCLA School of Medicine, Box
951737, 337 BSRB, Los Angeles, CA 90095-1737

Li Zhang, Yi Li, Rebekah Sessoms, and Donovan Pham Huynh
Department of Molecular and Cell Biology, The University of Texas at
Dallas, Mail Stop FO31, 800 W. Campbell Road, Richardson, TX 75080

Aaron Arvey and Christina Leslie
Computational Biology Program, Memorial Sloan-Kettering Cancer

Center, 1275 York Ave, Mail Box #460, New York, NY 10065

Tatyana Chernova and Andrew G. Smith
MRC Toxicology Unit, University of Leicester, United Kingdom

Xi



This page intentionally left blank



Chapter 1

INTRODUCTION

Li Zhang

Overview

Heme, iron protoporphyrin IX (Fig. 1), is arguably one of life’s most cen-
tral molecules. Most of us know about heme because of hemoglobin — the
molecule that transports oxygen from the lung to all other organs and tis-
sues in the human body. It is heme that gives hemoglobin the unique
oxygen-binding property. The distribution of heme is not even throughout
the human body. Roughly 80% of heme in humans is made and present in
red blood cells; fifteen percent is made and present in the liver and the
rest is distributed in other tissues. All human cells presumably make a
basal level of heme for the synthesis and proper functioning of certain
proteins and enzymes that use heme as a cofactor or a prosthetic group.

Many living organisms ranging from bacteria to humans can synthe-
size heme de novo (1). Those that do not synthesize heme de novo, like
Caenorhabditis elegans, still require heme for survival and acquire heme
via dietary intake (2). Heme and porphyrins have been the subject of fas-
cination and intense studies for scientists for over a century. Porphyrins
are compounds composed of a macrocycle of four pyrrole rings linked by
four methene bridges. They include metalloporphyrins, such as hemes and
chlorophylls. In the early 20th century, scientists started to investigate
heme and its porphyrin precursors, due to their association with a class of
interesting diseases called porphyrias. Porphyrias are inherited (mostly
autosomal dominant) and acquired disorders associated with partially
defective enzymatic activities of the heme biosynthetic pathway and
increased levels of heme precursors (3).
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Fig. 1. The structure of heme. Heme is composed of a macrocycle of four pyrrole
rings, with four methyl groups, two vinyl groups and two propionate groups
attached. The hydrophobic parts of heme are indicated in green. The four nitrogen
atoms of pyrrole rings coordinate the heme iron ion. Iron ion can coordinate two
axial ligands, which may be Cys, His or Met residue in proteins or small
molecules, including oxygen, nitric oxide and carbon monoxide.

It is not confirmed, but is a popular belief that the first documented
case of any porphyria disorder dates back to the time of Hippocrates. The
term porphyria is derived from the Greek term porphura which means
“purple pigment” in reference to the color of body fluids in people suffer-
ing from a porphyria. Urine that contains porphyrins or porphyrin precur-
sors turns different colors when exposed to the air; black urine became a
tell-tale sign of Acute Intermittent Porphyria (AIP). Porphyrias are classi-
fied as hepatic or erythropoietic in type, depending on the primary organ
in which excess production of porphyrins or precursors takes place (3).
Two types of clinical symptoms are associated with porphyrias: cutaneous
photosensitivity and acute attacks involving abdominal pains, psychiatric
manifestations such as anxiety, depression, and confusion, and neurologi-
cal manifestations. Erythropoietic porphyrias are associated with only
cutaneous photosensitivity; hepatic porphyrias can be associated with
both cutaneous photosensitivity and acute attacks. Those associated with
acute attacks are also called acute porphyrias.

It has been suggested that persons with congenital erythropoietic por-
phyrias were the werewolves or vampires of legend. Due to the accumula-
tion of high levels of heme precursors in such subjects, they can have
reddish teeth and strong cutaneous photosensitivity. As such, subjects
may have skin mutilation, hypertrichosis, and desire to eschew light expo-
sure. This may have led to the superstition of werewolves. Medical records
also suggest that many members of the European royal families, including
James, IV and I, George III, Frederic the Great of Prussia, and Kaiser
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Wilhelm, suffered from acute porphyrias (4). The neurological and psychi-
atric manifestations associated with acute porphyrias provide a logical
explanation for King George’s illness. In 1993, Alan Bennett wrote a play,
“The Madness of King George” in which he loosely based the King’s
aliments on porphyria rather than a psychological basis (5).

The latter part of the 20th century has seen a spurt of research on
heme and heme proteins due to the importance of heme as a prosthetic
group or a cofactor in key proteins and enzymes that support life. These
include the following: Hemoglobin and myoglobin that transport and store
oxygen; cytochromes and oxidoreductases that support cellular energy
generation and biosynthesis; cytochromes P450s that are important for
drug metabolism and the synthesis of endogenous substances such as
lipids and steroids; cytochrome peroxidases that synthesize molecules
critical for innate immune reactions; and oxygenases that synthesize
important neuromodulators nitric oxide and carbon monoxide.

More recently, scientists have discovered that heme can serve as a sig-
naling molecule, and thereby regulate a wide array of molecular and cellu-
lar processes in living organisms. For example, heme can impact the
growth, differentiation and survival of many mammalian cells (6). Heme
also controls fundamental molecular and cellular processes, such as pro-
tein synthesis, gene transcription, protein localization and assembly. This
book is designed to provide you with a complete and up-to-date view of
the versatile and fascinating roles of heme in controlling many fundamental
biological processes in living organisms, particularly in humans.

To fully understand and appreciate the versatile roles of heme in liv-
ing processes, it is necessary to have a clear understanding of the struc-
ture and chemistry of the heme molecule. Figure 1 illustrates the structure
and key chemical features of heme. Heme is composed of a macrocycle of
four pyrrole rings. The four nitrogen atoms chelate one iron ion. Iron ion
can be in the ferrous (Fe™?) or ferric state (Fe™3). The word heme is usu-
ally used as a generic term to identify both ferrous and ferric forms of iron
protoporphyrin IX. Properly, however, heme refers only to ferrous proto-
porphyrin IX, whereas ferric protoporphyrin is called hemin. In air, hemin
is more stable than heme. Hemin has a positive charge and is usually
isolated with a counterion like chloride.

Heme is a small molecule by molecular mass, and by comparison with
macromolecules, such as proteins and nucleic acids in living cells. Yet, it is
full of complexity and chemical intricacies. The heme molecule (Fig. 1)
contains parts that are highly hydrophobic, including the porphyrin ring
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and the methyl and vinyl groups, and parts that are hydrophilic, including
the iron ion and propionates. Such chemical attributes allow heme to fit in
hydrophobic environments as well as hydrophilic ones, and to form
hydrophobic interactions as well as salt bridges. Furthermore, the iron ion
can adopt and oscillate among several oxidation and electron spin states,
enabling heme to freely transfer electrons and to interact with a wide
array of molecules, inorganic as well as organic, large and small. Heme is
arguably the most chemically and biologically versatile molecule in living
organisms.

The properties of the iron ion in heme account for its many biological
functions. First, the iron ion can be coordinated by six ligands, but the
four pyrroles of heme provide only four ligands. Thus, the heme iron ion
can be coordinated by an additional two axial ligands (Fig. 1). This allows
heme to associate with proteins and to bind to small molecules such as
oxygen, nitric oxide and carbon monoxide. The amino acid residues that
chelate the heme iron can be histidine and methionine, as in globins,
cytochromes, cytochrome c oxidases and other oxidoreductases. The heme
iron can also be coordinated by cysteine, as in cytochrome P450 enzymes.
Occasionally, tyrosine can be an axial ligand for the heme iron in proteins.
Heme in proteins can be five- or six-coordinated. If the heme iron is five-
coordinated in proteins, then the heme iron often binds to small mole-
cules, including oxygen, nitric oxide and carbon monoxide. This allows
heme in proteins and enzymes to bind, transport, sense or use these small
molecules. The second property of the heme iron is that it can adopt and
oscillate among multiple oxidation states, the more stable +2 and +3
states, and the less stable +4 state in certain catalytic intermediates (7).
This enables heme enzymes to perform electron transport and oxidation/
reduction.

The porphyrin part of the heme molecule also contributes to the bio-
logical functions of heme. Four methyl groups, two vinyl groups and two
propionate groups are linked to the porphyrin ring in heme (Fig. 1). The
methyl groups and vinyl groups, along with the macrocycle, are hydro-
phobic. Thus, heme is often situated in a hydrophobic pocket in certain
enzymes, such as in hemoglobin and c-type cytochromes. The propionate
groups often form hydrogen bonds or salt bridges with amino acid
residues in enzymes or with solvent molecules. These groups can also
allow heme to be covalently attached to proteins and enzymes. For exam-
ple, in c-type cytochromes, two cysteine residues in the Cys-X-X-Cys-His
motif are attached to two vinyl groups in heme. This type of modified
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heme is referred to as heme C in the literature. The methyl and propi-
onate groups can be modified in various enzymes. Modified forms of heme
include heme A and heme D. The detailed structures of these hemes can
be found elsewhere (8). The role and structural environment of heme in
globins and cytochrome enzymes have been extensively studied and well
documented (7).

What is absent, however, from the existing literature is a broad, cohe-
sive, and in-depth analysis of the fascinating roles of heme in diverse bio-
logical processes and the underlying molecular bases. This book aims to
fill this void. It provides the readers a clear idea about the origin, breadth,
and depth of heme biology. In Chapter 2, we explain how heme is synthe-
sized in humans, how its synthesis is regulated in various tissues and
organs, and what kinds of diseases can arise when heme biosynthesis
becomes defective. In Chapter 3, we describe how heme can control the
first step in gene expression, transcription. We show the in-depth molecu-
lar mechanisms by which heme controls two master regulators, Hapl and
Bachl. In Chapter 4, we provide a complete view of the role of heme in
controlling protein synthesis in red blood cells, and the diseases associated
with heme regulation. In Chapter 5, we explain the diverse roles, good
and bad, of heme in brain functions. This should allow the readers to
appreciate how heme acts to promote neuronal functions and how defec-
tive heme function can contribute to various neurological problems in
humans. Chapters 6 and 7 describe several recently discovered cases show-
ing the critical roles of heme in regulating key molecules affecting many
physiological and diseases processes. Specifically, an essential miRNA pro-
cessing factor, DiGeorge Critical Region 8 (DGCRS), is regulated by
heme. Additionally, two protein tyrosine kinases, Jak2 and Src, are regu-
lated by heme. Defective functioning of these proteins is known to cause
major health issues, such as cancer and hematological diseases.

To those readers who want to know more about the chemical and
structural characteristics that underlie the diverse roles of heme,
Chapter 8 provides an in-depth review of the current literature about
heme—protein interactions. Finally, in Chapter 9, we show how the prop-
erties of heme biosynthetic pathway and heme precursors can be used in
clinical applications. It is amazing that we can take advantage of the
photosensitivity of heme precursors to treat serious diseases like cancer,
while this property contributes in part to the problems associated
with porphyrias. Covering such broad areas associated with heme and
also providing in-depth analyses of heme signaling and heme-protein
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interactions, this book can be informative and useful for both general
and expert readers.
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Chapter 2

HEME BIOSYNTHESIS AND
DEGRADATION

What Happens when it goes Haywire?

Li Zhang and Rebekah Sessoms

Overview

The biosynthesis of heme involves eight enzymatic reactions that convert
glycine and succinyl-CoA to heme (1). Heme biosynthesis is not evenly
distributed throughout the body. All human cells require heme and are
presumed to have the ability to synthesize it. The major sites of heme
biosynthesis in the human body are in the bone marrow erythrocytes
and liver. The levels of heme in various tissues of the human body fluc-
tuate according to the existing level of heme and the need for additional
heme. Intracellular heme levels are precisely and dynamically controlled
by modulating the rates of heme biosynthesis and degradation. In this
chapter, we describe how heme is synthesized and degraded in humans.
We also explain what diseases may ensue if heme biosynthesis or degra-
dation is defective in humans. Such defects may affect adults as well as
newborns.

Heme is synthesized by the actions of eight enzymes in humans

In humans, like in yeast, the biosynthetic pathway of heme consists of
eight enzymes that progressively convert glycine and succinyl-CoA to
heme (Fig. 1) (1-4). In humans, there are two sets of enzymes devoted to
heme biosynthesis: housekeeping and erythroid-specific. Housekeeping
enzymes are responsible for heme biosynthesis in all but erythroid cells.
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Erythroid-specific enzymes are responsible for heme biosynthesis only in
erythroid cells, which are precursors for red blood cells.

In human cells, the first and the last three steps of heme biosynthesis
occur in the mitochondria, and the other four steps occur in the cytosol
(1) (Fig. 1). The citric acid cycle (also known as the TCA or Krebs cycle)
provides the succinyl CoA needed for heme biosynthesis, and glycine is an
amino acid that is readily found in the cell. The citric acid cycle takes
place in the mitochondria, making the mitochondria a convenient location
for the first step in heme biosynthesis. A condensation reaction between
glycine and succinyl-CoA, resulting in 5-aminolevulinic acid (ALA)
(Fig. 1), takes place in two steps with a Schiff base intermediate, and is
catalyzed by 5-aminolevulinic acid synthase (ALAS). The housekeeping
enzyme is designated as ALAS1, while the erythroid-specific enzyme is
designated as ALAS2. The genes encoding ALAS1 and ALAS2 are located
on chromosomes 3 and X, respectively (5, 6). ALAS]1 is expressed in virtu-
ally all cells, while ALAS2 is expressed only in fetal liver and adult bone
marrow. Their expression is under the control of different sets of promoter
elements and regulatory proteins.

The second step in heme biosynthesis is carried out by ALA dehy-
dratase (Fig. 1), which catalyzes the condensation of two molecules of ALA
to form porphobilinogen (PBG). In humans, one single gene on chromosome
9 encodes for ALA dehydratase (7). Nonetheless, two different enzymes are
expressed in erythroid and non-erythroid cells. This is because the gene
contains two promoter regions and two alternative coding exons (8). Both
the erythroid-specific and the non-erythorid, housekeeping transcripts con-
tains 12 exons, with 11 of them identical. The first exon in these transcripts
is different. Zinc ions serve as cofactors in ALA dehydratase. Lead ions can
therefore inhibit ALA dehydratase by displacing the zinc ions (9).

The third enzyme in heme biosynthesis is porphobilinogen deaminase
(Fig. 1). It catalyzes the condensation of four molecules of PBG in a head-
to-tail manner to generate hydroxymethylbilane (HMB), a linear tetrapyr-
role (Fig. 1). Like ALA dehydratase, two forms of porphobilinogen
deaminase are encoded by one single gene in humans (10). The gene is
located on chromosome 11. Two different transcripts, housekeeping and
erythroid-specific, are generated from the gene due to alternate splicing
(11). The transcripts are different in their first exons.

The fourth step in heme biosynthesis is the intramolecular rearrange-
ment and ring closure of HMB to form uroporphyrinogen III, a cyclic
tetrapyrrole with eight carboxylic side chains (Fig. 1). It is catalyzed by
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uroporphyrinogen III synthase (UROS). The coding gene for uropor-
phyrinogen III synthase is located on chromosome 10 (12). Two isoforms
of the enyzme are generated in erythroid and non-erythroid cells due to
alternate splicing (12). Two different promoters control the expression of
these two isoforms.

Uroporphyrinogen decarboxylase (UROD) catalyzes the decarboxyla-
tion and the formation of methyl groups (Fig. 1). It enables the formation
of coproporphyrinogen III. The gene encoding this enzyme is located on
chromosome 1 (13, 14). Unlike the genes encoding the first four heme
biosynthetic enzymes, this gene contains only one promoter. The next step
in heme biosynthesis is the decarboxylation and oxidation of copropor-
phyrinogen III, to form protoporphyrinogen IX (Fig. 1). This is catalyzed
by coproporphyrinogen oxidase (CPO). The human CPO gene is located
on chromosome 3, spanning approximately 14 kb with 7 exons (15). Like
the gene encoding uroporphyrinogen decarboxylase, the CPO gene con-
tains only one single promoter (16).

The seventh enzyme involved in heme biosynthesis is protopor-
phyrinogen oxidase (PPO) (Fig. 1). It catalyzes the formation of methene
bridges in protoporphyrin IX. The human PPO gene is mapped to chro-
mosome 1 (17, 18). In the last step of heme biosynthesis, ferrous iron
(Fe?") is inserted into the center of protoporphyrin IX by ferrochelatase,
and heme is formed. In humans, there is only one single functional gene,
located on chromosome 18 (19). It spans approximately 45 kb and con-
tains 11 exons (20). Notably, two of the enzymes, CPO and PPO, require
oxygen as a substrate (Fig. 1). As such, the rate of heme biosynthesis may
be controlled by oxygen levels in a certain range. Indeed, in yeast, heme
biosynthesis is under the precise control of oxygen levels (4, 21, 22).

Heme biosynthesis is regulated according to the needs for heme
in human cells

In the human body, liver and bone marrow erythrocytes are the two major
sites of heme biosynthesis. Liver synthesizes 15% of heme while erythro-
cytes make 80% of heme in a human body (1, 23, 24). In the liver, the
majority of heme is used to synthesize cytochrome P450, which carries out
biological oxidation (23, 24). Cytochorme P450 detoxifies xenobiotics, such
as drugs, lipophilic compounds, environmental contaminants like benzene
and toluene, and food additives (25-29). Therefore, in the liver, heme
biosynthesis fluctuates according to the demand in detoxifying xenobiotics.
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In the liver, heme biosynthesis is controlled at the first step, the syn-
thesis of 5-ALA (Fig. 1), under a variety of conditions (30, 31). In the nor-
mal liver, ALAS1 activity is the lowest among all heme biosynthetic
enzymes (32). Hence, heme biosynthesis can be controlled by controlling
the levels of ALAS1. Heme itself is a crucial regulator of ALAS1 levels.
Heme impacts the synthesis of ALAS1 at multiple steps. As illustrated in
Fig. 2, ALAS1 synthesis involves several major steps, including transcrip-
tion, translation and translocation. High heme concentrations inhibit
these steps, whereas the lack of heme promotes these steps (33-36).
Although heme is synthesized in the mitochondria, all evidence indicates
that there exists a “free” intracellular heme pool that mediates the regula-
tion of many processes in diverse cellular compartments (1). How this free
heme pool is formed is not yet clear.

In bone marrow erythrocytes, heme is used to synthesize hemoglobin.
Hence, in erythrocytes, heme biosynthesis is regulated based on the need
for hemoglobin and is subject to erythroid-specific regulatory mecha-
nisms. For example, in erythrocytes, ALAS2, not ALASI, is responsible
for heme biosynthesis. Its expression is regulated by erythroid-specific reg-
ulators, such as transcriptional factors like GATA-1 (37). Hence, ALAS2
is not affected by various drugs and chemicals that affect ALASI.
Furthermore, heme does not inhibit ALAS2 synthesis. Rather, heme
increases the levels of ALAS2 and other heme biosynthetic enzymes in

Fommmmm - Regulatory HEME —r------------+
I £ I
Cytoplasm/ - = AN translation I

B > ALAS1 precursor|
/{ LAS1 mRNA -
translocation

Mature ALAS1
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| —. ..
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ALAS1 gene
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\ \ cleus /

Fig. 2. A cartoon illustrating the regulation of heme biosynthesis in liver cells. In

Cytochromes

Mitochondria

the liver, heme biosynthesis is regulated by the control of the first heme
biosynthetic enzymes, ALAS1. The steps involved in the synthesis of ALASI is
shown. Heme is known to affect three major steps in ALAS1 synthesis.



12 L. Zhang and R. Sessoms

murine erythroleukemia (MEL) cells. ALAS2 activity in erythrocytes is
generally not the rate-limiting step in heme biosynthesis. The increase of
heme biosynthesis in erythrocytes is often accompanied by the induction
of many heme biosynthetic enzymes (38, 39). When iron is limiting, heme
biosynthesis can be limited at the last step, catalyzed by ferrochelatase
(Fig. 1) (39). During development, once growth factors such as erythro-
poietin (40) initiate erythroid differentiation, erythrocytes will make heme
continuously for synthesizing hemoglobin. Therefore, heme biosynthesis in
erythrocytes is controlled mainly by the availability of iron, and is largely
unaffected by external factors.

Defective heme biosynthesis causes serious diseases in humans

Heme is essential for human cell survival; thus defects or mutations that
completely abolish heme biosynthesis have never been found. However,
even partially defective heme biosynthesis can cause serious problems in
humans. A defect in any one of the eight enzymes involved in heme
biosynthesis (Fig. 1) causes diseases (1, 41-44). Because iron is required
for heme biosynthesis, lack of iron causes iron deficiency anemia. Defects
in the erythroid-specific ALAS2 enzyme causes sideroblastic anemia,
which is a rare, X-linked recessive disease (45, 46).

The clinical manifestations of sideroblastic anemia result from ane-
mia, which is caused by reduced heme biosynthesis and cellular toxicity in
various organs due to increased iron levels. Severe symptoms of the ane-
mia include pallor, shortness of breath, fatigue and weakness (46-51). In
affected females, symptoms may present a decade later than males, due to
protection from iron overload afforded by blood loss during menstruation.
Affected patients have serum ferritin levels higher than 200 microgram per
deciliter, and transferrin saturation more than 30%. Treatment strategies
involve mainly optimizing heme biosynthesis and/or reversing iron over-
load (49, 51). Heme biosynthesis can be enhanced by pyridoxine and folic
acid therapy, while iron overload can be reduced by using phlebotomy
and/or chelating therapy.

Defects in the other seven enzymes would lead to porphyrias. Defects
in the seven enzymes, starting with ALA dehydratase (Fig. 1), cause the
following forms of porphyria respectively (1):

1. 5-aminolevulinic acid dehydratase porphyria (ADP), an autosomal
recessive hepatic disorder;
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2. acute intermittent porphyria (AIP), the most common acute hepatic
porphyria and an autosomal dominant disorder;

3. congenital erythropoietic porphyria (CEP), an autosomal recessive
disorder;

4. porphyria cutanea tarda (PCT), the most common porphyria;

5. hereditary coproporphyria (HCP), an autosomal dominant hepatic
porphyria;

6. variegate porphyria (VP), an autosomal dominant hepatic porphyria;
and

7. erythropoietic protoporphyria (EPP), an autosomal dominant disorder.

Patients with porphyrias often accumulate a large amount of heme
precursors. Even a 50% reduction in the activity of enzymes downstream
of ALAS can cause a significant accumulation of heme precursors. Thus,
the effects of these defective enzymes will be twofold. It will cause heme
deficiency and the accumulation of heme precursors, both of which cause
problems in humans. The causes of porphyrias can be inherited or
acquired. Inherited porphyrias are those caused by mutations in one of the
enzymes, while acquired porphyrias are due to chemicals that affect
enzyme activity. For example, lead poisoning is due to its effects on ALA
dehydratase and ferrochelatase (52). Porphyrias are also classified as
hepatic porphyria and erythropoietic porphyria, based on the sites where
the enzymatic defect is located (see Table 1) (1, 41-44).

There are two kinds of symptoms for porphyrias (1, 41-44, 53): photo-
sensitivity and neurological disturbances. Because heme precursors are
photosensitive, the accumulation of these compounds in human tissues will
cause photosensitivity such as reddish teeth and skin lesions after exposure
to sunlight. Another kind of symptom of porphyrias is neurological distur-
bances associated with acute attacks (1, 41). The neurological manifesta-
tions include severe abdominal pain, vomiting, constipation, hypertension,
tachycardia, and bladder dysfunction, which have been ascribed to auto-
nomic neuropathy. Additional symptoms include motor weakness and sen-
sory involvement, which correlate with peripheral neuropathy, and mental
symptoms without clear morphological findings in the cerebrum.

Erythropoietic porphyrias are associated with only photosensitivity.
There are two erythropoietic porphyrias (1, 54, 55): congenital erythropoi-
etic porphyria (CEP), an autosomal recessive disorder caused by the
markedly deficient activity of uroporphyrinogen III synthase, and erythro-
poietic protoporphyria (EPP), an autosomal dominant disorder resulting



Table 1. Characteristics of porphyrias and human heme biosynthetic enzymes.
Biochemical Findings
Deficient Gene Chromosomal
Porphyria enzyme symbol location Inheritance Erythrocytes Urine Stool
Erythropoietic
Congenital Uro- UROS 10¢25.2 Autosomal Photosensitivity ~ Uroporphyrin Uroporphyrin Coproporphyrin
erythropoietic porphyrinogen recessive Coproporphyrin  Coproporphyrin
porphyria (CEP) III cosynthase
Erythropoietic Ferrochelatase FECH 18q21.3 Autosomal Photosensitivity =~ Protoporphyrin Absent Protoporphyrin
protoporphyria dominant
(EPP)
Hepatic
ALA dehydratase ALA ALAD 9q34 Autosomal Zn-Proto- ALA,
deficiency dehydratase recessive porphyrin Coproporphyrin
porphyria (ADP)
Acute PBG PBGD 11g23.3 Autosomal ALA, PBG,
intermittent deaminase dominant Uroporphyrin
porphyria (AIP)
Hereditary Copro- CPO  3ql2 Autosomal ALA, PBG,
coproporphyria porphyrinogen dominant  photosensitivity Coproporphyrin
(HCP) oxidase
Variegate Proto- PPO  1q23 Autosomal ALA, PBG, Coproporphyrin
porphyria (VP) porphyrinogen dominant Coproporphyrin Protoporphyrin
oxidase photosensitivity
Porphyria cutanea  Uro- UROD 1p34 Variablel Photosensitivity Uroporphyrin,
Isocopropophyrin
tarda (PCT) porphyrinogen T-carboxylate
decarboxylase porphyrin
Hepatoerythropoietic Uro- UROD 1p34 Autosomal Photosensitivity — Zn-Proto- Uroporphyrin,
Isocopropophyrin
porphyria (HEP) porphyrinogen recessive porphyrin T-carboxylate

decarboxylase

porphyrin

14"
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from the decreased activity of ferrochelatase (Table 1). Hepatic porphyrias
can be associated with both photosensitivity and acute attacks. There are
six hepatic porphyrias (Table 1):

1. 5-aminolevulinic acid dehydratase porphyria (ADP), an autosomal
recessive hepatic disorder, caused by the deficient activity of 5-
aminolevulinic acid dehydratase (Fig. 1);

2. acute intermittent porphyria (AIP), the most common acute por-
phyria, an autosomal dominant disorder resulting from the half-nor-
mal activity of porphobilinogen deaminase;

3. porphyria cutanea tarda (PCT), the most common porphyria, caused
by the decreased activity of uroporphyrinogen decarboxylase;

4. hepatoerythropoietic porphyria (HEP), an autosomal recessive disease
caused by the marked systemic deficiency of uroporphyrinogen decar-
boxylase;

5. hereditary coproporphyria (HCP), an autosomal dominant porphyria
resulting from the half-normal activity of coproporphyrinogen oxidase;

6. variegate porphyria (VP), an autosomal dominant porphyria due to
the half-normal activity of protoporphyrinogen oxidase.

Porphyria cutanea tarda (PCT) is the most common porphyria. It
results from decreased uroporphyrinogen decarboxylase activity in the
liver. Porphyrins accumulate in large amounts in the liver, and are
increased in the plasma and urine (Table 1) (1). Besides mutations in the
enzyme, many other factors can reduce the activity of uroporphyrinogen
decarboxylase, such as alcohol, hepatitis C infection, estrogen, HIV, smok-
ing, and increased hepatic iron content. Porphyria cutanea tarda is classi-
fied into three subtypes: type I (sporadic), type II (familial, autosomal
dominant), and type III (familial, rare) (1, 56-58). Type I PCT, known as
the “sporadic” form, is the most prevalent form of porphyria worldwide,
affecting approximately 1 person out of every 25000 in the US and 1 in
5000 in Czechoslovakia (1, 56). It can be acquired at any time during the
patient’s lifetime.

Several precipitating factors may induce PCT, particularly hepatitis C
infection (59-62). In southern Europe and in some locations in the United
States, 80% or more of patients with PCT are chronically infected with the
hepatitis C virus (1). Some patients with PCT also have HIV, suggesting
that HIV is also a risk factor (63, 64). Other factors include alcohol usage,
oral contraceptives, hormones, hexachlorobenzenes, and increased levels of
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iron in the blood (53, 65-71). All these factors that increase the need for
cytochrome P450 and heme may induce PCT and other porphyrias.
Hexacholorobenzene, a fungicide, is known to induce cutaneous porphyria.
A large outbreak of cutaneous porphyria occurred in eastern Turkey due to
the ingestion of wheat treated with hexacholorobenzene. The occurrence of
PCT is higher in males than in females, likely due to higher alcohol intake.
Estrogen-containing oral contraceptives and postmenopausal estrogen use
are often the cause of PCT in women.

Type II PCT, the “familial” form, results from a genetic mutation in
uroporphyrinogen decarboxylase. The homozygous dominant form of this
mutation leads to hepatoerythropoietic porphyria (72). It is very rare, and
is characterized by the production and buildup of surplus porphyrins not
only in hepatocytes, but also in the bone marrow. Type III is the rarest of
the types, and the origin of the disorder associated with this type is
unknown. Type III is similar to type II, but only has decreased activity in
the liver (1).

Symptoms and signs of porphyria cutanea tarda (PCT) include
cutaneous manifestations and hepatic abnormalities, but not neurologic
involvement. Cutaneous blistering and lesions develop when the skin is
exposed to sunlight (1, 68-70). A large number of pus-filled vesicles
may form on the outer surfaces of the body, particularly in the front of
the hands, on legs, arms, and face, where sun exposure is maximal. The
skin becomes extremely fragile and is torn easily, but the healing
process is much slower. Oftentimes the symptoms are comparable to
those of scleroderma, and misdiagnosis is a possibility. PCT may be
characterized further by the growth of excess facial hair, termed hyper-
trichosis, and too much coloration of the skin, hyperpigmentation (1,
68-70). Skin may thicken and in certain cases, calcify. Increased
amounts of ALA, porphobilinogen, and uroporphyrinogen are markedly
increased in a PCT patient’s urine, plasma, and feces. When these pre-
cursors absorb light from the visible portion of the electromagnetic
spectrum, they produce reactive oxygen radicals. These species then
damage the skin and produce lesions, perhaps through damage to lyso-
somes and activation of the complement proteins (1, 68-70), which
function in lysing and killing cells. PCT is also associated with abnor-
mal liver function tests, such as transaminases and y-glutamyltranspep-
tidase. The accumulation of porphyrins in the liver is much higher in
PCT than most other porphyrias. PCT also increases the risk of devel-
oping hepatocellular carcinoma (73, 74).
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All types of PCT (excluding HEP) respond well to treatment by phle-
botomy. Red blood cells are removed to deplete iron and to reduce the
level of porphyrins in the blood. Administration of chloroquinone or
hydroxychloroquine can also be used for treatment in all types of PCT
and HEP, if phlebotomies are not appropriate. Lower doses are ideal,
approximately 125 mg twice weekly, because a higher dose can cause fever,
nausea, and increased synthesis of uroporphyrin (1, 68-70).

Acute intermittent porphyria (AIP) is the most common acute por-
phyria (1, 75-77). It results from the half-normal activity of porphobilino-
gen deaminase. It often occurs in women between puberty and
menopause. It is precipitated by factors that increase the need for heme
biosynthesis, such as sex steroids, contraceptives and other prescribed
drugs, alcohol, stress, and fasting. Porphyrias may account for about 10%
of pain women experience prior to their menstrual cycle. The United
States experiences approximately 1-5 cases of AIP per 100000 people,
while Sweden ranks the highest in AIP patients with an average of 60—100
cases per 100000 (1, 77, 78).

The clinical manifestations of AIP involve the disturbances of visceral,
peripheral, and central nervous systems. Patients with AIP experience
acute episodes of neurovisceral problems accompanied by increased excre-
tion of porphyrin precursors (1, 77, 79). Acute attacks often start with
severe colicky abdominal pain, vomiting, and constipation (80).
Abdominal pain occurs in 85%-95% of acute cases and is the most com-
mon sign (81-83). It is usually severe, steady and poorly localized.
Tachycardia occurs in up to 80% of acute attacks (83). Peripheral neu-
ropathy involve primarily motor. Muscle weakness often begins in the
proximal muscles, and occurs more frequently in the arms than in the legs.
Seizures may occur in certain patients experiencing acute attacks (84).
Disturbances involving the central nervous system is common but highly
variable. Patients can experience severe anxiety, insomnia, depression,
disorientation, hallucinations, and paranoia. Suicide is reported to be
common.

ATP diagnosis can be diagnosed through a urine sample (1). When
compared to normal laboratory values, urine from AIP patients should
show increased levels of the porphyrin precursors ALA and PBG (Table 1).
Due to the deficient activity of PBGD, only partial amounts of these
metabolites can go further in the pathway to synthesize heme. Normal lab
values of PBG are approximately 5.3-9.2 nmol/L for women, and
3.4-9.5 nmol/L for men (80, 85). For AIP patients, these values are usually
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more than doubled. The porphyrins turn the urine dark red in color, and
when exposed to ultraviolet radiation from sunlight, the color may deepen
to dark purple.

Treatments for acute attacks include infusion of dextrose/
glucose and administration of synthetic heme arginate (79, 80, 86). The
latter medication is manufactured by only one company in the US and is
known by its brand name, Panhematin. Drugs that increase the synthesis
of cytochrome P450 and the need for heme, such as barbiturates, sulfon-
amides, and diphenylhydantoin may precipitate acute attacks and should
be avoided (76, 79, 80, 86). Many commonly used drugs such as antibiotics
and pain Kkillers can also exacerbate the problems of AIP and should be
avoided. An extensive list of drugs that are safe or unsafe in the cute por-
phyrias can be found at the American Porphyria Foundation’s website.

It is also worth noting that a general reduction of heme biosynthesis
can be associated with serious human diseases. For example, heme defi-
ciency alters the functions of diverse neuronal cells, and causes defects like
those observed in neurodegenerative diseases in neuronal cells (87-89). A
recent study shows that the levels of the two rate-limiting enzymes in the
heme biosynthetic pathway, ALA synthase and porphobilinogen deami-
nase (Fig. 1), are significantly reduced in the brains of Alzheimer’s disease
patients, compared to normal brains (90).

Heme is degraded continuously in the human body

In the normal human body, red blood cells are continuously made and
broken down when they reach the end of their life span at around 120
days. Senescent or old red cells are removed and engulfed by the reticu-
loendothelial system at extravascular sites. Heme is then released from the
globin chains and degraded. The first step in heme degradation involves
heme oxygenase (Fig. 2) (91, 92). Heme oxygenase selectively cleaves the
o-methene bridge of the porphyrin ring and generates biliverdin (blue-
green) in the presence of oxygen and NADPH (93). This involves an elec-
trophilic attack of ferrous iron in heme (Fig. 2). Subsequently, the heme
ring is opened nonenzymatically by the reaction of oxygen (94). Heme
oxygenase activity is highest in the spleen, which disposes senescent ery-
throcytes (95). In the liver, Kupffer cells and hepatocytes have heme oxy-
genase activity.

Two heme oxygenase (HO) enzymes, HO-1 and HO-2, have been iden-
tified, confirmed and characterized in mammals (96-98). HO-1 expression
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is inducible, while HO-2 expression is constitutive (99). The expression of
each gene differs by cell type, tissue distribution and regulation (100-102).
The regulation of HO-1 expression in mammalian cells is very complex.
HO-1 is induced by many factors, such as hypoxia, hydrogen peroxide,
heavy metals, heme and depletion of cellular glutathione (99, 103, 104).
The regulation of HO-1 expression by these factors is not only cell type-
dependent but also species-dependent. For example, hypoxia induces HO-
1 expression in rodent, bovine and monkey cells, but represses HO-1
expression in several human cell lines, including lung cancer Ab549 cells,
umbilical vein endothelial cells and glioblastoma cells (105-111).
Protoporphyrins containing other metals, such as tin, can bind to heme
oxygenase with high affinity, but cannot be degraded. They are potent
inhibitors of heme oxygenase.

Biliverdin is water soluble and is readily excreted by the liver in many
amphibian, avian, and fish species. It is the major bile pigment in these
animals. In mammals, however, biliverdin is further reduced to the orange
bile pigment, bilirubin, by the enzyme biliverdin reductase. Following its
formation in the reticuloendothelial system, bilirubin is released into the
blood, and is bound by serum albumin. Subsequently, bilirubin is cleared
rapidly by the liver. Bilirubin is a lipophilic, water-insoluble compound
(112). Tt is responsible for the yellow associated with bruises, urine, and
the yellow discoloration in jaundiced patients. Heme is the exclusive
source of bilirubin. In humans, 250 to 400 mg of bilirubin is formed due to
the degradation of heme-containing molecules or free heme (113). About
80% of bilirubin results from the degradation of hemoglobin in senescent
erythrocytes (114).

To permit its secretion into bile, bilirubin is rendered water-soluble by
conjugation with glucuronic acid (Fig. 3). This reaction is catalyzed by
the enzyme bilirubin UDP-glucuronyl transferase (Fig. 3) (115, 116).
Heme degradation has several purposes (112, 117, 118). First, it releases
iron from heme in hemoproteins and allows iron to be reused. Second, it
disposes the porphyrin compounds. Third, it generates carbon monoxide,
which is a neuromodulator. Finally, the heme degradation product, biliru-
bin, is a potent antioxidant (119-121). It can provide protection against
oxidative damage, when its level is not high enough to cause toxicity (117,
118). Bilirubin production reflects turnovers of biologically important
hemoproteins, particularly hemoglobin. At a steady-state condition of
blood hemoglobin levels, the rates of bilirubin production and heme
biosynthesis should be about the same.
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Fig. 3. The heme degradation pathway in humans.

Defects in heme degradation can cause serious diseases

The most common abnormality associated with defective heme degrada-
tion is hyperbilirubinemia, which would result in deposition of bilirubin in
the skin, thereby causing jaundice (92). Hyperbilirubinemia can result
from increased hemolysis (premature destruction of erythrocytes), such as
those occurring in sickle cell anemia, hereditary spherocytosis, and toxic
or idiosyncratic drug interactions. Hyperbilirubinemia can also result from
malfunction of the liver, for example, damage resulting from hepatitis
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infection or liver tumors. Another common form of jaundice is neonatal
jaundice (122). About half of all neonates may become clinically jaundiced
during the first 5 days of their life, largely because bilirubin UDP-glu-
curonyl transferase activity in the newborn is very low.

To treat neonatal jaundice, phototherapy is used (123). The infants
are placed under blue light (400-500 nm) so that bilirubin can be
degraded into non-toxic compounds. To treat jaundice in adults, Tin pro-
toporphyrin, which is a potent inhibitor of heme oxygenase, can be used.
Without proper management, profound unconjugated hyperbilirubinemia
can cause bilirubin encephalopathy (kernicterus) in patients, particularly
in neonates (124). Kernicterus usually presents between the 3rd and 6th
days of life (125). The signs include poor feeding and feeble suck reflex,
high-pitched cry, hyper- or hypotonia, and convulsion. If untreated, this
can progress to lethargy, atonia, and death. Long-term adverse effects
include asymmetric spasticity, sensorineural hearing loss, delay in motor
development, chorioathetosis, paralysis of upward gaze, dental dysplasia,
cognitive dysfunction, and mental retardation.

There are several forms of hereditary hyperbilirubinemia (92, 126).
They can be classified into two types: predominantly unconjugated and
conjugated hyperbilirubinemia (127, 128). The disorders associated with
predominantly unconjugated hyperbilirubinemia include Crigler-Najjar
syndrome types I and II and Gilbert syndrome (116, 129, 130). These
disorders are caused by mutations that cause the synthesis of a defective
UGT enzyme or a lower level of this enzyme (Fig. 3) (116, 131, 132).
The disorders associated with predominantly conjugated hyperbiliru-
binemia include Dubin-Johnson syndrome, Rotor syndrome, and benign
recurrent intrahepatic cholestasis (133, 134). These disorders are caused
by mutations of genes encoding functions required for the secretion of
conjugated bilirubin into bile. For example, Dubin-Johnson syndrome is
caused by a mutation of bile canalicular multispecific organic anion
transporter, involved in the excretion of many non-bile salt organic
anions (92).

In summary, heme is a metallo-organic molecule with unique and
complex chemical and biochemical properties. As such, complex enzy-
matic pathways and networks are necessary to maintain its homeostasis in
living organisms, particularly in humans. Any perturbation of such enzy-
matic pathways and networks can cause serious disorders in humans. The
next few chapters will further explore the diverse roles that heme plays in
controlling fundamental processes underlying health and diseases.
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Chapter 3

HEME

An Ingenious Regulator of Gene Transcription

Li Zhang

Overview

One important regulatory role of heme is to control the expression of
diverse genes by modulating the activity of transcriptional regulators. In
mammals, heme regulates the transcription of many genes that are crucial
for many fundamental processes, including circadian rhythmicity, pancre-
atic development, and the generation of red blood cells. In yeast, heme
regulates the transcription of many genes encoding functions required for
respiration and for controlling oxidative damage. Two well-studied exam-
ples of heme-regulated transcription factors are the yeast heme activator
protein Hapl and the mammalian transcriptional repressor Bachl. In
yeast, Hapl activates the transcription of many genes in response to
increased intracellular heme concentrations or oxygen levels. In mam-
malian cells, at low cellular heme concentrations, Bachl represses the
transcription of many genes, including those encoding globin chains.
When heme concentration increases, heme inactivates Bachl and allows
the repressed genes to be derepressed and activated. In this chapter, I
explain in detail how heme controls the activity of these two important
regulators Hapl and Bachl.

Heme can control the activity of diverse transcriptional
regulators

Organisms and tissues exhibit different capabilities and characteristics
largely due to the different proteins that are expressed in their cells.
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Gene transcription is the first step in the process of gene expression —
the process by which the synthesis of a functional gene product, usually
a protein, is accomplished based on the information from a gene (1).
Gene transcription, or RNA synthesis, allows the synthesis of an equiva-
lent RNA (ribonucleic acid) copy of a sequence of DNA (deoxyribonu-
cleic acid). The DNA sequence is read, and RNA is synthesized by an
enzyme called RNA polymerase. The transcription of various genes is
controlled via adjusting the activity of RNA polymerase. There are
many ways to do that. One of the most common ways is by the action of
regulatory proteins that can modulate the activity of RNA polymerase (1).
There are two classes of regulatory proteins: positive regulators that
enhance the activity of RNA polymerase, and negative regulators or
repressors that diminish the activity of RNA polymerase. Such regula-
tory proteins are often responsive to intracellular and extracellular
signals or cues.

Heme is a regulator that can control gene transcription by binding to
and modulating the activity of regulatory proteins in diverse organisms
(2-5). The activities of such regulatory proteins often rise and fall with
intracellular heme concentration. Such proteins include the yeast tran-
scriptional regulator Hapl (2, 6), the mammalian transcriptional repressor
Bachl (7-10), and the mammalian nuclear receptor Rev-erbo (11-13).
How heme controls the activity of Hapl and Bachl to regulate gene tran-
scription is the best investigated and best understood. I will therefore
explain these two cases in detail in this chapter. These cases should
provide a clear idea of how heme can work ingeniously to control gene
expression in yeast and mammals.

Heme serves as a secondary messenger of oxygen in yeast

Heme biosynthesis in yeast is achieved by the actions of the same eight
enzymes as those in mammals (14-16) described in Chapter 2. Two of
these enzymes, coproporphyrinogen III oxidase and protoporphyrinogen
oxidase, use oxygen as a substrate (14). In addition, Hon et al. (17) found
that the activity of the enzyme that catalyzes the last step of heme syn-
thesis, ferrochelatase, is also under the control of oxygen. All these effects
of oxygen on heme synthesis allow intracellular heme concentration to be
coordinated with the oxygen concentration in the environment, at the
oxygen range of 0.2-2 micromolar (17). At oxygen concentrations higher
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than 2 micromolar, heme is synthesized at high levels constitutively. This
correlation between heme concentration and oxygen level affords heme a
central role in mediating the effect of oxygen on gene expression. As such,
the activities of proteins and enzymes can be controlled by heme, instead
of oxygen.

Heme can control the expression of a high number
of genes in yeast

Although heme can serve as a secondary messenger of oxygen in yeast,
its role is not limited in mediating oxygen regulation. Data from previ-
ous microarray gene expression profiling analyses showed that heme con-
trols, directly or indirectly, the expression of a large number of genes in
the yeast Sacchromyces cerevisiae, a budding yeast used in brewing and
baking (Fig. 1). A fraction of the heme-regulated (induced and sup-
pressed) genes are also regulated by oxygen, showing that heme indeed
mediates oxygen regulation of a group of genes (see Figs. 1la and 1b). Fig. 1la
shows that 324 (303+21) genes are induced or activated by both heme
and oxygen, while 571 (568 +3) and 637 (620 +17) genes are induced only
by oxygen and heme, respectively. Fig. 1b shows that 139 (112+27)
genes are suppressed by both heme and oxygen, while 344 (334+10) and
341(337+4) genes are suppressed only by oxygen and heme, respec-
tively. Hapl is one of the regulators mediating both oxygen and heme
regulation. As shown in Fig. 1, it mediates the activation of 27 genes
activated by both heme and oxygen, and the suppression of 21 genes
suppressed by both heme and oxygen. In addition, Hapl can activate
eight (Fig. 1la) and can repress nine other genes (Fig. 1b).

Notably, a substantial number of heme-regulated genes are not regu-
lated by oxygen, showing that heme can also regulate the expression of
genes that are not affected by oxygen. Computational analyses further
identified potential regulators that may mediate oxygen and/or heme reg-
ulation of gene expression (Fig. 2). The results shown in Fig. 2 suggest
that a group of regulators (13+5) can mediate both oxygen and heme reg-
ulation of gene expression. A group of regulators, 18 (16+2), appear
to mediate only oxygen regulation, whereas another group of regulators,
7(5+2), appear to mediate only heme regulation. The regulation of gene
expression by Hapl appears to involve only regulators that mediate heme
and/or oxygen regulation. Fig. 2 shows that there is no regulator that



Hap1-suppressed genes
(b)

Fig. 1. Heme regulates the expression of a high number of genes in yeast.
(a) A Venn diagram illustrating the numbers of genes induced by oxygen, heme
and Hapl. (b) A Venn diagram illustrating the numbers of genes suppressed by
oxygen, heme and Hapl.

may mediate only the regulation of gene expression by Hapl, but not by
heme or oxygen. These results show that both oxygen and heme control
the expression of a high number of genes, while Hapl is a key regulator
mediating oxygen and heme regulation.
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Regulators mediating
regulation by Hap1

Fig. 2. A Venn diagram showing the numbers of regulators mediating oxygen
regulation, heme regulation, and Hapl regulation of gene expression in yeast.

The heme activator protein Hapl is a key regulator of gene
transcription in response to fluctuations in oxygen
and heme levels

Hapl is a large yeast protein containing 1483 amino acid residues (18).
Hapl activity is controlled stringently by heme concentration (Fig. 3).
When oxygen or heme level is high, it activates the transcription of genes
that encode functions required for respiration and for controlling oxida-
tive damage (6, 18-23). These include cytochromes, catalase, and yeast
hemoglobin (6, 23). Interestingly, these proteins and enzymes often use
heme as an essential cofactor or prosthetic group (24). The whole process
forms a continuous circle with heme and Hapl in control (Fig. 4). When
cells sense the presence of a substantial amount of oxygen, they make
heme in the mitochondria, the organelle that enables respiration. Then,
heme goes to the nucleus, the organelle where DNA is stored and RNA is
synthesized, to activate Hapl. Subsequently, genes that encode functions
required for respiration and for controlling oxidative damage are tran-
scribed, and proteins are made. These proteins then use heme to form
functional proteins and enzyme complexes, which in turn transport and
use oxygen. These proteins and enzymes may function in various
organelles, including mitochondria, the cytoplasm and others (Fig. 4).
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Fig. 3. Hapl activity is stringently controlled by heme concentration. The plot
shows the correlation between Hapl transcriptional activity with the levels of heme.
Heme levels are controlled by addition of the heme precursor, deuteroporphyrin
IX (dpIX).
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Fig. 4. The heme-Hapl regulatory loop in the budding yeast. When cells are grown
aerobically with high levels of oxygen, heme is synthesized in the mitochondria.
Heme is transported to the nucleus, where it activates Hapl. Activated Hapl in turn
stimulates the transcription of the genes that encode functions required for
respiration and for controlling oxidative damage. Transcripts or mRNAs are then
translated to make proteins. Many of these proteins, like cytochromes and other
hemoproteins, then incorporate heme and form functional protein and enzymes
complexes. These complexes in turn often act to transport or use oxygen.
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Hapl

RPM3/1 HRM1-6 RPM3 HRM7

Fig. 5. The domain structure of Hapl protein. Shown here are the domains or
regions of the Hapl protein that mediate DNA binding (DNA), heme regulation
(RPMs and HRMs), and transcriptional activation (ACT). RPM1-3 mediates the
repression of Hapl activity when cellular heme concentration is low. HRMs can
bind heme. In Hapl, only one HRM, HRM7, is necessary for conferring the
activation of Hapl activity by heme.

Hapl possesses the typical characteristics of transcriptional activa-
tors. It has a region called the DNA-binding domain that allows Hapl to
bind to DNA at the N-terminus (18) (Fig. 5). The Hapl DNA-binding
domain contains a C6 zinc cluster motif that is found in the yeast Gald
family of transcriptional regulators (25). The DNA-binding domains of
this family of regulators also contain a dimerization element, which allows
them to dimerize and bind to DNA as dimers (26-29). The C6 zinc cluster
motif recognizes and binds to a CGG triplet in DNA (27, 28, 30) (see
Fig. 6). Dimers of these transcriptional regulators bind to DNA sites
containing two CGG triplets (27, 28, 30). Hapl is unique among the Gal4
family of C6 zinc cluster proteins, because the Hapl dimer binds to
an asymmetric DNA site containing a direct repeat of CGG triplets,
instead of symmetrical DNA sites containing an inverted repeat of two
CGG triplets (31-33). The structure of the Hapl-DNA complex (33) is
shown in Fig. 6.

At the C-terminus, Hapl also has a region called the activation
domain that allows Hapl to make contact, directly or indirectly, with
RNA polymerase to activate transcription (Fig. 5) (18). Additionally, in
the interweaving region, a series of amino acid motifs and modules exist
to mediate heme regulation of Hapl activity (34, 35). These include the
HRMs (heme regulatory or responsive motifs). There are seven of them in
Hapl (Fig. 5): HRM1-6 near the DNA binding domain and HMR7 near
the activation domain. They are required for heme binding to Hapl and
for promoting Hapl to bind to DNA and activate transcription. Notably,
only HRMT is necessary and sufficient for mediating heme binding and
activation of Hapl. Besides HRMs, there are three important modules
called RPMs (repression modules) (Fig. 5): two near the DNA binding



Fig. 6. The structure of the Hapl-DNA complex. The Hapl fragment, containing
residues 55-135 in the Hap DNA-binding domain, is used in the structural
analysis. The image is generated based on the data from the Protein Data Bank.

domain and one near the activation domain (34, 35). They are responsible
for keeping Hapl inactive when the heme concentration is low. The exis-
tence of two distinct classes of Hapl elements mediating heme regulation
is also a distinctive characteristic of Hapl. This enables heme to regulate
Hapl stringently via a two-tier regulatory mechanism (6).

Although Hapl activity fluctuates with oxygen levels, this is mediated
completely via heme. Oxygen is not needed to activate Hapl if heme is
present (17). Likewise, Hapl is inactivated when the heme concentration
is low, even if the oxygen level in the environment is high. This kind of
regulators, including Hapl (6) and Bachl (9), are different from other
kinds of regulators, such as the neuronal transcriptional regulator, NPAS2
(36), which use heme as a prosthetic group to bind gases such as oxygen
and carbon monoxide. Importantly, the regulation of Hapl activity by
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heme also requires the action of other kinds of proteins known as molecular
chaperones.

Heme regulation of Hapl transcription-activating activity
requires the proper functioning of Hsp90 and Hsp70
molecular chaperones

Although Hapl contains motifs that can bind to heme, and these motifs
are critical for the activation of Hapl by heme, Hapl by itself cannot
respond to heme properly. Work in the Zhang lab identified two classes of
proteins, which are known as molecular chaperones (37-40). As indicated
by their names, they play essential roles in helping other proteins func-
tion. Particularly, Hsp70 and Hsp90 (with approximate molecular masses
of 70 and 90 kDa, respectively) molecular chaperones are known to be
critical for proper functioning of many regulatory or signaling proteins,
such as steroid receptors, in diverse organisms (41-57). In the same vein,
they are also required for the proper functioning of Hapl, a de facto
heme receptor. In cells with limiting levels of Hsp90, Hapl does not
become fully activated even at high heme concentrations (39). In cells
with limiting levels of Hsp70, Hapl becomes fully active even at low heme
concentrations (37-40).

It appears that Hsp70 chaperones act together with RPMs to ensure
that Hapl is inactive in cells with low concentrations of heme, whereas
Hsp90 chaperones act with HRMs to allow Hapl to bind heme and to be
activated (37-40, 58). Such a mechanism affords two tiers of control of
Hapl activity, so that a precise control of Hapl activity by heme is
achieved. Based on the work on molecular chaperones and Hapl motifs
and modules, a two-tier regulatory mechanism was suggested to explain
how heme regulates Hapl activity (Fig. 7) (40).

Very likely, newly synthesized Hapl is bound immediately by Hsp70
molecular chaperons and their cochaperones Ydjl and Sro9. As a result,
Hapl can be folded properly and be repressed. In this repressed state,
Hapl also adopts an activatable conformation, so that it can be readily
activated when the heme concentration increases (Fig. 7). Ydjl assists
Hsp70 in a variety of process (59, 60), whereas Sro9 appears to act specif-
ically in heme regulation of Hapl (38, 61). RPMs of Hapl likely make con-
tacts with Hsp70. Hsp90 may also associate with this Hapl-Hsp70
complex transiently and dynamically. When the heme concentration
increases, Hsp90 binds to the Hapl-Hsp70 complex much more strongly,
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HRM

Newly
synthesized

Repressed

Activated

Fig. 7. A cartoon illustrating the steps and complexes that may be involved in
mediating the regulation of Hapl activity by heme. Newly synthesized Hapl is
postulated to be bound, likely cotranslationally, by Hsp70 and cochaperone
proteins Ydjl and Sro9, forming a repressed complex. Hsp90 may transiently and
dynamically interact with this repressed complex. When the intracellular heme
concentration increases, heme binds to HRM7 and changes the conformation of
Hapl and the whole complex. Consequently, Hsp90 binds to the complex strongly,
causing Hapl to be fully activated and turning on the transcription of various
genes. For simplicity, all proteins are shown as monomers, although Hapl and
Hsp90 are known to function as dimers.
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and likely causes a conformational change in the complex (40, 58). As a
result, heme binds to Hapl via HRM7, leading to the activation of Hapl
transcription-activating activity (Fig. 7) (39, 58).

If the level of Hsp90 is low or if Hsp90 is mutated, this conformational
change can be inhibited. Consequently, Hapl remains inactive even at
high levels of heme (39, 40, 58). Interestingly, the mere association of
Hsp90 with Hapl does not allow Hapl to be activated by heme. For exam-
ple, when the Gly amino acid residue at position 313 in Hsp90 is mutated
to Asp, the mutant can still interact with Hapl, but is not able to support
heme activation of Hapl (39). Likewise, when the HRM7 motif in Hapl is
mutated, the Hapl mutant can still interact with Hsp90, but cannot be
activated by heme (58). These data show that conformational changes are
necessary for Hsp90 function and for heme activation of Hapl (39, 40, 58).
The Hapl-heme regulatory system is arguably the best understood exam-
ple of how heme controls the activity of regulatory or signaling proteins. It
provides a paradigm for studying other heme-regulated proteins and how
molecular chaperones may aid the regulation of regulatory or signaling
proteins (39).

Bachl: A heme-dependent transcriptional regulator
in mammalian cells

If the Hapl-heme regulatory system is an example of how heme can acti-
vate the activity of positive transcriptional regulators, Bachl provides an
example of how heme can control the activity of negative transcriptional
regulators, or repressors (7-10, 62-64). Bachl is the first mammalian
transcriptional factor found to bind heme and to be regulated by heme
concentration (9, 10). Bachl is expressed in diverse mammalian cells,
ranging from erythroid cells to skin and lung cells (7, 65-68). The target
genes of Bachl include o- and B-globin genes and the heme oxygenase
gene (2, 3, 7). The globin genes encode the globin chains, which bind to
heme and form oxygen-transport hemoglobin in mammals (69). The
heme oxygenase gene encodes the enzyme that degrades heme, as
described in Chapter 2. It converts heme to free iron, carbon monoxide
(a neuromodulator), and biliverdin (70-72). In mammals, biliverdin is
further transformed into bilirubin, an antioxidant and anti-inflammatory
agent (73).

The transcription of globin genes and the heme oxygenase gene is
induced by heme (2, 3). These genes contain a DNA site called MARE in
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their enhancers — the DNA elements that mediate the enhancement of
transcription from a distance (7, 8). Bachl forms heterodimers with a
class of proteins called small Maf proteins. The Bachl-Maf heterodimer
binds to MARE and causes the repression of the genes (9, 74). When the
intracellular heme concentration increases, the Bachl-Maf heterodimer is
displaced by activators, which then stimulate the transcription of the
genes containing MARE (9, 74). Thus, the regulation of Bachl activity by
heme is a crucial mechanism for regulating the expression of genes
containing MARE in mammalian cells.

Bachl, like Hapl, binds to heme via HRMs

Bachl in human cells contains 739 amino acid residues (8). It also con-
tains multiple domains (Fig. 8): the BTB domain that mediates protein-
protein interaction, the CLS domain that facilitates cytoplasmic
accumulation, and the basic Zip domain that facilitates nuclear accumula-
tion and DNA binding (7-9, 74-76). Additionally, Bachl, like Hapl, con-
tains HRMs (Fig. 8) (2, 77). Six HRMs are found in Bachl, although only
HRM3-6 appears to be important for heme regulation of Bachl (2, 77).
Recent studies suggest that five molecules of heme bind to Bachl (77).
The chemistry of heme binding to HRMs is quite simple (78). As shown in
Fig. 9, HRMs in Hapl and Bachl, like HRMs in other proteins, invariably
contain the CP residues (2, 77) (Fig. 9). Each HRM containing one CP
motif can bind one molecule of heme. The Cys residue coordinates the Fe
ion in heme and is crucial for heme binding. Mutation of the Cys residues
in either Hapl or Bachl abolishes heme binding in vitro, and heme regula-
tion in vivo.

1 ) BaChl_ 529 739
vz M
HRM1/2 HRM3-5 HRM6CLS

Fig. 8. The domain structure of Bachl protein. Shown here is the Bachl BTB
domain that mediates protein-protein interaction, the HRMs that bind to heme
and mediate heme regulation, the CLS domain that facilitates cytoplasmic
accumulation, and the basic Zip domain that facilitates nuclear accumulation and
DNA binding. Only HRM3-6 are required for the regulation of Bachl activity by
heme.
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Hapl1 Bachl

HRM1 KCPINH HRM1 LCPKYR
2 KCPVDH 2 QCPTEK
3 RCPVDH 3 ECPWLG
4 RCPVDH 4 NCPFIS
5 KCPVDH 5 PCPYAC
6 RCPIDH 6 DCPLSF
7 KCPVYQ

Fig. 9. Amino acid sequences of heme-responsive motifs (HRMs) in Hapl and
Bachl. The CP residues are invariably present in all motifs.

Heme affects Bachl at three levels

Initially, it was found that heme binds to Bachl and regulates its DNA-
binding activity (9). Specifically, heme binds to Bachl, via the C-terminal
region containing HRM3-6 (Fig. 8), and inhibits the DNA-binding activ-
ity of the Bachl-Maf heterodimer. When heme binds to Bachl, the Bachl-
Maf heterodimer dissociates from DNA, and causes the derepression and
induction of a host of genes with MARESs, such as the heme oxygenase
gene. Subsequently, it was shown that heme also triggers the export of
Bachl out of the nucleus (75). Heme-induced Bachl nuclear export
requires HRM3 and HMR4, but not HRM5 and HRM6. A protein called
Crml or exportin 1 assists the nuclear export of Bachl (75, 76).

Still, more recent work suggests that heme regulates the degrada-
tion of Bachl (79). Micromolar concentrations of heme were shown to
cause a significant reduction of the Bachl protein level in diverse cells,
including erythroid and fibroblast cells. The degradation of Bachl is
performed by sophisticated protein degradation machinery called pro-
teasomes (80-82). To be degraded, a protein needs to be first ubiquiti-
nated (83, 84). This ubiquitination involves the covalent attachment of
one or more ubiquitin molecules to the protein. Ubiquitin is a small
protein containing 76 amino acid residues (85). Once ubiquitinated,
proteins may be degraded by the proteasome degradation machinery
(80-82). In the case of Bachl, a protein called HOIL-1 facilitates its
ubiquitination and degradation (79, 86).

It appears that HRM3-6 is important for heme-induced, HOIL-1-
mediated degradation of Bachl (79). The Bachl region containing
HRM3-5 may contact HOIL-1 directly. Interestingly, HOIL-1 also facilitates
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Bach1  small Maf heme proteosome peptides

Fig. 10. A cartoon illustrating the regulation of Bachl activity by heme. When
the intracellular heme concentration is low, genes containing the MARE sequence
are bound by the Bachl-Maf dimer in the nucleus (Nuc), and are repressed. When
the intracellular heme concentration increases, heme binds to Bachl, causing it to
dissociate from MARE, and relocate to the cytoplasm (Cyt). Relocated Bachl in
the cytoplasm is then degraded into peptides by the proteasome machinery. The
dissociation of Bachl from MARE, its relocalization, and degradation all require
heme binding.

heme-induced degradation of another important regulatory protein, called
IRP2 (iron regulatory protein 2). It is a regulator of iron homeostasis in
mammals. Heme binds to it through an HRM in IRP2 and promotes
degradation (87).

Taken together, the data in the current literature show that
heme regulates Bachl activity via three different modes (Fig. 10) (9, 75,
77, 79). When the intracellular heme concentration is low, Bachl-Maf
heterodimer binds to genes containing MARE, such as the globin genes
and the heme oxygenase gene. These genes are repressed by Bachl. When
the intracellular heme concentration increases, heme binds to Bachl via
HRMs 3-6, causing the Bachl-Maf heterodimer to dissociate from
MARE. Then, Crml (exportin 1) becomes associated with Bachl. This
association facilitates the export of Bachl out of the nucleus.
Subsequently, HOIL-1 recognizes and binds to Bachl, causing it to be
ubiquitinated and degraded by the proteasome. All three steps, dissocia-
tion from DNA, nuclear export, and degradation, require the binding of
heme to HRMs.
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Perspectives

Besides Bachl and Hapl, heme has the capacity to regulate the activity of
other transcription factors. A recent computational search shows that over
50 transcription activators contain the potential heme-binding CP motifs
(Arvey et al., unpublished data). Experimental evidence also suggests that
other transcription factors can be regulated by heme. For example, the
transcriptional regulator Ptfla is regulated by heme in zebra fish (88).
Notably, the mammalian nuclear receptor Rev-erba., a transcriptional reg-
ulator that coordinates metabolic and circadian pathways, binds to heme
and is regulated by heme (11-13). Intriguingly, heme binds to Rev-erbo
via a histidine residue, although it contains an HRM-like motif with the
CP residues. What, if any role, this HRM may play in heme binding and
regulation, is not clear. Although the His residue is critical for heme bind-
ing and regulation, it has not been shown that it is sufficient. Thus, there
may still be a potential role for HRM to play in heme regulation of Rev-
erbo.. There is little doubt that more transcription factors will be shown
to be regulated by heme, as more studies are performed.
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Chapter 4

HEME-REGULATED elF2a
KINASE IN TRANSLATION
AND ERYTHROPOIESIS

Jane-Jane Chen and Rajasekhar NVS Suragani

Overview

Besides serving as a prosthetic group for hemoglobin, heme also regulates
translation in erythroid precursors by modulating the activity of heme-
regulated elF2o kinase (HRI). HRI balances synthesis of heme and globin
by sensing the intracellular heme concentration through its two heme-
binding domains. In heme deficiency, HRI is activated by autophosphory-
lation, and phosphorylates the o-subunit of eukaryotic initiation factor
(elF20), which impairs the recycling of eIF2 for translational initiation
and results in cessation of protein synthesis. In the absence of HRI, uncon-
trolled protein synthesis in heme deficiency results in globin aggregation
and precipitation in the red blood cell and its precursors. In addition to
general inhibition of protein synthesis, phosphorylation of elF2a by HRI
in erythroid precursors also leads to a selective increase in the translation
of ATF4 mRNA. The induction of gene transcription by ATF4 may help
cells mitigate and adapt to stress. Indeed, HRI is necessary for adaptive
gene expression in erythroid precursors under the stress of iron deficiency.
In the absence of HRI, stress erythropoiesis during iron deficiency is ham-
pered by a severe inhibition of erythroid differentiation. Thus, transla-
tional control by HRI not only regulates hemoglobin synthesis but also
erythroid differentiation during stress erythropoiesis.
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Introduction

Iron deficiency anemia is very common with an incidence of appro-
ximately 1 billion cases worldwide and is marked clinically by micro-
cytic hypochromic red blood cells (reviewed in Refs. 1-2). Microcytosis
and hypochromia in iron deficiency has led to earlier studies, which
demonstrate the stimulation of hemoglobin synthesis by inorganic iron in
immature erythroid cells (3-5). Further studies showed that heme, not
iron per se, is required for protein synthesis in reticulocyte lysates since
the iron-chelating agent, desferrioxamine, does not block the stimulatory
effect of heme (6, 7). Thus, in addition to serving as a prosthetic group for
hemoglobin, heme also regulates translation in erythroid precursors. Iron
is incorporated into protoporphyrin IX in the last step of heme biosyn-
thesis by ferrochelatase to form heme. Consequently, iron deficiency
leads to heme deficiency. Heme-iron accounts for the majority of the
iron in the human body, and hemoglobin contains as much as 70% of the
total iron content of a normal adult. Accordingly, iron and heme home-
ostasis plays very important roles in hemoglobin synthesis and erythroid
differentiation.

Mature red blood cells (RBCs) are packed with a very high concentra-
tion of hemoglobin, approximately 5 mM (340 mg/mL) in both humans
and mice. It is critical during erythroid differentiation and maturation
that the three components of hemoglobin, a-globin, B-globin and heme,
are made in the 2:2:4 ratio in order to form stable 0B, hemoglobin com-
plexed with four heme molecules. Imbalance of these three components
can be deleterious since each component in excess is cytotoxic to RBCs
and their precursors. The significance of the globin to heme ratio is well
demonstrated by the hypochromic anemia in iron deficiency. Translational
control by the heme-regulated inhibitor kinase (HRI) provides one major
mechanism to ensure the balanced synthesis of globins and heme.
Additionally, heme also regulates transcription of globin and heme oxyge-
nase-1 genes (8). In this review, we will focus on the roles of heme and
HRI in translation and erythropoiesis.

HRI is responsible for heme-regulated translation
in erythroid precursors

Protein synthesis in erythroid precursors is dependent on the availability
of heme. Heme deficiency causes disaggregation of polysomes and inhibition
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of protein synthesis in reticulocytes (7, 9, 10). On addition of hemin,
polysomes reform and protein synthesis is restored (7, 11). This inhibition
of protein synthesis in heme deficiency is associated with a marked
decrease in the formation of 40S-eIF2-Met-tRNA;GTP (the 43S pre-initiation
complex) (12), and with a rapid increase in the phosphorylation of the o
subunit of eIlF2 (13, 14). The phosphorylation of elF2o is concomitant
with the activation of HRI (15-17). HRI was later shown to be the heme-
regulated elF2a kinase that phosphorylates the a-subunit of elF2
[(18, 19) and reviewed in (20)].

The molecular mechanism of inhibition of translational initiation by
the phosphorylation of eIF2a has been studied extensively [reviewed in
(21, 22)], and is illustrated in Fig. 1. eIF2 is a heterotrimeric protein
which binds GTP, initiating Met-tRNA; and the 40S ribosomal subunit to
form the 43S pre-initiation complex. elF2 exists in two forms, the inactive
elF2-GDP and the active elF2-GTP. The GTP in the eIF2-GTP complex
is hydrolyzed to GDP upon binding of the 60S ribosomal subunit to the
43S pre-initiation complex during translation. The recycling of elF2 for
another round of translational initiation therefore requires the exchange of
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its bound GDP for GTP. However, elF2 has a 400-fold greater affinity for
GDP than for GTP under physiological conditions. This exchange of
tightly bound GDP for GTP requires another initiation factor eIlF2B,
which is rate limiting with a concentration of 15% to 25% of elF2. When
elF2a is phosphorylated by HRI at Ser51, the phosphorylated elF2(oP)-
GDP binds much more tightly to elF2B than eIF2-GDP does and pre-
vents the GDP/GTP exchange activity of eIF2B (23). Thus, once the
amount of phosphorylated elF2 exceeds that of eIF2B, protein synthesis is
shut off. The inhibitory effect of HRI on protein synthesis is reversed fol-
lowing heme repletion [reviewed in (20)]. This recovery of protein synthe-
sis requires not only the inactivation of HRI by heme but also the removal
of the inhibitory phosphate at Serb51 of elF2a by type-1 phosphatase
(PPase 1) (24-29) to regenerate the active eIF2-GTP (Fig. 1).

Studies using polyclonal and monoclonal antibodies to HRI have
shown that HRI is principally responsible for the inhibition of protein
synthesis during heme deficiency (30, 31). Using targeted disruption of the
HRI gene in mice, Han et al. have demonstrated that HRI-null (Hri~/~)
reticulocytes have an increase in protein synthesis along with significantly
less eIF2a phosphorylation as compared to Hri*/* reticulocytes (32). This
increase in protein synthesis is accompanied by an increase in larger size
polysomes in Hri™/~ reticulocytes. There is no difference in the B-globin
mRNA levels between Hri +/+ and —/— reticulocytes. Therefore, Hri™/~
reticulocytes have a higher rate of translation initiation, providing in vivo
evidence for the role of elF2a phosphorylation by HRI in the regulation of
translational initiation. Furthermore, protein synthesis in Hri~/~ reticulo-
cytes does not increase with the addition of hemin as seen in Hri*/*
ulocytes. These results establish unequivocally that HRI is essential for
heme-regulated translation in reticulocytes (32).

retic-

Phosphorylation of elF20; under diverse cellular
stresses by the family of elF20 kinases

Phosphorylation of elF20. occurs under diverse stress conditions in addi-
tion to heme deficiency, and is a key regulatory step in regulation of pro-
tein synthesis that is conserved in eukaryotes from yeast to human
[reviewed in (33)]. Indeed, preemptive phosphorylation of elF2a pro-
tects cells from oxidative and endoplasmic reticulum (ER) stresses (34).
Besides HRI, three other elF2qa kinases are known: the double-stranded
RNA-dependent elF2a kinase (PKR), the GCN2 protein kinase and the
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Fig. 2. The family of elF2o kinases: protein domains, regulators and tissue
expression. All four mammalian elF2a kinases share amino acid sequence
homology in their kinase domains (shaded blue). The signature sequence of elF2o
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domains of each kinase are also labeled. The total number of amino acid residues
in each kinase from mice is shown at the end of each kinase schematic. KD1:
kinase domain 1; KD2: kinase domain 2; HisRS, histidyle tRNA synthase-like
domain; ER, ER sensing domain; TM, transmembrane domain.

PKR-like ER resident kinase (PERK). This family of eIF2a kinases
share extensive homology in their kinase catalytic domains (35-41) and
phosphorylate elF2a at the same Ser51 residue (40-43). While they
share a common mode of action, each kinase elicits a different physiologi-
cal response as a consequence of both distinct tissue distributions and
different signals to which they respond via their unique regulatory
domains (Fig. 2).

PKR responds to viral infection [reviewed in (44)] while GCN2 senses
nutrient starvations [reviewed in (45)]. PERK is activated by ER stress
[reviewed in (46)], and HRI is regulated by heme [reviewed in (20)]. PKR
is expressed ubiquitously and is induced by interferon. GCN2 is highly
expressed in the brain and liver while PERK is highly expressed in the
pancreas. HRI is highly expressed in erythroid precursors and is induced
during erythroid differentiation (47, 48). The unique function of each
of these elF2a kinases in response to different stresses has been validated
by phenotypes of knockout mice deficient in each of four elF2a kinases.
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Pkr~/~ mice are compromised in their ability to respond to viral challenges
(49, 50), and Perk™" mice develop diabetes between 2 and 4 weeks of age
(51). Gen2™/~ mice have reduced viability upon amino acid starvation (52)
and lack the ability to discriminate imbalanced diets (53, 54). GCN2 is
also involved in memory acquisition (55). The erythroid response of Hri~/~
mice to heme deficiency is abnormal (32, 56, 57). HRI is also necessary to
reduce phenotypic severities of inherited red cell disorders of B-thalassemia
and erythroprotoporphyria (56). The knockin mice homozygous for the
nonphosphorylatable elF2o Ser51Ala mutation (elF200 A/A mice) at the
endogenous elF2a loci cannot be phosphorylated by elF2a kinases; there-
fore they are defective in the regulation by eIlF20P. elF200 A/A mice have
more severe phenotypes than knockout mice of each elF2a kinase and die
of hypoglycemia shortly after birth (58).

Activation of HRI by autophosphorylation

In heme-deficient reticulocyte lysates, inhibition of protein synthesis is
accompanied by the increased phosphorylation of both HRI and elF2o (13).
HRI is present as a homodimer and no significant change in the molecular
size of HRI is observed upon its activation in heme deficiency (59-61). Using
inactive HRI mutants in which the conserved K199 in rabbit HRI and K196
in mouse HRI have been changed to Arg, we have established unequivocally
that HRI is activated by autophosphorylation (64, 65, 67, 68). Purified HRI
undergoes intermolecular multiple autophosphorylation in the absence of
heme (62-65). HRI autophosphorylation correlates well with the conversion
of inactive ProHRI to activated HRI in heme deficiency (62). There are eight
major tryptic phosphopeptides in fully autophosphorylated HRI (66).

The model depicted in Fig. 3 summarizes findings from our laboratory
on the activation of HRI by multiple autophosphorylation in heme defi-
ciency. We propose that newly synthesized HRI is rapidly dimerized and
undergoes multiple intermolecular autophosphorylation in heme deficiency
in three stages. In the first stage, autophosphorylation of newly synthe-
sized HRI stabilizes the ProHRI against aggregation. Although ProHRI is
an active autokinase, it lacks elF20a kinase activity. Additional multiple
autophosphorylation in the second stage is required for the formation of
stable dimeric heme-reversible HRI. In heme abundance, heme binds to
the second heme-binding site in the kinase insert (KI) domain and
represses the activation of heme-reversible HRI. In the heme deficiency,
heme-reversible HRI undergoes the final third stage of autophosphorylation,
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Fig. 3. A schematic model of the activation of HRI by multiple auto-
phosphorylation. During the biosynthesis of HRI in hemin-supplemented
reticulocyte lysates, Hsp90 and Hsc70 are associated co-translationally with HRI
(117, 118). These chaperones are necessary for proper folding and maintenance of
HRI in its inactive ProHRI form, which can be activated by heme deficiency. It is
most likely that both heme-binding sites of the ProHRI have heme bound. In
heme deficiency, ProHRI is converted to stable heme-reversible HRI by
dissociation of the heme bound to the kinase insert (KI) domain and subsequent
autophosphorylation (74). Purified heme-reversible HRI is a stable homodimer
held together by non-covalent interactions. This HRI is autophosphorylated and
has one heme stably bound per subunit to its N-terminal domain, and is an active
autokinase regulated by heme (64). Further autophosphorylation of HRI at
Thr485 activates its elF2a kinase activity (66). This activated HRI is no longer
regulated by heme (heme-irreversible HRI) and is degraded (66). In heme
abundance, heme binds to the KI domain of HRI, promotes intersubunit disulfide
formation in the HRI homodimer and inhibits kinase activity. Heme molecules are
represented by hexagons; S for stable heme-binding while R for reversible heme-
binding.

attains elF2o kinase activity and is no longer regulated by heme (heme-
irreversible HRI).

Thr485 in the activation loop of mouse HRI is one of the residues
autophosphorylated by heme-reversible HRI and is essential for attaining
elF2a kinase activity in heme deficiency as well as in sodium arsenite-induced
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activation of HRI (66). Several other potential autophosphorylation sites
at the second and third stages of HRI autophosphorylation have also been
identified (Rafie-Kolpin and Chen unpublished). The functions of the
phosphorylation of each of these residues in the activation, stability and
solubility of HRI remain to be investigated.

Inhibition of HRI activity by heme

Hemin (the oxidized form of heme with Fe™) has been shown to bind to
highly purified HRI. This binding results in the inhibition of both
autophosphorylation and HRI-mediated eIlF20 phosphorylation (63, 64,
69). Native rabbit reticulocyte HRI and recombinant HRI expressed from
baculovirus-infected insect Sf9 cells (BV-HRI) and E. coli have been puri-
fied to near homogeneity (64, 65). This purified HRI is a stable homod-
imer, undergoes autophosphorylation and phosphorylates elF2a. Both
autokinase and elF2o kinase activities are inhibited by submicromolar
concentrations of hemin with an apparent K; (concentration at 50% inhi-
bition) of 0.2 uM. The ATP binding to HRI is inhibited by prior treat-
ment of HRI with hemin in a concentration-dependent manner (70). Thus,
inhibition of autophosphorylation and elF20 phosphorylation of HRI by
heme is likely the result of blocking ATP binding to HRI.

Hemin also promotes intersubunit disulfide bond formation in HRI
homodimers (61, 64, 71). There is a positive correlation between intersubunit
disulfide formation of HRI and the inhibition of HRI kinase activities in vitro
by various porphyrin compounds that are structurally similar to hemin.
Furthermore, there is a positive correlation between the abilities of various
porphyrin compounds to promote intersubunit disulfide formation of HRI
and the maintenance of protein synthesis, the reversal of the inhibition of pro-
tein synthesis and the phosphorylation of elF2a. in rabbit reticulocyte lysates
(61). These findings underscore the importance of free sulfhydryls and inter-
subunit disulfide bond formation in the regulation of HRI by heme (Fig. 3).

Two distinct heme-binding domains in the cooperation
of heme-regulation of HRI

Earlier study of Chefalo et al. has shown that BV-HRI purifies as a
hemoprotein with the three characteristic absorption peaks in the visible
wavelength, the Soret band at 424 nm and the o and [ bands around 550
nm (64). St 9 cells are low in heme content, and expression of some functional
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Fig. 4. Protein domains of HRI and the evolutionary conservation of heme
coordination in HRI. HRI is divided into five domains as indicated. The amino
acid sequence of mouse HRI is used here. Heme molecules are marked in red; S
denotes the stable heme-binding site while R denotes the reversible heme-binding
site. * marks the histidine residues that coordinate the heme molecule. ~
the positions of CP, putative heme-regulated motifs.
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hemoproteins such as cytochrome P450 and nitric oxide synthase (72, 73)
requires the addition of hemin to the culture medium. Thus, the finding
that HRI purifies as a hemoprotein from Sf 9 cells without added exogenous
heme indicates that HRI has a high affinity for heme in vivo. Furthermore,
there are two distinct types of heme-binding sites per HRI homodimer (64).
One type of binding site is nearly saturated with stably-bound endogenous
heme co-purified with HRI while the other binding site is available to bind
hemin reversibly (Fig. 4). This second reversible heme-binding site is likely
to be responsible for the down-regulation of HRI activity by heme (64). The
stoichiometry of two heme molecules per HRI monomer has been confirmed
by direct measurement of heme chromophore through alkaline pyridine
treatment of homogeneous heme-saturated HRI (65).

As shown above in Fig. 2, there are three unique regions of HRI in the
N-terminus, the KI and the C-terminus. The N-terminal 130 amino acids of
HRI are necessary for stable high-affinity heme-binding to HRI. N-terminally
truncated Met2 (A103) and Met3 (A130) HRI are active elF2o kinases
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and autokinases; their specific e[F20o kinase activities are about 50% that
of the wild type (wt) HRI. These results suggest that the N-terminus may
be important for achieving a higher specific elF2o kinase activity,
although it is not essential for the kinase activity of HRI. Moreover, the
N-terminus is essential for the high sensitivity of HRI to heme regulation
since Met2 and Met3 HRI are 10 times less sensitive to heme inhibition as
compared to Wt HRI (74). Additionally, both N-terminus and KI can
bind heme whereas Kinase I, Kinase II, and C-terminus cannot (74) (Fig. 4).
When expressed in the presence of 5 UM hemin, the N-terminal domain,
but not the KI, purified as a hemoprotein with a visible pink color. This
observation together with the loss of stable heme binding in Met2 and
Met3, indicate that KI is the heme-binding site responsible for the
reversible heme-regulation of HRI (74).

Conserved residues His75 and His120 were identified to be the proxi-
mal and distal heme ligands respectively in the N-terminus domain [(75, 76),
and our unpublished observations] as illustrated in Fig. 4. Mutation of
His75 and His120 individually to Ala in full-length HRI resulted in
decreased sensitivity to heme inhibition, similar to N-terminally truncated
HRI (Yen and Chen unpublished). This finding further underscores the
importance of heme coordination in the N-terminus in the down-regulation
of HRI activity. Thus, HRI is a unique and novel hemoprotein with dual
heme-binding domains. Furthermore, there is cooperation between the two
heme-binding domains to achieve efficient heme regulation of HRI kinase
activities. In this regard, heme has been shown to stabilize the binding of
the N-terminus domain with N-terminally-truncated HRI (77) as well as to
stabilize the binding of the N-terminus domain with the KI domain (78).

HRI contains two putative heme regulatory motifs (HRMs) (79-81),
Cys409/Pro410 and Cys550/Pro 551 in mouse HRI, which are not present
in the other three members of eIF2a kinases (Fig. 4). The significance of
these HRM motifs in heme regulation of HRI is not clear. These two Cys
residues have been mutated individually to Ser with no apparent effect on
the heme responsiveness of HRI (74). Additionally, these two Cys residues
are not conserved in chicken, xenopus or fish HRI (82, 83), indicating that
they may not be important for the heme regulation of HRI. However, a
recent study suggests that His120 and Cys409 are heme ligands in the full-
length HRI (78). The proposed role of Cys409 by Igarashi et al. in the reg-
ulation of HRI by heme is in conflict with the fact that this Cys residue is
not conserved in HRI from fish, xenopus, bird and chicken. One possible
explanation of the discrepancy between these results is the use of different
expression systems to obtain recombinant HRI. In contrast to the E. coli
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system (65), Sf 9 expression system permitted heme incorporation into the
N-terminus of HRI (64). Furthermore, HRI expressed in the E. coli system
is also multiple hyperphosphrylated (65).

Tissue expression and phylogenetic conservation of HRI

HRI protein and mRNA are expressed highly in erythropoietic tissues of
the bone marrow, spleen and fetal liver (47). In addition, HRI mRNA lev-
els increase during erythroid differentiation of mouse erythroleukemic
(MEL) cells, and this increase is dependent on the presence of heme (47).
Similarly, HRI mRNA is increased during erythroid differentiation of
G1E-Er4 embryonic stem cells (84). Most significantly, HRI expression is
also increased during erythroid differentiation of fetal livers in vivo (48).
HRI is not detectable in mature RBCs (85). While there are increasing
reports of the expression of HRI in non-erythroid cells (39, 86-89), it is
important to note that HRI is expressed at two orders of magnitude
higher in erythroid precursors as compared to non-erythroid cells such as
macrophages (57).

HRI homologs are present in vertebrates with amino acid sequence
identity to mouse HRI ranging from 45% in fish to 82% in humans.
Importantly, the two heme ligands in the N-terminal heme-binding domain
described above, His75 and His120, are conserved in all vertebrate HRI
(Fig. 4). Interestingly, Schizosaccharomyces pombe not only has GCN2 but
also has two additional elF2a kinases, which have greater homology to
HRI (27% identity, and 45% homology) than to other eIF2o kinases.
Although these two HRI-related elF2o kinases can be regulated by heme
in vitro, albeit with a higher Ki, these HRI-related kinases do not respond
to iron/heme deficiency in vivo (90) as mammalian HRI does (32). They
do, however, respond to oxidative and heat stress (90, 91) like mouse HRI
in erythroid precursors (68). Searches of the current NCBI database reveal
the presence of the pombe-like HRI related kinases in Anapheles gambiae,
Aedes aegypti, Tribolium castaneum, Bombyx mori, Branchiostoma flori-
dae, Ciona intestinalis and Nematostella vectensis. The N-terminus
sequences of these HRI-related kinases are much less conserved than those
of vertebrate HRI. Furthermore, His75 is no longer conserved while His120
is replaced with Tyr in these HRI-related kinases. There is no HRI in
Saccharomyces cerevisiae, Caenorhabditis elegans or Drosophila melano-
gaster. Although it has been suggested that the malarial parasite elF2q.
kinase, PfPk4, is heme-regulated (92), no significant homology has been
found to the heme-binding domains of mammalian HRI.
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The higher degree of conservation of vertebrate HRI from fish to
human, the high level expression of HRI in erythroid cells and the high sen-
sitivity of HRI to heme regulation support the notion that HRI evolved
when diffusion alone could no longer supply the increasing demands for oxy-
gen and blood circulation was established wherein hemoglobin is carried in
red blood cells. Vertebrate HRI retains its ability to respond to oxidative
stress and heat stress (68) similar to the pombe HRI-related kinase (91).

Coordination of heme and globin synthesis by HRI

In the formation of stable oyB, hemoglobins, it is important to keep the
concentrations of globin chains and heme balanced. Globin chains misfold
and precipitate in the absence of proper binding to heme, as observed
in vitro (93, 94) and in vivo with unstable hemoglobins caused by muta-
tions that decrease heme incorporation (95, 96). Excess heme causes
oxidative stress and is also cytotoxic. Biochemical and in wvitro studies
described above suggest that HRI may serve as a feedback inhibitor of glo-
bin synthesis to balance heme and globin synthesis by sensing heme avail-
ability as illustrated in Fig. 5. This hypothesis has been proven by
targeted disruption of the HRI gene in mice (32).

To reveal the physiological function of HRI, heme deficiency was
induced by feeding mice with an iron-deficient diet (32). The normal
adaptive response to iron deficiency in humans and mice is the well-
characterized microcytic hypochromic anemia with decreased mean cor-
puscular volume (MCV) and mean cell hemoglobin (MCH) in RBCs
(Fig. 6). In Hri~/~ mice, this physiological response to iron deficiency was
dramatically altered. These mice develop a very unusual pattern of slight
hyperchromic normocytic anemia with an accentuated decrease in RBC
counts. Thus, HRI is critical in determining the size, number and hemo-
globin content of the RBC. HRI is solely responsible for the adaptation of
microcytic hypochromic anemia in iron deficiency.

Multiple variably sized globin inclusions were observed within retic-
ulocytes and to a lesser extent within fully mature RBCs in iron-
deficient Hri™/~ mice as illustrated in Fig. 6. Together, studies using
HRI knockout mice in iron deficiency uncovered the function of HRI in
coordinating the synthesis of globins in RBC precursors with the con-
centration of heme in vivo as illustrated in Figs. 5 and 6. HRI normally
ensures that no globin chains are translated in excess of what can be
assembled into hemoglobin tetramers for the amount of heme available.
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Fig. 5. HRI as a heme sensor to balance globin translation with heme con-
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centrations. During the synthesis of hemoglobin, one molecule of heme is
incorporated into each globin chain. When heme concentration is high, heme binds to
HRI and keeps HRI in an inactive state, thereby permitting globin protein synthesis
and the formation of stable hemoglobin. In heme deficiency, HRI is activated by
autophosphorylation. Activated HRI phosphorylates elF20 and inhibits globin
protein synthesis by the mechanism illustrated in Fig. 1. HRI, therefore, acts as a
heme sensor and a feedback inhibitor of globin synthesis to ensure that no globin is
translated in excess of the heme available for assembly of stable hemoglobin. This
figure is modified from the figure published originally in EMBO Journal. Han AP,
Yu C, Lu L, Fujiwara Y, Browne C, Chin G, Fleming M, Leboulch P, Orkin SH,
Chen JJ. 2001. Heme-regulated elF2a kinase (HRI) is required for translational
regulation and survival of erythroid precursors in iron deficiency. EMBO J. 20:
6909-6918.

In the absence of HRI, heme-free globins precipitate in iron deficiency
and become a major cell destruction component in the pathophysiology
of iron deficiency anemia (32). Moreover, the survival rate of iron-deficient
Hri~/~ mice upon phenylhydrazine-induced hemolytic erythroid stress
was dramatically reduced (32). Hri”/~ RBCs were much more sensitive
to additional stress such as oxidative stress induced by the administra-
tion of phenylhydrazine. This finding indicates that HRI plays a protec-
tive role in maintaining the integrity of mature red cells, particularly
during combined assaults of iron deficiency together with additional
stress.

The importance of HRI in the pathophysiology of heme deficiency dis-
orders was further demonstrated by generating mice with combined defi-
ciencies of HRI and ferrochelatase (Fech). Fech-deficient mice have a point
mutation in Fech gene resulting in substitution of the amino acid at posi-
tion 98 from Met to Lys. This mutation reduces the Fech enzyme activity
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Fig. 6. Necessity of HRI for the adaptation of microcytic hypochromic anemia in
iron deficiency. In iron deficiency, heme concentration declines which leads to HRI
activation and inhibition of globin synthesis as illustrated in Fig. 3. This results in
decreased hemoglobin and total protein content in Wt RBCs. In the absence of
HRI (Hri~/), protein synthesis continues in the face of heme deficiency, resulting
in excess globins. These heme-free globins are unstable and precipitate as
inclusions (highlighted in green) in RBCs and their precursors, causing destruction
of these cells. Hri~/~ RBCs are of normal cell size, not microcytic, and slightly
hyperchromic. However, there is significant decrease in the RBC number,
reticulocytosis and splenomegaly in Hri™/~ mice. This figure is modified from the
figure published originally in EMBO Journal. Han AP, Yu C, Lu L, Fujiwara Y,
Browne C, Chin G, Fleming M, Leboulch P, Orkin SH, Chen JJ. 2001. Heme-
regulated elF20 kinase (HRI) is required for translational regulation and survival
of erythroid precursors in iron deficiency. EMBO J. 20: 6909-6918.

drastically to only 3%—6% of the Wt enzyme (97). Since Fech (the last
enzyme of heme biosynthesis) inserts iron into protoporphyrin IX (PPIX)
to form heme, Fech-deficient mice are functionally heme-deficient, and
accumulate PPIX, similar to the human disease of erythropoietic proto-
porphyria (EPP) (97, 98). HRI was activated in Fech-deficient reticulo-
cytes, providing the in wvivo evidence that HRI is regulated directly by
heme and not by iron (56).

In the presence of HRI, Fech-deficient mice developed a microcytic
hypochromic anemia. These mice became significantly more anemic in
HRI deficiency. However, the MCV and MCH were not significantly
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decreased in HRI deficiency; the decreased hemoglobin was due to an
overall decrease in the number of normochromic, normocytic RBCs, simi-
lar to the unusual effect of HRI deficiency on the normally microcytic ane-
mia of iron deficiency (32). Furthermore, inclusion bodies were observed
in reticulocytes from HRI deficient Fech-deficient animals. The morpho-
logically and biochemically similar red cell abnormalities elicited by the
absence of HRI both in iron and heme deficiencies further underscore the
importance of HRI in inhibiting protein synthesis to avoid accumulation
of excess heme-free globins in heme deficiency states.

Regulation of erythroid differentiation by HRI

Erythropoiesis in humans and mice is highly hierarchical (reviewed in
(99)). The earliest committed erythroid progenitor identified is the burst-
forming unit erythroid cell (BFU-E), followed by colony-forming unit cell
(CFU-E). In the presence of erythropoietin, these erythroid progenitors
grow and differentiate to proerythroblasts, basophilic, polychromic and
orthochromic erythroblasts as illustrated in Fig. 7. The nuclei are then
extruded upon maturation to reticulocytes. Finally erythropoiesis is com-
pleted with the elimination of mitochondria, ribosomes and other
organelles to form mature erythrocytes.

Different stages of erythroid differentiation in mice can be monitored
by expression of CD71 transferrin receptor and erythroid-specific cell sur-
face Ter119 protein using fluorescent activated cell sorting (FACS) analy-
sis (100, 101). As erythroid progenitors differentiate, there is a transient
increase of CD71 expression and increase of Terll9 expression at the
basophilic erythroblast stage. Thus, BFU-E and CFU-E cells are
CD71°"Ter119™, proerythroblasts are CD71M"Ter1197; basophilic ery-
throblasts are CD71"8"Ter119%; polychromic and orthochromic erythrob-
lasts are CD71™¢4"™ Ter119* (Fig. 7).

In addition to accumulation of globin inclusions in reticulocytes and
RBCs, Hri~/~ mice also develop ineffective erythropoiesis during iron defi-
ciency with marked erythroid expansion and increased apoptosis of ery-
throid precursors in the bone marrow and spleen (32). Liu et al. have
reported recently that erythroid differentiation of E14.5 fetal cells in iron
deficiency was inhibited at the basophilic erythroblast stage, and this inhi-
bition was more severe in HRI deficiency (102). Furthermore, microarray
gene profiling analysis demonstrates that HRI is required for adaptive
gene expression in erythroid precursors during chronic iron deficiency. The
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Fig. 7. Dual roles of HRI in erythropoiesis. During erythroid differentiation, HRI

expression increases starting with basophilic erythroblasts through reticulocytes.
In reticulocytes, the role of HRI is limited to translational control only because
there are no nuclei in these cells. In the nucleated precursors, the role of HRI
extends beyond translational control to transcriptional control by the selective
translation of transcriptional factors such as ATF4.

number of genes with expression affected more than 2-fold increased from
213 in iron deficiency and 73 in HRI deficiency to 3135 in combined iron
and HRI deficiencies. Many of these genes are regulated by master ery-
throid transcriptional factors, Gatal and Fogl (102). These results
demonstrate the necessity of HRI in adaptation to erythropoiesis during
iron deficiency.

Examination of HRI expression in sorted populations of fetal liver
cells at different stages of erythroid differentiation shows that HRI expres-
sion, both at mRNA and protein levels, increases during erythroid differ-
entiation with higher expression in Terl19* erythroblasts (102). This
higher expression of HRI in erythroblasts, in which globin proteins are
actively made in large quantities, is consistent with the known function of
HRI in regulating globin translation (Fig. 7). The contribution of HRI to
elF2a phosphorylation among the family of elF2o kinases is also
increased dramatically during erythroid differentiation from 35% in
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Ter119™ cells to over 90% in CD71™*Ter119* cells (102). This increased
expression of HRI starting in basophilic erythroblasts also provides sup-
porting evidence for the role of HRI in erythroid differentiation, especially
under the stress condition of iron deficiency.

Integrated stress response of eIF2aP signaling

In addition to inhibition of global protein synthesis, the second important
consequence of elF2o phosphorylation is the reprogramming of the trans-
lation and transcription of genes required for stress response, which is
termed the “Integrated Stress Response”, ISR ((103), and reviewed in
(104, 105)). Under ISR, translation of some transcriptional factors is selec-
tively increased amid the inhibition of general protein synthesis (Fig. 8).
The best example of this type of translational up-regulation has been

I HRI ‘ | Apoptosis |
.
' Cloon Chane

Chop, Gadd34

———| Adaptive Gene Expression |——b~| Erythroid Differentiation |

Fig. 8. The HRI signaling pathway in stress response and erythroid differentiation.
Upon stress in erythroid cells, HRI is activated first to inhibit globin synthesis to
reduce toxic globin precipitates. Importantly, HRI also participates in the second
arm of defense by modulating gene expression necessary for adaptation to stress
conditions or apoptosis if the stress is insurmountable. Additionally, this HRI
signaling pathway may also be required for erythroid differentiation especially under
stress conditions.
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documented in amino acid starvation of yeast in which GCN2 is activated
and the expression of the transcriptional factor GCN4 is up-regulated to
induce the enzymes of amino acid biosynthetic pathways. This up-regulation
requires the presence of upstream open reading frames (uORFSs) in the
5-UTR of the GCN4 mRNA (reviewed in (21)).

In mammalian cells, transcriptional factor ATF4 (activating transcrip-
tional factor 4, the metazoan homologue of GCN4) is up-regulated by
PERK upon ER stress and by GCN2 upon amino acid starvation (41, 106).
Like GCN4, ATF4 also contains uORFs, which are essential for its transla-
tional activation by elF2o phosphorylation (107, 108). As illustrated in
Fig. 8, a major target gene of ATF4 is the transcriptional factor, C/EBP
homologous protein-10 (Chop, also known as growth arrest and differentia-
tion protein 153, GADD153), which is up-regulated in a wide variety of
cells upon many stresses (109, 110). In ER stress, induction of Chop leads
to expression of GADD34, which recruits elF20P for dephosphorylation by
PPase 1 (24-27). This action of GADD34 in regenerating active elF2
(Fig. 2) is necessary for the recovery of protein synthesis of stress-induced
gene expression that occurs late in stress response (28). It is important to
note that the ATF4 pathway only accounts for about 50% of gene expres-
sion in PERK-mediated ER stress response (103). This finding indicates
that there are additional target mRNAs that are up-regulated translation-
ally by elF20P during ER stress. Thus, while many components have been
recently identified in ER unfolded protein response, the PERK/elF2aP
signaling pathway is still not well understood. Recently, translations of
C/EBP o and B have also been shown to be regulated by elF2o phospho-
rylation (111).

While HRI plays an important role in balancing heme and globin
synthesis in erythroid cells, its function is not limited to heme deficiency.
HRI is also activated by sodium arsenite-induced oxidative stress,
osmotic shock and heat shock, but not by ER stress, amino acid or
serum starvation (68). Furthermore, HRI is the principal eIF2o kinase
responsible for protection against oxidative stress, heat shock and UV
irradiation of erythroid cells. In addition to eIF2o phosphorylation and
inhibition of protein synthesis (68), arsenite treatment also induced
expression of ATF4, Chop and Gadd34 in Hri*/* erythroid precursor
cells, but not in Hri~/~ cells (112). Thus, ISR is also operative in ery-
throid precursors upon oxidative stress induced by arsenite and impor-
tantly requires HRI. These results indicate that the HRI-ISR signaling
pathway may be necessary for inducing the transcription of genes
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required for stress erythropoiesis starting at the basophilic erythroblast
stage as illustrated in Fig. 7.

Interestingly, components of the HRI stress response have been shown
to be involved in erythropoiesis. Knockout of the ATF4 gene in mice
results in growth retardation and transient fetal anemia with relatively
normal erythropoiesis in adulthood (113). Chop expression was up-regulated
in mouse erythroleukemic cells upon induction of erythroid differentiation
by erythropoietin or DMSO (114). Furthermore, GADD34 is required for
hemoglobin synthesis (115). Gadd34~/~ mice developed a mild microcytic
hypochromic anemia and had a higher level of elF2aP in their reticulo-
cytes, establishing the function of GADD34 in the dephosphorylation of
elF2aP in erythroid cells.

A recent study of the targeted disruption of the CReP gene, the con-
stitutively expressed regulator of eIF20P dephosphorylation (116), also
revealed the role of elF2aP dephosphorylation in erythropoiesis and
development. CReP™~ mice had severe growth retardation, impaired ery-
thropoiesis and postnatal death on the first day (29). It is to be noted
that the anemia of CReP~/~ embryos cannot be rescued by deletion of
HRI or PERK alone (29), suggesting that more than one eIF2a kinase is
necessary for the proliferation of erythroid progenitors in the fetal liver.
Furthermore, both inadequate elF2aP signaling (as in the case of ATF4
deficiency) and excessive elF2aP signaling (as in the case of CReP
deficiency) are associated with fetal anemia. These findings underscore
the importance of the fine regulation of the level of eIF20P and the subse-
quent signaling events for the proliferation and differentiation of fetal liver
erythroid progenitors.

Concluding remarks

Heme not only serves as a prosthetic group of hemoglobin, the most abun-
dant protein in RBCs, but also plays critical roles in the biosynthesis of
globins and erythropoiesis. Translational control by HRI is one major
mechanism employed by heme to regulate these processes. HRI is a heme
sensor protein with two distinct heme-binding domains to gauge intracel-
lular heme concentrations. HRI is necessary for heme-regulated transla-
tion in erythroid precursors. In heme deficiency, HRI is activated and
translation is inhibited by eIlF2aP. In this manner, HRI serves as a feed-
back inhibitor for globin translation to coordinate globin synthesis with
heme availability. Additionally, HRI also activates the elF20P ISR signaling
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pathway for adaptive gene expression to mitigate stress. The role of the
elF20P signaling pathway in the regulation of erythropoiesis by HRI and
other elF2a kinases is currently an active research area. In conclusion,
HRI plays dual roles during erythropoiesis: coordination of heme and glo-
bin synthesis, and activation of gene expression via induction of ATF4
and other yet-to-be-identified erythroid transcriptional factors for survival
and differentiation of erythroid precursors especially under stress condi-
tions. Beyond the critical role in heme deficiency, HRI is also essential to
reduce the phenotypic severity of B-thalassemia. Lacking both copies of
HRI is embryonically lethal while lacking one copy also resulted in more
severe symptoms in mice (56). Thus, HRI and its signaling pathways may
be potential novel pharmaceutical targets to combat thalassemia and
other red cell disorders.
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Chapter 5

ROLE OF HEME IN BRAIN
FUNCTIONS

Dr. Jekyll or Mr. Hyde?

Tatyana Chernova and Andrew G. Smith

Overview

The main role of heme in biological systems is usually viewed as that of a
prosthetic group of the proteins involved in oxygen transport and sensing,
metabolism, detoxification, and production of the signaling molecules carbon
monoxide (CO) and nitric oxide (NO), thereby conferring upon them particu-
lar functional properties that vary according to the precise biological require-
ments. The turnover of heme and regulation of the supply for these functions
is complex and involves a variety of physiological interactions of different cell
types. More recently, it has become clear that heme, when it is not bound to
a functional protein as a prosthetic group, can also serve as a regulatory mol-
ecule whose binding to specific targets alters their function. Findings have
been especially interesting in the field of neurobiology. This chapter describes
functions of heme in the brain and emerging knowledge of its role in normal
and neuropathological processes. We give an outline of heme metabolism in
the brain and present our views on contradictory roles of heme in neuronal
cells. Neurotoxic and beneficial effects of heme are illustrated for neurological
conditions, such as intracerebral and subarachnoid hemorrhages, neurode-
generative diseases and aging. Neuroprotecive roles of heme and the prod-
ucts of its degradation are reviewed here in the context of demand and
availability of heme. We give an account of detrimental effects of compro-
mised heme levels in neuronal cells and interaction of heme with neuronal
proteins associated with neurodegenerative diseases. We describe emerging
regulatory roles for heme in neurons and heme-driven signaling events.
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Heme synthesis and disturbances pertinent to neuronal cells

The fundamentals of mammalian heme synthesis were first elucidated with
rabbit reticulocytes and later studies progressed to liver and to a limited
extent other organs (1). Nonerythroid heme synthesis is often assumed to
be similar in all organs, but subtle and important differences probably
exist as noted for the harderian gland of rodents (2). Of the eight steps
specific to heme synthesis, the initial and last three take place in the mito-
chondria whereas the intermediate ones occur in the cytosol (Fig. 1).

The first precursor, 5-aminolevulinic acid (5-ALA) is formed by the
condensation of glycine with succinyl CoA in the mitochondrion (1). In
erythroid heme synthesis, which accounts for the majority of the body’s
heme production, regulation of the erythroid-specific 5-ALA synthase
gene (ALAS2) occurs by iron responsive and other elements coupled to
requirements for new hemoglobin. Although nonerythroid heme synthesis
may account for much less heme production, it is vital to sustain many
cellular systems in all tissues, not the least oxidative respiration in mito-
chondria. The expression of the nonerythroid specific enzyme (ALAS1
gene) is also an important regulating step but markedly different from
that of ALAS2. It has long been considered to be a consequence of a
“regulatory” heme pool negatively controling transcription, mRNA stabi-
lization and protein processing, although the exact mechanisms have still
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not been fully elucidated (3). As might be expected, a variety of factors
have been implicated such as nutrition, hormones and induction of partic-
ular cytochrome P450 isoforms that not only act at the transcription level
but also on ALAS protein processing and turnover.

Condensation of two molecules of 5-ALA by ALA dehydratase
(ALAD gene) in the cytosol leads to the first cyclic product, the pyrrole
porphobilinogen (1). Polymerization of four porphobilinogens creates a
linear tetrapyrrole, 1-hydroxymethylbilane (catalysed by hydroxymethyl-
bilane synthase, alias porphobilinogen deaminase; HMBS gene). The semi-
stable bilane can cyclise chemically to the symmetrical macrocyclic
tetrapyrrole uroporphyrinogen isomer I, which cannot be converted to
heme, and is ultimately excreted. However, under normal conditions, most
of the bilane is cyclized enzymatically (UROS) and undergoes spiro trans-
formation, inverting one pyrrole ring, to form the asymmetric isomer uro-
porphyrinogen III (Fig. 1). Both uroporphyrinogens are highly unstable
and in favorable conditions will rapidly oxidise by six electron withdrawals
to the respective porphyrins and be lost to heme synthesis. Subsequently,
four sequential decarboxylation steps of uroporphyrinogen III converts
acetate side-chains to methyl groups (Fig. 1), catalysed by uroporphyrino-
gen decarboxylase (UROD) (1). At this point, following transport of the
product coproporphyrinogen III back into mitochondria, two further
decarboxylation steps occur by an oxidative mechanism of the adjacent
propionic acid side-chains. The resulting divinyl product, protopor-
phyrinogen IX, although spontaneously oxidising to protoporphyrin IX, is
oxidised enzymatically in a controlled manner by protoporphyrinogen IX
oxidase (PPOX gene) (Fig. 1). Finally, heme is formed by insertion of Fe?*
into protoporphyrin IX to form heme by the action of a ferrochelatase
(FECH gene) (1). Thus the process of heme formation from simple precur-
sors starts and finishes in the mitochondria. The asymmetric macrocyclic
molecule, contains two vinyl side chains on one side and two adjacent car-
boxy propyl side chains on the other. In different roles of heme, these
allow variable covalent or hydrogen bonding to surrounding peptides and
together with iron coordination results in exquisitely specific oxygen bind-
ing and oxidation mechanisms. For many functions besides respiratory
cytochromes, such as in microsomal cytochrome P450s and nitric oxide
synthase, heme must be exported from the mitochondria and shuttled
across the cell to sites of utilization.

Phenotypic consequences of inherited defects in enzymes of the heme
pathway in humans (porphyrias) are known for all genes (4). Most result
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in decreased activity but the recently reported mutation of ALAS2 is a
gain of function (5). Some porphyrias are expressed in heterozygotes and
in others the phenotype is only apparent in patients homozygous for the
mutation. Deficiency of ALAS2 in erythroid tissue does not lead to a por-
phyria but causes X-linked sideroblastic anemia with iron deposition in
mitochondria (4). Although the porphyrias are relatively rare, the fre-
quency varies greatly for each gene and population. For each porphyria,
one gene mutation dominates but its effect may be dependent on expres-
sion of other genes or factors such as diet and hormones (6). The conse-
quences of enzyme deficiencies of the heme synthesis mean that
intermediates in the pathway, such as 5-ALA and porphyrinogens, may
accumulate in tissues and/or are excreted in elevated amounts as well as
being potentially toxic. In addition, the porphyrinogen intermediates are
unstable, especially to light, and form the respective porphyrins.
Porphyrias have been classified clinically as either hepatic or erythropoi-
etic, depending on whether the primary gene affected is predominantly
expressed in the liver or bone marrow, and as acute or cutaneous depend-
ing on symptoms (4). Broadly, in acute porphyrias there is an overproduc-
tion of simpler precursors such as 5-ALA and porphobilinogen before
porphyrinogens are formed (or the oxidative porphyrin products). This
can be manifested clinically by neurological disturbances involving mecha-
nisms that have not yet been resolved completely but could involve neuro-
logical heme insufficiency or neurotoxicity of 5-ALA that has been
produced in the liver.

The biosynthesis and control of heme in the brain per se has received
relatively little systematic attention even though we now know that many
critically important oxidative biotransformation and signaling processes
occur there. The brain has a lower, but significant, heme content than
the liver (Table 1) but has a higher metabolic rate and higher affinity for
oxygen than liver tissue (7). It would be expected that the regulation of
heme synthesis in neurological tissue is under complex and subtle control
involving regulatory heme pools to balance internal and external demand
(Fig. 1).

It has been known for many years that a range of drugs and chemicals,
including metals, could disrupt heme synthesis at many stages including
5-ALA synthesis and protoporphyrinogen oxidase and ferrochelatase steps,
and could be used as models to explore phenotypes of some human por-
phyrias (8-9). One of the simplest interactions is the well known inhibition
of 5-ALA dehydratase after lead exposure (10). Elevated serum 5-ALA
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Table 1. Comparison of heme concentrations in mouse brain fractions, kidney

and liver.
Tissue Heme content

pmol/mg tissue % of liver value
Liver 7.09 £ 0.78% 100.0 £ 11.0
Kidney 2.68 =+ 0.38 37.7+5.3
Brain olfactory bulb 2.81 £0.13 39.6 £ 1.8
Brain cortex 2.35 £ 0.58 33.1 £8.2
Brain subcortical white matter 2.27 +£0.03 320104

Values represent means (n = 3) £ S.E.M. and are taken from Ref. (1).

during prenatal development has been proposed as a risk factor for schizo-
phrenia (11). In rats, brain ALAS activity changes markedly during early
postpartum development (12). Another interesting example is succinyl ace-
tone which is a powerful inhibitor of ALA dehydratase and produced in
human type I tyrosinemia which is associated with neurological symptoms
(13). ALA dehydratase activity is depressed in vivo in mouse brain by suc-
cinyl acetone administration (14) and the metabolite has been used in
many in vitro studies to depress heme synthesis. Overall, brain ALAS1
activity in rodents is much less affected by drugs that cause its induction in
rodent liver so that a deficiency of heme might account for neurological
symptoms of lead poisoning and acute porphyria in circumstances of criti-
cal requirement. In aging animals there is probably a decrease in heme
formation which could compound matters (15). Depression of heme avail-
ability for tryptophan pyrrolase (dioxygenase) was at one time proposed as
a contribution to neurologic attacks in acute hepatic porphyrias (16).
Injection of succinyl acetone or hematin directly into the brain has led to
up- and down-regulation of ALAS activity respectively consistent with a
heme pool regulating its own synthesis (17-18). Details of how heme and
its catabolism are presently thought to play a role in brain function and in
neuropathological development are discussed below.

Contradictory roles of heme as a toxic and a physiological
molecule

Heme is an essential molecule with contradictory biological functions. The
beneficial properties of heme universal to all living organisms include an
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Fig. 2. Contradictory functions of heme in mammalian biology as a physiological
and toxic molecule.

ability to bind oxygen, nitric oxide, and carbon monoxide, and the capac-
ity to transfer electrons. At the same time, heme at high concentrations
can promote free radical formation and lipid peroxidation, resulting in cell
damage and tissue injury (19) (Fig. 2).

A fine balance between availability of heme for beneficial but not
toxic functions is achieved by multiple levels in regulation of heme metab-
olism, storage and degradation. However, under certain pathological con-
ditions, this equilibrium can be distorted.

Severe hemolysis occurring during pathological states, such as hemor-
rhagic strokes, intracerebral and subarachnoid hemorrhage (SAH) and
ischemia reperfusion, results in high levels of free heme in brain tissues.
Spontaneous intracerebral hemorrhage (ICH) accounts for 15%-20% of all
strokes (20-21) and has a poor prognosis. While SAH represents only
about 7% of all strokes, it is the most deadly — with more than a 50%
fatality rate (22). Within hours after a CNS hemorrhage, hemoglobin
(Hb) is released from extravasated erythrocytes into the extracellular
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space following cell lysis, mediated by the complement system (23). Free
heme can also be liberated from other various intracellular and extracellu-
lar hemoproteins during cell lysis (24). Any free hemoglobin (HbgFe?")
released into the tissues or circulation is promptly converted by sponta-
neous oxidation to methemoglobin (HgbFe®"), and during deoxygenation,
some of the oxygen leaves as a superoxide O~ radical. Heme moieties
that are the oxidized form of (porphyrin-Fe*"), such as in methemoglobin,
dissociate more readily from the protein, than the reduced heme that is
tightly bound to the proteins such as in hemoglobin. (25-26). Hemin
released from hemoglobin is present at high micromolar concentrations in
intracranial hematomas (27-28). Release of “free” heme from methemo-
globin into adjacent brain tissue was considered a factor that substantially
contributes to the morbidity of patients with ICH (29).

The physiological mechanisms of removing free heme include heme
oxygenase systems (HO-1, HO-2) and extra-HO systems (formation of
non-toxic complexes with hemopexin (HPX) or albumin, scavenging free
iron by ferritin or degradation by reduced glutathione (GSH), NADPH-
cytochrome P-450 reductase etc.) (19). HPX is expressed in the brain and
has a much higher affinity for heme (Kj ~ pmol/L) than does albumin and
may function physiologically to regulate the balance between free heme
and bound heme, and/or regulate heme degradation (30). HO-1 is nor-
mally expressed at a very low level, but is rapidly induced in astrocytes,
microglia, and some neurons by extravascular hemoglobin, hemin, and a
variety of oxidants (31). HO-2 is constitutively expressed, predominantly
by neurons (32).

Neurotoxic effects of heme

Under circumstances of extracellular accumulation of extremely high
amounts of free hemoproteins or when heme defensive mechanisms and
detoxification systems are not sufficient or out of reach, heme exerts its
damaging effects.

Acute damage

Heme released from intracellular hemoproteins is a major source of
redox-active iron, and generation of reactive oxygen species (ROS) causes
various modifications to DNA bases (33) and peroxidation of proteins
and lipids. Free heme can catalyze the generation of oxygen radicals by
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the Fenton reaction, leading to oxidation of low-density lipoproteins
(LDL) (34-35), which can be accompanied by covalent cross-linking of
the LDL protein, apo B (36). Lipid peroxides can further react with
redox metals (37).

The neurotoxic effects of hemoglobin were demonstrated on models
where it was added to cultured neurons in vitro (38) or injected into the
brain in vivo (39). Free heme (10 to 50 umol/L) significantly reduced cell
viability in primary cortical cultures, whereas the heme-HPX complex
was not toxic to primary neurons (30). Goldstein and colleagues (28)
showed that exposure to hemin at physiologically relevant concentrations
for 24 hours resulted in the death of human neuron-like cells that pro-
gressively increased between 3 and 30uM (ECs, approximately 10uM);
protoporphyrin IX, the iron-free congener of hemin, was not toxic. Cell
death was preceded by a marked increase in cellular ROS. The cellular
damage was predominantly necrotic and largely prevented by iron chela-
tors. Accumulation of iron in the brain after ICH has a long lasting effect
in vivo and can contribute to brain atrophy and prolonged neurological
deficits post hemorrhage (40). Neurons and glial cells had differential
response to hemoglobin exposure: the latter resulted in widespread and
concentration-dependent neuronal death (ECj, at 1-2.5uM) without
injuring glia (41). This may reflect a greater vulnerability of neurons to
the products of heme degradation and ROS. Despite the limitations of
the cell culture approach, which does not allow a mitigation of hemin
toxicity by endogenous antioxidants or by compounds that complex with
it in the intact CNS, the studies provide convincing evidence of the dele-
terious effects of heme on neuronal cells, especially considering that con-
centrations of free heme in hematomas can reach high micromolar levels:
for example, >350uM was reported in experimental subarachnoid
hematoma (42). An interesting in vitro model of heme neurotoxicity has
been developed by Jaremko and colleagues (43) in which clotted blood
was co-cultured on porous membrane inserts with cortical neurons and
glia. The study demonstrated that hemoglobin release from the clot was
accelerated by the presence of neurons and glial cells, neurons were selec-
tively vulnerable to hemoglobin toxicity and protected by deferoxamine
(DFO), antioxidants and the N-methyl-D-aspartate (NMDA) receptor
antagonist MK-801. Excitotoxic and iron-dependent mechanisms con-
tributed to the inherent neurotoxicity of free hemoglobin after intra-
cranial hemorrhage (43).
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Chronic damage

A significant amount of cell damage occurs in the weeks following hemolysis-
related events, and this brain injury is associated with brain edema, dis-
ruption of blood-brain barrier (BBB) and development of chronic
inflammation. Several mammalian models have been developed to study
mechanisms of brain injury after ICH. Infusion of autologous blood into
the cortex and caudate nucleus has been used extensively to study mecha-
nisms of brain injury and hemolysis has been proven to be a decisive step
in inducing cerebral vasospasm (44). Infiltration of the brain by blood
components induced an inflammatory response including overexpression of
endothelial and leukocyte adhesion molecules and recruitment of
macrophages and neutrophils to the site of hemorrhage, followed by an
increase of TNF-a release from circulating macrophages in in vivo models
(44-45). Pathways leading to BBB dysfunction include neutrophil and
macrophage recruitment, microglial activation, activation of the kinin sys-
tem and mitochondrial alterations, with a causative factor being an over-
production of ROS (46). A deleterious role of metalloprotease (MMP)-9 in
acute brain injury within the first 3 days after ICH has been reported
(47). After activation of proteases by free radicals, matrix MMPs, particu-
larly MMP-9 and -2, can digest the endothelial basal lamina leading to
BBB opening (48). In wvitro studies demonstrated that cultured neurons
were killed by MMP-3, and that neuronal death was most marked when
all three proteases, MMP-3, MMP-9 and thrombin, were combined in the
treatment (49). An increase in caspase-9-like and caspase-3-like activity in
apoptotic-like pathways demonstrated in vitro might have contributed to
brain cell death after intracerebral hemorrhage (50). The pathways impli-
cated in pathogenesis of immediate and delayed brain damage converge on
the common mechanism, generation of ROS.

Neuroglobin, hemoglobin and their neuroprotective roles

In 2000, Burmester and colleagues (51) identified a novel hemoprotein, a
member of the globin superfamily, which was found to be expressed pre-
dominantly in the brain and therefore was called neuroglobin. It is a
monomeric globin that is distantly related to hemoglobin and myoglobin.
In humans, neuroglobin is expressed at submicromolar concentrations in
most cell types, but is found at high levels (approaching millimolar
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concentrations) in brain neurons, retinal cells and some endocrine cells
and localized close to mitochondria (52). Neuroglobin expression is
induced by neuronal hypoxia and cerebral ischemia (53) and the neuropro-
tective role of neuroglobin has been shown both in witro and in vivo in
models of hypoxic—ischemic brain injury. It has been suggested that
human neuroglobin may be an efficient scavenger of reactive oxidizing
species and thus may play a role in the cellular defence against oxidative
stress (52). Subsequent work has shown that the affinity of neuroglobin
for oxygen is significantly lower than that for myoglobin or haemoglobin,
and under normal physiological conditions neuroglobin is expected to be
only partly saturated with oxygen (54), therefore neuroglobin is unlikely
to function as an oxygen delivery system. Further research by
T. Brittain’s and A. Fago’s groups suggested that ferrous neuroglobin
exerts its protective effects via modulation of the early events in the
intrinsic apoptotic pathway by the rapid reduction of cytosolic ferric
cytochrome ¢ (55-56). The level of expression of neuroglobin in the
penumbra area makes a dramatic difference in the level of neuroprotection
(57). The molecular mechanisms by which neuroglobin exerts its protec-
tive effect from Alzheimer’s (AD) disease are not entirely clear. The pro-
tective role of neuroglobin in AD is ascribed to suppression of
B-amyloid—induced ROS/RNS overproduction and lipid peroxidation and
reduction of B-amyloid-induced mitochondrial dysfunction in PC12
pheochromocytoma cells (58). Neuroglobin attenuates PB-amyloid neuro-
toxicity in murine cortical neuronal cultures in vitro and the Alzheimer
phenotype in transgenic models in vivo (59). Over-expression of neuroglo-
bin in the neuroglobin transgenic mice resulted in a marked decrease in
ROS/RNS production and lipid peroxidation after ischemia-reperfusion in
the CA1 region of hippocampus. Neuronal injury was also markedly
reduced, possibly via intrinsic antioxidant properties of neuroglobin (60).

Human ferric neuroglobin has been shown to act as a guanine
nucleotide dissociation inhibitor for the alpha subunit of heterotrimeric G
proteins. These findings suggest that human neuroglobin may function as
a regulator of signal transduction in the brain and that the heme moiety is
crucial for this redox-coupled sensing (61).

It has been reported recently that hemoglobin possesses neuroprotec-
tive qualities and is specifically expressed in neurons of the cortex, hip-
pocampus, and cerebellum of the rodent brain, but not in astrocytes and
oligodendrocytes; the pattern of its expression differs from the neuroglo-
bin expression pattern on both cellular and subcellular levels (62). These
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data, however, partly contradict the findings of Biagioli and colleagues
(63), who detected o~ and B-chain transcripts of hemoglobin and protein
(Hb-IR) in mouse brain in a subpopulation of dopaminergic neurons,
cortical and hippocampal astrocytes, and all mature oligodendrocytes.
In vitro experiments demonstrated that the protein expression does not
fully overlap with the transcript distribution. The authors also showed
that hemoglobin is expressed in the substantia nigra of the human post-
mortem brain (63). It has been proposed that neuronal hemoglobin
expression is associated with facilitated oxygen uptake in neurons, and
hemoglobin might serve as an oxygen capacitator molecule (62). In inver-
tebrates, neuronal hemoglobin may provide a homeostatic mechanism in
hypoxic conditions, serving as intracellular storage molecule for oxygen
(63). The hypoxia-induced growth factor erythropoietin (EPO) stimu-
lates hemoglobin expression in the mouse brain (62). This, however,
raises a question about a source of heme for hemoglobin in the brain. It is
well documented that the first step in the heme biosynthetic pathway is
conducted by two separate enzymes in non-erythroid and erythroid tis-
sues, ALASI (nonspecific 5-aminolevulinate synthase) and ALAS2 (ery-
throid 5-aminolevulinate synthase), the latter regulating heme synthesis
for hemoglobin. The expression of ALAS2 in the brain has been reported
absent (63) or extremely low (64) and there is always a risk of contami-
nation of a brain tissue sample with the blood, which may account for
ALAS?2 detection.

Heme oxygenases and neurodegenerative diseases: Where
does heme come from?

Heme oxygenase (HO) enzymes catalyses the first and rate-limiting step
in heme degradation to ferrous iron, carbon monoxide and biliverdin
(Fig. 3). To date, three genes for isoforms of heme oxygenase have been
identified: the inducible HO-1, and the constitutive HO-2 and HO-3. HO-3a
and HO-3b genes were found to be processed pseudogenes derived from
HO-2 mRNA and the isoform HO-3 protein has very low catalytic activ-
ity; its physiological functions probably include heme binding and oxygen
sensing (65-66).

All the byproducts of HO activity play a significant role in physiolog-
ical cell functions: biliverdin is further converted to a potent antioxidant,
bilirubin (34), and carbon monoxide acts as a physiological regulator of
c¢GMP and thereby may function as a neurotransmitter (67). Heme is the
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Fig. 3. In the first reaction, heme oxygenase cleaves the heme ring. The
substrates for the reaction are heme, three molecules of oxygen and NADPH. The
alpha-methylene group is released, the products are biliverdin, carbon monoxide
(this is the only endogenous source of carbon monoxide), iron (II), and NADP*. In
the second reaction, biliverdin is converted to bilirubin by biliverdin reductase.

only source of carbon monoxide in the brain. Heme oxygenase-1 (HO-1),
also known as heat shock protein (Hsp)-32, is a 32-kDa stress protein with
relatively low levels of expression in the brain, but is highly inducible by
numerous noxious stimuli in both neuronal and glial cells (68). HO-1
expression and activity in the brain have been intensively studied for its
potential role in neuroprotection. HO-2 is a constitutively expressed 36-kDa
protein which is abundant in the brain, and the majority of basal HO
activity is attributed to the HO-2 isoform in neuronal tissues. HO-1 has
been implicated in the pathogenesis of AD and other aging-related neu-
rodegenerative disorders. In individuals with AD and mild cognitive
impairment, immunoreactive HO-1 protein is overexpressed in neurons
and astrocytes of the cerebral cortex and hippocampus relative to age-
matched, cognitively intact controls and co-localizes to senile plaques,
neurofibrillary tangles, and corpora amylacea (69). Additionally, the spa-
tial distribution of HO-1 expression in AD brains was found by Takeda
and colleagues to be identical to that of the pathogenic conformational
changes of tau protein, the major component of the neurofibrillary tangles
(70). Furthermore, HO-1 overexpression was concomitant with reduced
tau expression and this was accompanied by inactivation of the mitogen-
activated protein kinase (MAPK)-cascade (70). The authors suggest that
the change in oxidation state not only induces HO-1 expression but may
also play a role in the regulation of the tau gene.
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In Parkinson disease (PD), HO-1 is markedly overexpressed in astro-
cytes of the substantia nigra and co-localizes with Lewy bodies, character-
istic cytoplasmic inclusions present only in the PD specimens of affected
dopaminergic neurons (69). PD and control dopaminergic neurons were
readily distinguishable from each other in these preparations because
Lewy bodies exhibited intense HO-1 staining in their peripheries.
Furthermore, HO-1 immunoreactivity in the nigral neurons of PD speci-
mens was generally more prominent than that observed in the controls
(69). It is generally accepted that the elevated HO-1 levels represent a
mechanism to restore redox homeostasis by producing antioxidants
(biliverdin) and to reduce inflammatory response. Activation of HO-1
expression has been used to achieve neuroprotective and anti-inflammatory
effects in vivo and in vitro models. Pharmacological modulation of HO-1
levels (within therapeutic limits) in the brain has shown promising
results in models of AD and PD. Drugs or dietary products that cross the
blood-brain barrier efficiently and can activate HO-1 expression in vivo
are considered as neuroprotective and anti-inflammatory agents (71). For
example, curcumin (1,7-bis [4-Hydroxy-3-methoxyphenyl]-1,6-heptadiene-
3,5-dione), a natural phenolic agent, extracted from the rhizome of
Curcuma Longa, strongly induced HO-1 expression and activity in rat
astrocytes and in cultured hippocampal neurons (72). An alternative
approach to increase HO-1 expression in the brain was used by Sakoda
and colleagues in a model of brain cold injury; they modulated HO-1 lev-
els via the transcription factor Bachl, which is known to repress tran-
scription of HO-1; Bachl™/~ mice showed significantly higher HO-1
mRNA expression than Bachl*/* mice in all brain sites studied, and
higher induction of HO-1 was observed around damaged tissues after cold
injury in Bachl™~ than Bach1*/* mice (73).

However, the induction of HO-1 activity would increase the require-
ment for the substrate, heme (3, 34). This raises the question: does higher
protein expression mean increased HO-1 activity? If this is the case, what
is the source of heme, the substrate for HO? It has been reported that
lentiviral overexpression of HO-1 in primary cortical cultures did not
result in heme depletion. The expression of ALASI, the rate-controlling
enzyme of heme synthesis, did not change in neurons with seven-fold
increased levels of HO-1 protein and the cultures did not have a heme-
deficient phenotype, reflecting that cellular heme was not decreased and
therefore activation of heme synthesis did not occur (74). A double-edged
sword nature of HO-1 modulation comes across in many studies. Schipper
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and colleagues (75) recently reported the neuroprotective effect of reduced
HO-1 expression, and this is an example of the contradicting findings that
emphasizes a complexity of modulation of the heme degradation pathway
for therapeutic purposes. Their work suggested that targeted suppression
of HO-1 hyperactivity in glial cells may prove to be a rational and effec-
tive neurotherapeutic intervention in AD and related neurodegenerative
disorders. These opposing views on whether HO has to be activated or
suppressed to achieve neuroprotection may not be mutually exclusive; the
extent and duration of HO-1 induction may be critical. For a given patho-
logical condition in the brain tissues, local redox status may vary, and
excessive heme degradation may result in cytotoxic levels of ferrous iron
and CO. Therefore, the balance between benefits of antioxidant biliverdin
and potential oxidative effects of liberated iron would be determined by
the tissue microenvironment (75). Nevertheless, in order to produce heme
catabolites by HO enzymes, intracellular heme would need to be present
at levels stoichiometrically equivalent to the levels of metabolites shown to
be cytoprotective (76); therefore, the source of additional intracellular
heme remains unclear.

HO-2 is constitutively expressed in neurons and represents the major-
ity of native HO activity within the CNS. The modulation of HO-2 levels
in the brain has also attracted a lot of attention in order to achieve neuro-
protective effects in various scenarios. It has been reported that HO-2
gene deletion increased the vulnerability of astrocytes to hemin in cultures
containing only astrocytes (77). However, in the model based on mixed
neuron/astrocyte cultures and treatment with hemin at concentrations
that did not injure astrocytes, the opposite was observed: HO-2 deletion
attenuated hemin-induced ROS formation, reduced levels of oxidized pro-
teins and increased neuronal survival in knockout cultures (77).

The vulnerability of cultured primary neurons incapable of HO-2
expression (HO-2 knockout neurons) to hemoglobin was compared with
that of wildtype neurons by Rogers and colleagues. Knockout neurons
were reported to be less vulnerable to hemoglobin toxicity and could
cope with the increased ROS generation better than HO-2 +/+ neurons
(78). The expression of HO-1, ferritin, and superoxide dismutase expres-
sion in HO-2 —/— cultures did not differ significantly from that observed
in HO-2 +/+ cultures. Cellular glutathione levels were slightly higher in
knockout cultures, and HO-2 knockout neurons were more vulnerable
than wildtype cells to inorganic iron (78). In contrast to this in vitro
observation, the in vivo work by Chang and colleagues (79) showed that
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brain tissue from injured HO-2 KO mice exhibited decreased ability to
reduce oxidative stress, as monitored by a Fe?'/ascorbic acid-mediated
carbon monoxide generation assay. Interestingly, total HO activity was
substantially reduced in HO-2 KO mice, despite induction of HO-1 in
this model. The authors also demonstrated that HO-2 KO mice sustain
increased cell loss, reduced motor recovery, and a greater susceptibility
to lipid peroxidation after traumatic brain injury compared to HO-2
wildtype mice (79).

Emerging regulatory roles for heme in neurons

Heme is crucial for sensing and utilising oxygen in neurons; both the pro-
duction of nitric oxide and some of its actions are mediated through
hemoproteins, such as guanylyl cyclase (80). Recent studies showed that
heme can modulate functions of selected proteins in acute mode via a
mechanism of reversible binding to heme regulatory motifs. Examples of
mammalian proteins regulated by direct reversible interaction with heme
include transcription factors Bachl, nuclear receptors REV-ERBo and
REV-ERBf, HRI (eIF-2 alpha kinase), microRNA processing protein
DiGeorge critical region-8 (DGCRS), ion channels (SloBK potassium
channel and epithelial sodium channel ENaCs) (81-86) (Fig. 4).

Emerging roles for heme molecules, which are not associated with
hemoproteins as a prosthetic group, have mapped a new area in the field
of heme biology, the area where heme acts as a signaling molecule.
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Fig. 4. Interrelationship between heme pools and functions.
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A small, so far unspecified, proportion of “undesignated” or “free”
heme (i.e. not associated with a specific functional role in a protein) forms
a “pool” which can act in a signaling mode. It is not clear in what form
heme exists in this pool, possibly bound to chaperone or transporter pro-
teins, but it is clear that this “free” heme can regulate complex biological
events. Free heme exists in cells at very minute concentrations, estimated
as 100nM (3). The regulatory functions of free heme include the repression
of ALAS1, the rate-limiting enzyme in heme biosynthesis, and the induc-
tion of microsomal heme oxygenase-1 (HO-1) (3). In other words, heme
determines its own fate. The regulatory mechanisms for heme synthesis,
storage and degradation are very tight and provide a state of cellular equi-
librium, whereby heme is readily available for its functions but protected
from taking part in formation of cytotoxic ROS. Transcriptional regulation
of ALAS1 is tissue specific and in the brain initiation of transcription by
drugs is influenced by the factors acting within and upstream of TATA
box, in contrast to, for example, the liver. The transcription in liver cells is
TATA box-driven (87) and stimulation of ALAS-1 by drugs is less marked
in the brain than in the liver, which may have implications in the assess-
ment of neuroactive drugs and future drug design (88). Free heme also reg-
ulates ALAS1 gene expression by reducing mRNA stability (89). Newly
synthesized ALAS1 precursor protein has to be translocated to mitochon-
dria, and this process is also regulated by heme (90). The catabolism of
heme is regulated at the level of HO-1, the rate-limiting inducible enzyme.
Regulation of gene expression for HO-1 occurs by way of free heme-mediated
derepression of Bachl, a mammalian heme-responsive transcription factor
that suppresses the activation of the HO-1 gene (53). Thus, multiple levels
of regulation in heme synthesis and degradation pathways emphasize the
importance of controlling cellular concentrations of heme.

Manipulating heme synthesis rate has been successfully employed to
study effects of heme on neuronal functions (91-94). Modulation of heme
levels in cultured mouse cortical neurons by inhibition of heme synthesis
at two different enzymic steps (ALAD and ferrochelatese), by succinyl
acetone (SA) and N-methylprotoporphyrin IX (NMP) respectively,
resulted in marked up-regulation of ALAS1. Treatment with 100nM heme
daily restored ALAS1 expression and culture phenotype (92-93). In
another model of heme-deficiency, cortical neurons were derived from
heme-deficient the Fech™?% mutant (abbreviated here to Fech mouse)
containing a point mutation in the ferrochelatase gene (95-96). Cultures
displayed a characteristic ALASI up-regulation compared to wildtype
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neurons (92). Interestingly, HO-1 mRNA and protein levels in heme-
deficient cortical neurons were increased if heme deficiency persisted over
72 hours and could be a response to a changing redox state and accumula-
tion of ROS (93). However, induction of HO-1 in these models is unlikely
to contribute to depletion of heme because activation of HO-1 by heme is
attributed to the levels >1 uM (34), and kinetics of heme association with
HO-1 are reported as K, 3 +£1.61uM, K4 0.84 £ 0.21uM in humans (97).
In cultures with inhibited heme synthesis, free heme concentration must
be significantly lower than 1pM if 100nM was enough to restore gene
expression pattern and phenotype (93).

Recent studies revealed even more exciting regulatory roles for heme
in neurons and demonstrated that heme is involved in the regulation of
neuron-specific genes expression (92-94, 98). Zhu and colleagues studied
the role of heme in nerve growth factor (NGF) signaling and showed that
in PC12 cells, heme deficiency interferes with the Ras-mitogen-activated
protein kinase (MAPK) pathway. That resulted in down-regulation of
neuronal genes associated with NGF signaling in specific and selective
manners. Inhibition of heme synthesis by SA caused a marked decrease in
extracellular signal-regulated kinases (ERK1/2) activation by NGF and
subsequent suppression of the ERK1/2 downstream effector, transcrip-
tion factor CREB (98). Microarray analysis demonstrated an altered pat-
tern of gene expression in neuronal cells, including genes for
neurotransmitter receptors, synaptic vesicles proteins, cytoskeletal and
trafficking proteins (98). Further work by this group has shown that the
effects of heme deficiency on neuronal gene expression can be reversed by
treatment with exogenous heme (94). The authors also demonstrated
activation of the pro-apoptotic JNK signaling pathway concomitant with
inadequate activation of the pro-survival ERK1/2 pathway and increased
rate of apoptotic death in heme-deficient PC12 cells stimulated with
NGF (94). In primary cultures of mouse cortical neurons, heme defi-
ciency induced by inhibition of heme synthesis caused morphological
changes similar to neurodegeneration (93). The progressive neurite frag-
mentation and disruption in the axonal/dendritic microtubule structure
without an increase in cell soma loss caused by chronic heme depletion
was similar to the early progress of many neurodegenerative diseases and
age-related dementias (Fig. 5). Loss of projections network was followed,
eventually, by cell death at late stage. The mechanism of neuronal degen-
eration involved impaired ERK1/2 phosphorylation and the rescue effect
of heme was ascribed to the recovery of ERK1/2 sustained activation.
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Fig. 5. Neurodegeneration of cultured cortical neurons caused by heme
deficiency. Confocal micrographs of maximum projection Z series of cultured
neurons stained for PIII-tubulin on DIV 8, 10 and 15. (a), (d) and (g) control
cultures, (b), (e) and (h) cells treated with SA, (c), (f) and (i), cells treated with
SA and heme. Quantification of immunostaining for BIII Tubulin reflecting the
degree of neurodegeneration. (k) Average neurite volume in control and treated
cultures at each time-point. (j) Total volume per nuclei in image fields examined.
* indicates p < 0.05, ** p <0.01 and *** p <0.001. (For reference see (93)).
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Suppression of the pro-survival ERK1/2 pathway and decreased activa-
tion of CREB was similar to that reported by Zhu and colleagues (98),
although no activation of pro-apoptotic pathways was found in primary
neurons (93). Similar results were observed in both inhibitor (SA-treated
neurons) and mutant (Fech™'% mouse neurons) models of heme defi-
ciency and directly linked the phenomenon of ERK1/2 suppression with
reduced heme synthesis (93). Further dissection of the corrupted molecu-
lar signaling revealed that failure of ERK1/2 sustained activation in
heme-deficient neurons was NMDA receptor-dependent. NMDA receptors
play a critical role in synaptic plasticity, learning and memory, and loss
of synaptic NMDA receptors were correlated with an early functional
decline in neurodegenerative diseases (99). Chronic heme deficiency
caused reduction in expression, phosphorylation and function of NMDA
receptor in cultured neurons. NMDA receptor-mediated and voltage-
gated sodium currents were diminished but rescued in the cultures
treated with exogenous heme (93). Receptors containing the NR2B sub-
unit were found to play a predominant role in the rescue effect of heme
on ERK1/2 phosphorylation in this model (93). Compromised heme
availability was suggested to cause NMDA receptors dysfunction, leading
to decreased Ca*? influx, diminishing Ca*?>-dependent ERK1/2 activation,
followed by loss of connectivity of neuronal processes, loss of synaptic
NMDA receptors, further decreased Ca*? influx, and so on, creating a
vicious circle.

Further work by the authors (Chernova et al., submitted) demon-
strated that in cultured cortical neurons, heme can rapidly regulate NMDA
receptor function. Two-hour treatments of heme-deficient culture with
exogenous heme at a physiological concentration (100 nM) produced a
marked increase of NMDA-evoked currents. However, if cultures were cul-
tured pre-treated with a selective inhibitor of Src kinases PP2 [4-amino-5-
(4-chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d]pyrimidine], exogenous heme
failed to increase NMDA-evoked current (Fig. 6a). Furthermore, exposure
of a heme-deficient neuron to heme during patch-clamping (heme was
added to the bath solution or to the patching solution inside of the pipette)
resulted in a significant increase of NMDA-evoked current within minutes,
indicating a signaling mode of action.

These data suggest an acute regulation of NMDA receptor by heme.
The mechanism of this regulation is not entirely understood, although it is
clear that tyrosine phosphorylation of the NR2B subunit plays a major
role. The rapid rescue effect of heme on the receptor function may be
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Fig. 6. Heme depletion suppresses NMDA-evoked currents. Incubation with heme
reverses this change but not in the presence of Src family kinases inhibitor PP2.
(a) Whole-cell currents evoked (representative traces) by pressure application of
NMDA (indicated by arrow; 100 uM, 20 PSI, 30ms) to cortical neurons at holding
potentials of =60 and +40mV. SA treated for 24 hours neurons (top trace), neurons
treated with SA for 24 hours followed by incubation with heme for 2 hours in the
absence (middle) or presence (bottom trace) of Src kinase inhibitor PP2. (b) Neurons
treated with SA for 24 hours showed a 70% reduction in NMDA-evoked currents
(diamonds) over a recording time of 13 min. When heme (0.1 uM) was applied in the
bath at 2min (indicated by the arrow) the initial current decline (similar to SA-
treated, up to 2min) stopped and then NMDA-evoked currents were potentiated by
40% over 13min (squares). Top raw traces indicate representative currents at
indicated time points (i-iii). When heme was presented in the patch pipette, currents
started to increase immediately after patching (triangles).

exerted via direct interaction with proteins within the NMDAR complex,
possibly those facilitating phosphorylation of the NR2B subunit by Src
kinase (Chernova et al., submitted).

Neurotrophic effects of heme

Neurotrophic effects of heme were first reported in 1978 by Ishi and
Maniatis (100), who observed that hemin exposure increased the growth
rate of mouse neuroblastoma cells in culture. Cells were incubated in
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Table 2. Ability of compounds structurally or metabolically related to hemin to
promote neurite outgrowth and effect of KCN, NaN; and NaF on response to
hemin in cultured mouse neuroblastoma cells.

Treatment Neurite outgrowth (%)*

a, Control 4.3+1.1
Hemin (107 M) 421419
Biliverdin (107 M) 9.0+1.4
Porphobilinogen (107 M) 6.3+1.1
Chlorophyllin (5 x 107 M) 15.9+2.1
Chlorophyllin (1074 M) 24.6+1.7
Chlorophyllin (2 x 107 M) 30.9+1.1
Pyrrole (107 M) 4.1+04

b, Control 2.7%£0.2
Hemin (10~ M) 43.042.2
KCN (5 x 107 M) 10.7+1.1
NaNj (5 x 107 M) 11.3+1.3
NaF (5 x 107 M) 10.940.8
Hemin (10 M) plus KCN (5 x 107 M) 40.1£1.8
Hemin (10~ M) plus NaNj (5 x 107 M) 39.1+24
Hemin (10 M) plus NaF (5 x 107 M) 334%14

Cells were incubated for 3 hours in DMEMS medium with addition as indicated. Control
cultures in (a) received 0.02% ethanol, which served as a solvent for compounds used in that
experiment. The proportion of neurite-bearing cells in the cultures was determined.

* Values are means +s.e.m. (n = 4). Data retyped from reference (100).

DMEM medium in the presence or absence of 107* M hemin for 3 hours
after which the proportion of neurite-bearing cells was estimated. Hemin
treatment resulted in the increase of the cells with neurites by 22%. The
authors examined effects of other compounds related to hemin and the
data are presented in Table 2 (100).

The authors suggested that the mechanism of rapid and reversible
induction of neurite outgrowth may be associated with an ability of hemin
to modulate activity of protein kinases, described previously in work by
Greengard (101).

Nearly 30 years later, work by Shinjyo and Kita (102) demonstrated
up-regulation of heme biosynthesis during differentiation of Neuro2a cells.
A gradual increase in the cellular heme b level was observed between 12
and 48 hours, and an increase was evident after 72 hours. In contrast, the
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heme a content did not change significantly during retinoic acid-induced
differentiation. The level of mitochondrial heme ¢ (constituent of
cytochrome ¢) was increased during differentiation. The levels of ALAS-1
mRNA were increased during neuronal differentiation. The up-regulation
of ALAST expression was suggested to be related to the enhanced mRNA
stability in a positive feedback response to the lower level of free heme
(heme b), that was observed immediately after the induction of differenti-
ation (102). A subsequent study (103) showed that this up-regulation of
heme biosynthesis during differentiation is ROS-dependent. Furthermore,
it was found that ROS-dependent induction of heme oxygenase, which
degrades heme and acts as an antioxidant, and catalase, another antioxi-
dant enzyme that contains heme as a prosthetic group, occurs during dif-
ferentiation. Based on these observations, the authors suggested that
increased heme biosynthesis following the degradation of heme protects
Neuro2a cells from oxidative stress caused by ROS during differentiation.
In wvitro work showed that the differentiation of neuroblastoma SHSY5Y
cells generated by nerve growth factor treatment was compromised by
chemical-induced heme deficiency: heme-deficient cells failed to complete
differentiation, lost their axons, and died within 3-4 hours after the differ-
entiation induction (104). A partial explanation of this effect suggested by
the authors was a corruption of signaling pathways as a result of compro-
mised heme responsive motifs (HRM)-dependent factors, APP, and
decayed mitochondria (104).

The effect of heme on neurites outgrowth was monitored in mouse pri-
mary cortical cultures (Fig. 7), and two-fold increase of projections vol-
ume in neurons treated daily with 100nM hemin was found, however the
mechanism is yet to be studied (Chernova et al., unpublished).

Recently, Kimura and colleagues identified a novel secreted neu-
rotrophic protein neudesin (105). Mouse neudesin mRNA was expressed in
neurons but not in glial cells and was abundant in the developing brain.
The neurotrophic activity exhibited in cultured mouse neurons by this pro-
tein was associated by the authors with activation of the mitogen-activated
protein (MAP) and the phosphatidylinositol-3 (PI-3) kinase pathways.
Their further work (106) showed that neudesin possesses a predicted
cytochrome bs-like heme/steroid-binding domain in its primary structure
and that hemin binds to this domain of the neudesin molecule in vitro in
Neuro2a cell. Association with hemin enhanced neurotrophic activity of the
protein in mouse primary cortical neurons; cells cultured in the presence of
neudesin-hemin had a greater neuronal survival and a lower proportion of
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Fig. 7. Effect of heme on neuritis outgrowth in primary cultures of mouse cortical
neurons. Cortical neurons were isolated from BALB/c embryos on E16 as described
previously (92); 1 hour after plating, the growth medium was supplemented with
100-nM heme, followed by daily treatment with 100nM heme. At DIV3 cultures
were immunostained using anti-BIII-tubulin 1:3000 antibody (Cell Signaling
Technology, Beverly, MA, USA) and secondary antibody (Alexa Fluor 488 at
1:500), followed by nuclear staining with 300nM 4’-6-diamidino-2-phenylindole
(DAPI). Images of cultured cells were obtained with a Zeiss LSM 510 META
confocal microscope equipped with a 40x oil immersion lens. Images were collected
as series of Z sections (approx. 0.5 micron) and reconstructed using Volocity
software (Improvision, Coventry, UK) on three dimensional reconstructions of
datasets using an intensity classifier and size exclusion criteria to identify neurites.
Images were collected from at least five different randomly selected areas from each
of two duplicate cell cultures. Average projections volume per nuclei in (a) control
and (b) treated cultures was (c) compared and statistical significance was
estimated using two-tailed student’s t-test. * statistically significant, p < 0.05.

apoptotic death compared to controls. Neudesin-hemin promoted activation
of the major pro-survival ERK1/2 pathway. Additionally, Fe(III)- protopor-
phyrin IX was reported essential for the neurotrophic activity of neudesin,
but not Fe(IT)- protoporphyrin IX or protoporphyrin IX. This report pre-
senting the first extracellular heme-binding protein neudesin involved in
intercellular signal transduction was followed by identification of neu-
ferricin, a second novel extracellular heme-binding protein with a
cytochrome b5-like heme/steroid-binding domain (107). Mouse neuferricin
consisting of 263 amino acids has a heme-binding domain similar to
neudesin and exhibits a characteristic shift of the Soret band from 402 to
422nm under reducing conditions. Interestingly, in contrast to neudesin,
neuferricin was shown to suppress cell survival in Neuro2a but stimulated
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neurogenesis in primary mouse neural precursor cells. The authors sug-
gested that neuferricin is expressed in a region of undifferentiated neuronal
cells, and that neuferricin promotes neurogenesis by suppressing the self-
renewal of undifferentiated cells (107).

Heme can act as a gas-sensing regulator of brain functions

Heme-containing proteins can reversibly bind diatomic gaseous molecules,
Oy, NO and CO (108) and can thereby serve as regulators of cellular
responses to fluctuating concentrations of oxygen, carbon monoxide, and
nitric oxide levels. If a regulatory heme-binding domain is coupled to a
neighboring functional domain, a protein becomes a heme-based sensor.
Ligand (O,, NO and CO) binding by the sensor (heme) domain modulates
the physiological role of the protein, such as DNA binding in the case of
transcriptional factors or the catalytic reaction rate in the case of enzymes
(see (109) for more details).

Work by Dioum and colleagues provided evidence that the mam-
malian neuronal transcription factor NPAS2, which is widely expressed in
mammalian forebrain, binds heme to form a gas-regulated sensor (110).
Both PAS domains of NPAS2 bind heme, and formation of a DNA-
binding complex by NPAS2 with its partner BMALLI is directly coupled to
the heme status (110). The authors demonstrated that formation of the
DNA-binding heterodimeric complex was inhibited by addition of CO at
low UM concentration. It has been proposed that CO may function in the
brain as a neurotransmitter and that NPAS2 may be its receptor (111).
Carbon monoxide is a plausible candidate for a native ligand of NPAS2,
although sensing of other heme ligands by this protein has not been ruled
out (reviewed in (109)). The signaling function of carbon monoxide as a
neurotransmitter /neuromodulator (80, 112) is utterly dependent on heme.

Heme and brain aging: Role of heme for protection
from drug-induced neurotoxicity

Heme synthesis declines with age, and reduced ALAS1 activity together
with increased activity of microsomal HO were suggested to be causative
factors for the decreased microsomal concentration of heme (113).
Compromised heme availability in the brain may have an effect on func-
tions of hemoproteins including cytochromes P450 (CYP450), a superfam-
ily of heme-containing proteins with a critical role in drugs and xenobiotics
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metabolism (114). Many drugs and chemicals affect heme synthesis, and
this also occurs in the brain (17). The formation of CYP450 requires
de novo synthesis of apoprotein and heme (115), therefore reduced heme
synthesis may become a limiting factor in CYP450 availability. It has been
suggested that the fundamental mechanism of drug induction is the same
for cytochromes P450 and ALAS1 (116). The authors identified and char-
acterized two enhancer elements which respond to prototypic inducer drugs
and interact with the human pregnane X receptor NR1I2 and the human
constitutive androstane receptor NR1I3 in 5-UTR of ALAS1. These find-
ings show that up-regulation of cytochrome P450 apoprotein production
and induction of heme synthesis are coordinated via transcriptional activa-
tion of ALAS1 gene (116-117). However, it’s not clear if this coordination
is distorted by aging. Although reduction of heme synthesis has been
shown in vivo and in vitro (92, 113), studies of age-related impairment of
cytochromes P450 activity in humans demonstrated highly controversial
results (reviewed in (118)). CYP450 isoforms have been found in mam-
malian brains by various methods and mapped to different regions of the
brain as well as to different subcellular locations (119). Much less is known
about CYP450 in human brain; only CYP2D6 distribution throughout the
human brain has been described (120). Induction of brain CYPs is brain
region-, cell type-, isoform- and inducer-specific (119). The specific pattern
of expression indicates that drug and metabolite levels are not evenly dis-
tributed throughout the brain, creating a scenario of differential cell /region
vulnerability to neurotoxicity. Endogenous modulation of brain CYP450 by
neurotransmitters was suggested by Gervasini and colleagues (121).
However, this area remains not well understood, and the matter is not
helped by the fact that the widely used plasma drug monitoring does not
reflect drug kinetics in the brain. In addition, little is known about the role
of these enzymes in age-related and xenobiotic-induced neurotoxicity.
Older people use on average two to five prescription medications on a regu-
lar basis, and polypharmacy, defined as the use of five or more medica-
tions, occurs in 20% to 40% of this age group (122); this could increase the
demand for synthesized de novo heme to provide an adequate amount for
inducible CYP450 in order to metabolize prescribed drugs efficiently.
Effects of compromised availability of heme on CYP 450 function was
studied by Meyer and colleagues (114, 123). Examination of cellular sub-
fractions showed that the highest levels of CYP1A1 was detected in cytosol
in the brain tissue, whereas in the liver, CYP1A1 was exclusively localized
in microsomes (114) where it is enzymatically active. The availability of
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heme in the brain was significantly lower than in the liver and authors sug-
gested that reduced availability of heme is a limiting factor for incorpora-
tion of CYPIA1 into endoplasmic reticulum (ER) of the brain tissues
in vitro (114). Transient expression of CYP1Alin COS-1 cells, combined
with inhibition of heme synthesis by SA, provided additional evidence of
impaired incorporation of CYP1A1 into ER under conditions of heme defi-
ciency (114). This report was followed by in wvivo work, which showed
cytosolic persistence of CYP1A1 in heme-deficient transgenic mouse model
with chronic impairment of heme synthesis, porphobilinogen deaminase-
deficient (PBGD-/-) mice. Heme content was diminished in the liver and
brain of PBGD—/— mice compared to wildtypes, and CYP1A1 protein was
detected not only at the endoplasmic reticulum (ER), but also in the
cytosol of PBGD—/— mice. CYP1A1 metabolic activity was restored in
vitro in cytosol of PBGD—/— mouse brain tissue by heme treatment in vitro
(123). The authors discuss the relevance of heme as a limiting factor to the
functions of other members of the CYP450 superfamily, that in combina-
tion with age-related reduction in heme synthesis levels (113) highlights an
important role of heme for protection from drug-induced neurotoxicity.

Recently a connection between the activity of CYP450 and memory
was demonstrated for the CYP7B isoform in rats (124). CYP7B is
highly expressed in the brain, particularly in the hippocampus and cat-
alyzes the synthesis of neurosteroids (125). Work by Yau and colleagues
examined whether hippocampal CYP7B bioactivity was related to spa-
tial memory impairments with aging in rats. The authors showed selec-
tively decreased CYPT7B bioactivity in hippocampal tissue from
cognitively impaired 24-month-old aged rats compared to age-matched
cognitively intact rats and young 6-month-old controls. Furthermore, the
cognitive impairment was ameliorated by treatment with the CYP7B
product 7-alpha-hydroxypregnenolone; treated animals demonstrated
improvements spatial memory retention (124).

May sufficient availability of heme delay aging?

Heme deficiency was suggested to be a factor in the mitochondrial and
neuronal decay of aging because it causes a selective decrease of mitochon-
drial complex IV in wvitro in human brain cell lines, leading to oxidative
stress and corruption of Ca?" homeostasis (104). Effects of heme on neu-
ronal aging was demonstrated in vitro in mouse primary cortical cultures
(92). An increase in the proportion of senescent cells in aging neuronal
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cultures was accompanied by the up-regulation of the genes for ALAS1
and HO-1, suggesting a state of relative heme deficiency. Furthermore, in
neuronal models of heme deficiency, based on chemical inhibition of heme
synthesis by SA or NMP, as well as in heme-deficient Fech neuronal cul-
tures, senescent phenotypes developed faster. The pattern of neuronal
gene expression in senescent neurons was found similar to that in heme-
deficient cultures (92). The decrease of NMDA receptor subunits in an
age-dependent manner in vivo is well established (126), and in cortical
neurons, decreased expression of NMDA receptor subunits {1 and €2
(NR1 and NR2B) was also associated with aging. Heme-deficient cultures
exhibited premature decline in expression of NMDA receptor subunits and
neurofilament light peptide (NF-L), and this effect was prevented by
treatment with exogenous heme (92). These data associate heme defi-
ciency with premature neuronal decay and implicate the role of heme
metabolism in physiological and pathological aging.

Deficiency of heme and Alzheimer’s disease

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder
characterized by synaptic loss and neuronal cell death and manifested clin-
ically by progressive cognitive dysfunction and memory loss (127). The
pathogenesis of the disease is very complex and not entirely understood;
many factors, such as abnormal metabolism of amyloid precursor protein
(AAP), pathological accumulation of tau, oxidative stress, proinflamma-
tory changes, mitochondrial decay and energy hypometabolism were impli-
cated in AD development. The pathological hallmarks of AD are
aggregations of amyloid-f peptide, formation of neurofibrillary tangles and
selective synaptic and neuronal loss in the brain regions involved in learn-
ing and memory. Because of its high rate of oxygen consumption and its
high content of polyunsaturated fatty acids, the brain exhibits increased
vulnerability to oxidative stress. Elevated lipid peroxidation in the brains
of AD patients reflects induction of oxidative stress (128), which then exerts
secondary effects such as protein modification, oxidation and conformation
changes (129). Disruption in the metabolism of iron has been postulated to
play a role in the pathogenesis of AD, and iron-induced oxidative stress has
been suggested a key factor in AD pathophysiology (reviewed by Altamura
and Muckenthaler (130)). Heme is a common factor linking several pertur-
bations in AD, including those associated with iron metabolism, mitochon-
drial complex IV, heme oxygenase, and bilirubin. Atamna and colleagues
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showed that chemical-induced heme deficiency results in a selective
decrease in mitochondrial complex IV that leads to oxidative stress in neu-
ronal cell lines and primary hippocampal neurons (104) and suggested that
functional deficiency of heme, and the shortage of heme-a particularly (91),
causes mitochondrial and neuronal decay of aging.

The metabolic consequences resulting from heme deficiency seemed
similar to that in dysfunctional neurons in patients with AD and following
work demonstrated heme binding to amyloid-f (131-132). Interaction of
heme with amyloid-B in vitro was examined further and the binding was
confirmed by spectral analysis (132). This work outlined a possible mech-
anism of heme deficiency, i.e. binding of heme to amyloid-f causes deple-
tion of regulatory heme (132). Furthermore, differential affinity of heme
binding to human and rodent amyloid-B peptide was reported and the
authors suggested that this explains a susceptibility of humans to AD
(Fig. 8) (131). Sequestration of heme in these complexes may result in
functional heme deficiency and cause mitochondrial dysfunction.
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Fig. 8. Changes to the spectrum of heme induced by human amyloid-B peptides
(huAb). The absorbance spectrum of heme (1) exhibits a red-shift and sharp increase
in the Soret band at 412nm, following binding with increasing concentrations of
huAb. An additional absorbance peak appears at 530 nm. (1) 10-uM heme; (2) 10-uM
heme + 10-uM huAb; (3) 10-uM heme + 30-uM huAb; (4) 10-uM heme + 60-uM
huAb (with the permission of the authors, see (131) for reference).



Role of Heme in Brain Functions 113

The finding that heme-a/heme-b ratio was decreased in AD brain
(132) also supported the hypothesis about role of heme deficiency in
AD. Heme deficiency also induced formation of dimers and aggregates of
APP in human brain cells and in rat hippocampal primary neurons
(104). Homodimerization of amyloid precursor protein and amyloid-3
has been reported previously as a factor implicated in the amyloidogenic
pathway of AD (133). Howlett and colleagues reported the inhibitory
effect of heme on amyloid-B (1-40 and 1-42) aggregation as well as ame-
lioration of amyloid-P aggregation-dependent cell toxicity in vitro (134).
On the other hand, the heme-amyloid-B complex has a peroxidise activ-
ity in wvitro, that may contribute to neurotoxicity in cytopathology of the
disease. Gatta and colleagues employed a model of heme deficiency to
examine the effects of heme on processing of APP, where they inhibited
ferrochelatase (FECH), the enzyme catalysing the terminal step in the
biosynthesis of heme, converting protoporphyrin IX into heme. Inhibition
of heme biosynthesis chemically (10-uM N-methylprotoporphyrin IX,
NMP) or by FECH siRNA caused mitochondrial failure and increased
oxidative stress in neuronal cells and altered the state and proteolytic
processing of APP in cell line overexpressing the protein; the amount of
secreted APP alpha was also reduced in heme-deficient cells (135). The
authors also reported a difference between the effects of heme deficiency
on APP processing in the cells overexpressing APP and neuronal cell
expressing APP endogenously. It has to be noted that inhibition of heme
synthesis at the terminal stage of the pathway (FECH) inevitably cre-
ates an accumulation of protoporphyrin precursors, which can be toxic
and also can have an effect on APP. Additionally, 10uM is a very high
concentration considering that 1-uM NMP IX is enough to reduce the
rate of heme synthesis in neurons by ~ 60% (92) and a drastic inhibition
may quickly cause mitochondrial failure and trigger secondary changes
in various signaling pathways, especially those which are ATP- and
c¢GMP-dependent.

Recent work by Dwyer and colleagues (136) showed that the relative
expression of ALASI mRNA was reduced by about 90% in AD brains
compared to controls, estimated by semi-quantitative RT-PCR. Similarly,
the relative expression of PBGD mRNA estimated by quantitative real-
time PCR was reduced by about 60%; in contrast, the relative expression
of ALAD showed no significant changes. The authors suggested that
down-regulation of ALASI can be attributed to increased levels of heme-b
in AD brain. Indeed, previous work by Atamna reported an increase to
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250% in heme-b and a 2.9-fold decrease of the heme-a/heme-b ratio in the
temporal lobe of AD patients compared with nondemented controls (132).
However, down-regulation of heme synthesis (the rate limiting step
ALAST) would not support Atamna’s hypothesis of functional heme defi-
ciency resulted from heme binding to AB. If available heme is depleted by
sequestration in AP aggregates, which are abundant in AD brains, com-
bined with a profound impairment of mitochondrial function where
ALASI protein acts, this can eventually lead to failure of compensatory
mechanisms. Under such circumstances, mechanisms employed to provide
a regulatory feedback from free heme levels to ALASI gene expression
might be corrupted.

Heme in circadian pathways

In mammals, the circadian mechanism governing expression of many
genes in periphery organs is controlled by a master clock in the
suprachiasmatic nucleus of the hypothalamus (137-139). Both ALASI
and ALAS2 expression in mouse regulating heme synthesis, for
instance, appear to be governed by such a mechanism apparently via
operation of the PERI and PER2 genes. This implies that heme supply
and hemoproteins in the brain might be subject to circadian regulation.
In turn, heme supply itself might regulate the clock by a feedback
mechanism via binding to PAS domain proteins in the case of nPAS2,
allowing subsequent binding of CO (also produced from heme by the
action of HO), or by regulating the stability of PER2 protein (110,
140-144). This suggests a potential route for pharmacological interven-
tion. Another important component of the clock mechanism is REV-
ERBa, also binding heme, a nuclear steroid receptor regulating transcription
of the essential clock transcriptional activator, bMAL1(84-85). Thus,
the relationship between ALASI expression, heme availability and clock
proteins controlling the circadian cycle is complex, intriguing and of
fundamental importance. However, recent studies have cautioned inter-
pretation of findings on the role of heme in this field with respect to
PER and nPAS2 (145). Heme is notoriously sticky and heme bindings
to proteins may not always be specific or with the greatest affinity.
Even so, the evidence for an important role for heme and its synthesis
in circadian rhythm still seems robust including the participation of
REV-ERBa.
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Chapter 6

HEME AND microRNA
BIOGENESIS

Feng Guo

Overview

microRNAs (miRNAs) are a class of non-protein-coding small RNAs that
function in development and cell physiology through regulation of gene
expression (1). In this chapter, I describe the discovery of an essential
miRNA processing factor, DiGeorge Critical Region 8 (DGCRR), as a pre-
viously unknown heme-binding protein. Our biochemical and structural
characterization of the heme-DGCRS interaction suggests that heme is
involved in the regulation of miRNA processing. Future directions of our
investigation are discussed.

miRNAs and the miRNA biogenesis pathway

miRNAs are ~22-nucleotide single-stranded RNAs containing a 5’-phosphate.
miRNAs are found in a wide range of organisms, including mammals,
amphibians, fish, insects, worms and plants. Over 700 miRNAs have been
identified in humans. They regulate the expression of a large number of
protein-coding genes through translational repression or degradation of their
messenger RNAs (mRNAs) (2, 3). miRNAs and transcription factors consti-
tute gene regulatory networks essential for developmental programming and
physiological responses. For example, miR-196 negatively regulates the
expression of the transcription factor Bachl (4). Bachl is directly regulated
by heme and is essential for heme-dependent regulation of the cytoprotective
heme-degrading enzyme heme oxygenase 1 (HMOX1) during stress
responses and of B-globin during erythroid differentiation (5). miRNAs are
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bound to the Argounate proteins in an effector complex called miRNA-
induced silencing complex (miRISC) and specifically recognize target
mRNAs through pairing interactions. Plant miRNAs are nearly completely
complementary to target mRNAs. In contrast, animal miRNAs most often
form partial pairing interactions with target mRNAs, with the nucleotides at
positions 2-8 (counting from its 5-end, called the seed region) being most
important for target recognition.

Most miRNAs are transcribed by RNA polymerase II as primary tran-
scripts (pri-miRNAs). Pri-miRNAs contain characteristic 30-base-pair hair-
pin secondary structures in which mature miRNAs reside. A pri-miRNA
can be an independent transcript, or a preemRNA with miRNAs located
in its introns or, in some cases, exons. Pri-miRNAs are processed through
sequential cleavages (Fig. 1) (6, 7). First, in the nucleus, a pri-mRNA is
processed into a 6570 nucleotide RNA intermediate called a pre-miRNA by
a complex called Microprocessor. The Microprocessor minimally contains
Drosha (an RNase III-type endonuclease) (8) and DGCRS (its insect and
worm homologs are called Pasha and Pash-1, respectively) (9-12). Drosha
cleaves a pri-miRNA at two sites ~ 10 base pairs from the bottom of the
hairpin, with the central product being the pre-miRNA. After the pre-
miRNAs are exported to the cytosol, they are cleaved further by the Dicer
ribonuclease. The resulting duplex miRNAs are unwound and incorporated
into the miRISC complexes (13, 14).

miRNAs have been shown to play important roles in diseases such as
cancer (15). In addition to altered expression of the individual miRNAs,
global decreases of miRNA levels have been demonstrated in normal devel-
opment and in many cancers (16, 17). Knockdown of DGCRS using RNA
interference enhanced cellular transformation and tumorigenesis (18),

pri-miRNA pre-miRNA pre-miRNA

miR /miR* Mature
duplex  miRNA
<

Drosha Exportin-5 Dicer E miRISC
—_— —_—

—_— ] —>

DGCRS8 RanGTP

............ 3’  Nucleus

Fig. 1. miRNA biogenesis pathway in animals.
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demonstrating a contribution of the global down-regulation of miRNAs in
cancer development. However, the mechanism for the global suppression of
miRNA expression is not well understood.

DiGeorge Critical Region 8

DGCRS is essential for the processing of pri-miRNAs in vitro and in vivo
(9, 10, 19, 20). The DGCRS gene, along with ~30 other genes, is located
in chromosome region 22q11.2 that is heterozygously deleted in the
DiGeorge Syndrome patients (21). A mouse model showed that haploin-
sufficiency of the Dgcr8 gene results in abnormal miRNA biogenesis in the
brain and contributes to the behavioral and neuronal deficits associated
with the DiGeorge Syndrome (20). Thus, the expression level of DGCRS
appears to be critical for proper processing of pri-miRNAs. Indeed, the
expression and activity of DGCRS are regulated through multiple mecha-
nisms. For example, Drs. Kim and Gregory’s laboratories reported that
the mRNA of DGCRS8 contains two miRNA-like hairpins that are bound
and cleaved by DGCRS and Drosha, providing a feedback regulation for
the expression of DGCRS (22, 23).

The 773-residue DGCRS protein contains a WW motif in its central
region and two double-stranded RNA-binding domains (dsRBDs) in its
C-terminal region (Fig. 2). It binds to pri-miRNAs even in the absence of
Drosha (24-26). Its C-terminal tail (CTT) is required for association with
Drosha and for assembly of the proper higher-order structure of DGCRS
upon binding pri-miRNAs ((27) and Faller et al. submitted). A major
function of DGCRS is to help Drosha recognize pri-miRNA substrates for
processing.

Nuclear HBD dsRBD1 CTT
localization WW dsRBD2

1 [
1 dimerization Tautoinhibition 773

Caspase
cleavage

Active m—— NC9

Inactive DGCR8C2
Active NC1

Fig. 2. Domain structure of DGCRS.
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DGCRS binds heme

We initiated the DGCRS8 project aiming to answer the question: how are
the several hundred pri-miRNAs in humans specifically recognized by their
processing factors? Although all the miRNA hairpins contain ~30-bp
double-stranded regions, they contain structural irregularities such as
bulges and internal loops. These irregularities differ in terms of the types
and locations in the hairpins. The goal of the project was to obtain three-
dimensional structures of tertiary complexes containing Drosha, DGCRS
and pri-miRNAs, with the hope to reveal the “three-dimensional codes” for
recognition of pri-miRNAs. My postdoctoral colleague, Dr. Michael Faller,
expressed a truncated active DGCRS, called NC1 and containing residues
276-751, in E. coli. He found that NC1 directly binds pri-miRNAs with
high cooperativity and assembles into a higher-order complex with pri-
miRNAs (25). In his attempts to crystallize the DGCR8-RNA complex, he
noticed that the highly purified NC1 protein had a yellow color. He fol-
lowed his curiosity about this color and eventually identified the origin of
the color as a heme cofactor bound to the NC1 protein.

The identity of heme as the cofactor bound to recombinant DGCRS
has been confirmed using multiple methods:

(1) Fluorescent spectrometry. Both heme and flavin derivatives, such as
flavin adenine dinucleotide (FAD), can absorb light at a peak wave-
length of 450 nm. However, they differ in that flavin has strong fluo-
rescent signals whereas heme does not fluoresce. Both excitation and
emission fluorescence spectra of heme-bound DGCRS8 showed little
fluorescent signals, ruling out the possibility of the cofactor bound to
DGCRS being a flavin.

(2) HPLC. The cofactor was extracted from DGCR8 and was characterized
using HPLC. This experiment identified the cofactor as heme in several
ways: the cofactor elutes from the reverse-phase column at the same vol-
ume as purified hemin; the cofactor and the DGCRS8 protein elute sepa-
rately from the column, suggesting that they are not covalently linked;
upon dissociation from the protein, the cofactor loses the absorption
peak at 450 nm, instead obtaining a strong absorption at 398 nm, simi-
lar to hemin. By integrating the peak volumes in the HPLC chro-
matograms and using hemin as standards, the extinction coefficient of
the heme bound to DGCRS was determined to be 58000 M cm™.

(3) Mass spectrometry. A peak with a mass/charge ratio (m/z) of 616,
equal to the molecular weight of a free heme molecule, was observed
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in electrospray ionization (ESI) mass spectrometry, performed in
denaturing conditions. In native conditions, EST mass spectra revealed
peaks corresponding to a complex with two NC1 subunits and one
heme cofactor.

(4) Bacterial expression with and without a heme biosynthesis intermedi-
ate, d-aminolevulinic acid (8-ALA). In the absence of 3-ALA, over-
expression of DGCRS8 in E. coli produces both heme-bound and
heme-free forms of the protein. When 1mM of 3-ALA is added at the
time of induction, only heme-bound DGCRS is observed and the yield
of the protein increases ~2 times.

Heme is important for the pri-miRNA processing
activity of DGCRS8

Like several other heme-binding proteins that are also discovered
serendipitously, we used biochemical assays to characterize DGCRS,
focusing on two major questions: how does heme affect its pri-miRNA
processing activity and how does it interact with heme. The activity of
recombinant DGCRS proteins were tested using reconstituted pri-miRNA
processing assays. In these assays, fragments of pri-miRNAs are labeled
with 3?P and are incubated with purified recombinant Drosha and
DGCRS. The reactions are analyzed using denaturing polyacrylamide gel
electrophoresis and autoradiography. A pri-miRNA is typically cleaved
into three products, with the one in the middle being the pre-miRNA
(Fig. 1). We found that the heme-bound DGCRS is more active than the
heme-free form in pri-miRNA processing in vitro (25). This is true for
both pri-miRNAs we tested. Thus, the heme-bound NC1 is an active form
of DGCRS and is unlikely an artifact of overexpression of a human protein
in E. coli. Furthermore, DGCRS8 binds heme using an independently
folded heme-binding domain (HBD) located in the central region of its
sequence (28). The presence and functional importance of heme suggest a
mechanism for regulation of DGCRS.

Redox regulation of pri-miRNA processing activity
of heme-bound DGCRS by glutathione

A class of heme-binding proteins serves as sensors for diatomic gas mole-
cules, such as nitric oxide (NO) and carbon monoxide (CO), or for redox
potential (29). We set out to identify the function of the heme-DGCR8
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interaction using the reconstituted pri-miRNA processing assays. We
found that the heme-bound DGCRS protein is activated by reduced glu-
tathione and is inhibited by oxidized glutathione (Senturia et al. submitted).
Glutathione is a natural tripeptide (y-glutamyl-cysteinyl-glycine) involved
in oxidation-reduction reactions and signaling (30). Further characteriza-
tion of this regulation revealed the following features. (1) The effect of
glutathione on pri-miRNA processing is achieved specifically through
DGCRS because the reduced and oxidized glutathione can be removed
through buffer exchange after pre-incubation with the heme-bound NC1
and DGCRS8 remains activated or inhibited, respectively. (2) The bidirec-
tional regulation of DGCR8 by glutathione is reversible. (3) The associa-
tion of DGCRS8 with heme is required for the sensitivity to glutathione:
two heme-free DGCRS proteins failed to respond to glutathione. The first
(called NC9) does not contain the HBD (Fig. 2) (25) and the second con-
tains a mutation (P351A) in the HBD. (4) Although a disulfide bond
between the HBD and the dsRBD1 can be detected, disruption of this
interaction through a cysteine-to-serine mutation does not affect the
sensitivity to glutathione. This result, along with other evidence, indicates
that the effect of glutathione on DGCRS8 is unlikely mediated by a
simple mechanism depending on a disulfide. Furthermore, our biochemical
assays have largely ruled out the possibility of DGCRS8 acting as a sen-
sor for diatomic gas molecules, such as nitric oxide (NO) and carbon
monoxide (CO). Thus, this study suggests that a primary function of the
heme-DGCRS interaction is for sensing glutathione-mediated redox
potential in cells, which could fluctuate during development in oxidative
stress or hypoxia conditions. We are in the process of testing whether
miRNA maturation is affected by redox potential in cultured mammalian
cells.

A novel use of WW motif for dimerization
and for association with heme

The DGCRS protein represents a novel family of heme-binding proteins.
The only recognizable motif in its heme-binding domain is a WW motif
located in its N-terminal region (Fig. 2). The WW motifs typically con-
tain ~30 amino acids with two characteristic tryptophan residues and are
widely distributed in protein families (31). Many WW-motif-containing
proteins function in signaling pathways. Most WW motifs that have been
characterized interact with proline-containing sequences.
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An important feature of the DGCR8 heme interaction is that the
dimeric form of DGCRS& binds heme, whereas monomers do not. In an
attempt to isolate mutations that abolish heme binding in DGCRS, we iden-
tified a conserved dimerization domain in DGCRS. It is embedded in the
N-terminal region of the HBD, including the WW motif and its C-terminal
neighboring region, as well as some residues on its N-terminal side (Fig. 2).
The crystal structure of the dimerization domain was determined at 1.7 A
resolution (Fig. 3). The structure reveals that the WW motif of DGCRS
forms a 3-stranded B-sheet, which is superimposible to other known WW
domain structures. More importantly, each WW motif makes extensive con-
tacts with the C-terminal neighboring region of the partner subunit in a
dimer. This exchange of interacting partners between subunits in an
oligomeric protein is called three-dimensional domain swapping (32). The
surface that a classic WW domain uses to interact with proline-containing
ligands is adopted by DGCRS8 as a part of the dimerization interface.
Thus, it is unlikely that the WW motif in DGCR8 binds proline-rich
ligands.

Although the structure of the DGCRS8 dimerization domain does not
contain heme, it does contain two residues that we have already identified
through mutagenesis studies to be required for association with heme.
Cys352 is completely conserved in the DGCRS8 family. Mutation of this
residue to either alanine, serine or histidine completely abolishes heme-
binding to NC1 (25). Because only the heme cofactors with thiolate lig-
ands have been shown to have Soret peaks at 450-nm wavelength in their

Fig. 3. The dimerization domain of DGCRS contributes a heme-binding surface.

In the stereo diagram, the two subunits of DGCRS8 are drawn in green and cyan
and the residues required for association with heme in red.
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UV-Vis absorption spectra, such as those in the cytochrome P450 pro-
teins, it is likely that the Cys352 side chain serves as the coaxial ligand of
the heme bound to DGCRS8. The second residue essential for heme bind-
ing is Trp329, which is the second tryptophan in the WW motif (28).
Interestingly, Cys352 and Trp329 contributed by both DGCRS subunits
cluster on an elongated surface of the dimerization domain (Fig. 3). Our
structure and mutagenesis data suggest that the dimerization domain
directly contributes a surface for binding heme and explains why only
dimeric DGCRS8 proteins bind heme. Thus, we conclude that DGCR8
makes a novel use of a WW motif as a structural platform for dimeriza-
tion and for association with heme.

The heme-binding-deficient DGCR8 mutants, including both C352A
and W329A, have reduced pri-miRNA processing activity in vitro, consis-
tent with a regulatory function of the HBD and heme in pri-miRNA
processing (25, 28).

The C-terminal region of the HBD is an autoinhibitory domain

Using an anti-DGCRS8 antibody, we found that DGCRS8 undergoes
two proteolytic cleavages in HeLa cells (Gong et al. submitted). The C-
terminal cleavage fragments of DGCRS, called DGCR8®! and DGCR8?,
can be observed on immunoblots. The two cleavage sites (CS1 and CS2)
have been mapped to the immediate N-terminal neighboring region of the
HBD and in the middle of the HBD, respectively. We further identified cas-
pases as mediating DGCRS8 cleavage at CS2. The cleavage of recombinant
DGCRS results in loss of heme and dissociation of the two halves of the
HBD. More importantly, cleavage of DGCRS8 by caspases inactivates its
pri-miRNA processing activity. Interestingly, DGCR8®? binds pri-miRNAs
with affinities similar to that of active DGCRS proteins, but with reduced
cooperativity. The latter finding corroborates the importance of highly
cooperative binding of DGCRS8 upon association with pri-miRNAs during
processing we have shown in a separate study (Faller et al. submitted).
Because the C-terminal neighboring region of the DGCR8 HBD is suffi-
cient for pri-miRNA processing, our study identifies the C-terminal half of
the HBD as an autoinhibition domain (Fig. 4). The molecular mechanism
revealed here provides an interesting example of how proteases inactivate
heme-binding proteins through disassembly of their heme-binding domains.

Our characterization of DGCRS revealed a domain structure that
appears to be responsible for regulating its pri-miRNA processing activity
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Fig. 4. Caspase cleavage of DGCRS results in loss of heme and inactivation of its
pri-miRNA processing activity.

(Fig. 2). The double-stranded RNA-binding domains (dsRBDs) and
C-terminal tail (CTT) in the C-terminal region of DGCRRS are sufficient
for pri-miRNA binding and processing, and thus are the effector
domains. The N-terminal region of DGCRS (residues 1-275) is required
for its nuclear localization (27). The central region is the HBD, which
contains the dimerization and autoinhibition domains separated by the
central loop. The autoinhibition domain directly interacts with the
dsRBDs and can inhibit the pri-miRNA binding and processing activity.
Thus, the dimerization domain is effectively responsible for activation
of the pri-miRNA processing activity of DGCRS8. It likely does so
through a direct interaction with the autoinhibition domain and the
heme cofactor.

Future directions

Our series of biochemical and structural studies demonstrate intrinsic,
conserved properties of the DGCRS protein: association with heme, regu-
lation by glutathione in a heme-dependent manner, and the modular
architecture of its heme-binding domain. We and our collaborators are
working on answering the following questions: Does DGCRS bind heme in
human or other eukaryotic cells? How do oxidative stress and other condi-
tions that perturb the balance between reduced and oxidized glutathione
affect miRNA biogenesis in cells and animals? From the perspective of
fundamental protein chemistry, how does DGCRS8 bind heme with its
unique characteristics, such as the 450-nm absorption peak in the absence
of the obvious source of carbon monoxide? How do reduced and oxidized
glutathione interact with the heme-bound DGCRS and regulate its activity?
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Through these investigations, we hope to provide a comprehensive under-
standing, at cellular, molecular and structural levels, of how miRNA pro-
cessing is regulated. This knowledge may suggest ways to explain and
correct abnormal miRNA maturation in diseases.
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Chapter 7

THE VAST POTENTIAL OF HEME
IN REGULATING BIOLOGICAL
PROCESSES

A Global Perspective

Li Zhang, Aaron Arvey, Donovan Pham Huynh and Christina Leslie

Overview

Clinical and experimental data have clearly shown that heme is crucial
for proper cell functioning and for the survival and development of
humans. In previous chapters, we have described the diseases caused by
heme deficiency, and have provided examples of how heme can control
gene transcription, protein synthesis, and microRNA biogenesis. Here, we
further examine the potentially broad role of heme in diverse molecular
and cellular processes underlying proper human functioning and disease
pathogenesis.

Molecular and cellular events underlie proper
human functioning

Life is a fascinating and miraculous form of existence in the universe. The
many capabilities afforded by living organisms, particularly humans, are
still impossible to match by engineering, and will remain so for a long
time. How can humans act in such rapid, coordinated, and sophisticated
manners, for example, in the fight-or-flight response when facing danger
or in various sporting activities? Still, when under attack due to internal
problems or external infections or injuries, humans can fail rapidly and
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completely. How are such dramatic responses and changes brought
about?

Fortunately, the advances in biological and biomedical sciences have
allowed us to glean the seemingly invisible events that underlie the behav-
iors and responses of living organisms and humans. It turns out that for
every movement or response by an organism or human, there are biophysi-
cal and biochemical events preceding it. Humans are able to respond to
danger because of the actions of the molecules and cells in various parts of
our body, starting from the eyes to the nerve cells and muscle cells. We
may become ill because the molecules and cells in our body do not act

properly.

Heme controls the growth, differentiation,
and death of diverse cells

Remarkably, heme is a molecule that can act throughout the human body
to control and regulate diverse cells and processes (1-3). Heme appears to
play important regulatory roles in virtually all human or mammalian
cells, which several laboratories have examined to date (4-8). Heme has
been shown to be critical for mammalian cell growth. For example, lack of
heme synthesis causes the human epithelial cervix carcinoma HelLa cells
to stop growth and undergo programmed cell death or apoptosis (7, 8).
Figure 1 shows that HeLa cells treated with succinyl acetone, a potent
inhibitor of heme synthesis, undergo DNA fragmentation, and pro-
grammed cell death (apoptosis), as detected by the TUNNEL assay.
Likewise, neuronal cells undergo cell death under heme-deficient condi-
tions (9) (see Fig. 2). Heme also promotes the differentiation of mam-
malian erythroid, adipose, and neuronal cells (2, 4, 10). Such effects of
heme are mediated by the actions of various regulatory proteins. Some of
these proteins include those described in detail in Chapters 3-5, for exam-
ple, Bachl and HRI. They bind to heme directly and respond to changes
of heme concentration.

Furthermore, heme can affect the activities of many key proteins con-
trolling cell function, growth, and death, even when heme may not bind to
them directly (1, 3, 11-15). For example, work in my lab showed that
heme deficiency increases the protein levels of the tumor suppressor gene
product p53 and CDK inhibitor p21, and decreases the protein levels
of Cdk4, Cdc2, and cyclin D2 (7). In addition, we showed that heme
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None SA SA + heme

Fig. 1. Inhibition of heme synthesis in HeLa cells causes the cells to undergo
programmed cell death. Shown here are the untreated HeLa cells (None), cells
treated with succinyl acetone, a potent inhibitor of heme synthesis (SA), and cells
treated with both succinyl acetone and heme (SA + heme). Heme addition
reverses the effect of succinyl acetone on cell death. Upper panel: DAPI images
showing the nuclei of HeLa cells. Lower panel: Fluorescent TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end labeling) images showing cells
undergoing program cell death. The TUNEL assay detects DNA fragmentation in
apoptotic cells. Cells treated with succinyl acetone are apoptotic.

deficiency diminishes the activation/phosphorylation of Raf, MEK1/2,
and ERK1/2 components of the mitogen-activated protein (MAP) kinase
signaling pathway, in both the human epithelial cervix carcinoma HeLa
cells and in the nerve growth factor-induced rat pheochromocytoma PC12
cells (6, 7). Heme deficiency also directly inhibits the function of the glu-
tamate NMDA receptor and causes neurite damage in primary mouse cor-
tical neurons (16). These effects of heme deficiency on neuronal cells
provide a sound explanation for the neurological disturbances associated
with acute porphyrias, described in Chapter 2.
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SA + heme

None

Fig. 2. Inhibition of heme synthesis in PC12 cells causes the cells to undergo
programmed cell death. PC12 cells induced with nerve growth factor treated with
no reagent (None), succinyl acetone (SA), and succinyl acetone and heme (SA +
heme) were collected and subjected to TUNEL assays. Upper panel: The bright
field images of cells used for TUNEL assays. Lower panel: Fluorescent TUNEL
images showing cells undergoing program cell death. Cells treated with succinyl
acetone are apoptotic.

Heme has the potential to modulate the activities
of many regulatory proteins that are crucial
for proper human functioning

Importantly, besides those regulatory proteins described in previous
chapters, emerging evidence suggests that heme has the potential to
control the function of many other proteins (17). Our recent computa-
tional study shows that 5322 human proteins (out of a total of 20495)
contain one or more heme-binding CP motifs or heme-responsive or
regulatory motifs (HRMs), as described in previous chapters (17).
Most of the known heme-regulated proteins that bind to heme and
respond to changes of heme concentration contain one or more CP
motifs (3). In addition, mutations in the CP motifs of Hapl, Bachl,
and IRR abolish heme regulation of their activity (18-24). Therefore,
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the existence of CP motifs in proteins is a good indicator for the poten-
tial of proteins to bind heme reversibly and to be regulated by heme
concentration.

The proteins containing CP motifs fall into highly statistically sig-
nificant functional categories. Table 1 lists some of these functional cate-
gories. For example, 92 out of 158 protein tyrosine kinases and 31 out of
49 proteins involved in small GTPase-mediated signal transduction

Table 1. The numbers of proteins with CP motifs in selected functional

categories.
The number Total number
of proteins of human

Protein functional category with CP? proteins® P-value
Protein tyrosine kinase activity 92 158 0
Small GTPase mediated 31 49 4.32E-08

signal transduction
Chromatin modification 75 146 1.06E-11
Nucleic acid binding 502 1516 3.00E-10
Transcription activator activity 58 151 0.00051167
Transcription coactivator activity 61 164 0.00097419
Steroid hormone receptor activity 26 49 4.75E-05
Ephrin receptor activity 14 14 6.31E-09
Ephrin receptor binding 6 6 0.00030595
Brain development 32 74 0.00092149
Metabotropic glutamate 17 23 2.05E-06

receptor activity
Gamma-aminobutyric acid signaling 11 15 0.00016629
Voltage-gated ion channel activity 81 151 0
Proteinaceous extracellular matrix 135 277 1.62E-10
Ubiquitin-protein ligase activity 57 127 2.99E-06
Metal ion binding 1099 3060 0
Zinc ion binding 922 2439 1.35E-10
Calcium ion binding 324 878 5.28E-10
Iron-sulfur cluster binding 24 46 0.00013089

* The numbers of human proteins containing one or more potential heme-binding CP motifs
P p

in each functional category; ” The total numbers of human proteins in each functional

category.
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contain CP motifs. These tyrosine kinases and small GTPases are
involved in most, if not all, cellular responses to extracellular stimuli,
and are crucial for the control of cell growth, differentiation, and death
(25-29). Their dysfunction is associated with numerous diseases includ-
ing many cancers. Likewise, many regulators of gene expression, includ-
ing proteins involved in chromatin modification, transcription activators
and coactivators, and steroid hormone receptors, contain CP motifs
(Table 1) (30-32).

Intriguingly, these proteins include many involved in human develop-
ment and brain development. Particularly, all ephrin receptors and receptor-
binding proteins, which are involved in development and are associated
with many diseases including cancers, contain CP motifs (Table 1)
(33-36). Although the mere presence of CP motifs does not necessarily
suggest functional importance or heme regulation, this high frequency of
CP motif occurrences in these proteins is of great statistical significance.
Many neuronal proteins, such as those involved in the metabotropic gluta-
mate and gamma-aminobutyric acid signaling pathway (37-40), contain
CP motifs (Table 1). This agrees very well with recent experimental
studies showing that heme is important for the proper functioning of
NMDA receptor and large conductance Ca’- and voltage-activated Slol
K* (41, 42).

To gain further insights into the significance of these human pro-
teins containing CP motifs, we used a computational algorithm called
Pathway Studio (Ariadne) to find the connections between these pro-
teins. Strikingly, we found that 253 of the proteins containing CP
motifs are connected to the epidermal growth factor receptor (EGFR)
(Fig. 3). In other words, these 253 proteins modulate or are modulated
by the EGF receptor; they work with the receptor in controlling many
processes in cells. Defects in the EGF receptor function are associated
with many cancers, including non-small-cell lung cancer, glioblastoma,
breast cancer, and colorectal cancer (43-49). Likewise, 117 proteins
that are in the ERBB2 regulatory network contain one or more CP
motifs (Fig. 4). ERBB2 is the v-erb-b2 erythroblastic leukemia viral
oncogene homolog 2, a homolog of the EGF receptor (50-52). Defects in
ERBB2 function are also associated with many cancers, such as breast
cancer (53-55). Notably, 109 proteins in the insulin-like growth factor 1
receptor (IGF1R) regulatory network contain one or more CP motifs
(Fig. 5) (56, 57). Defects in IGF1R may result in intrauterine and post-
natal growth retardation, type 2 diabetes, and cancer (58-64). Recent
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Fig. 3. The epidermal growth factor receptor (EGFR) regulatory network formed
by proteins containing one or more CP motifs.

experimental evidence in Dr. Zhang’s laboratory suggests that heme
may indeed control the activity of some of these proteins containing one
or more CP motifs.

Experimental evidence shows that heme can indeed bind
to and regulate the activity of protein tyrosine kinases

Protein tyrosine kinases play crucial roles in signal transduction in virtu-
ally all mammalian cells (25, 65-67). They are enzymes that phosphory-
late other proteins and enzymes, in response to a signal or stimulus. By
phosphorylating other proteins and enzymes, they modulate the activity
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Fig. 4. The ERBB2 regulatory network formed by proteins containing one or
more CP motifs.

of diverse cellular signaling and regulatory proteins. They coordinate cel-
lular responses to a wide array of extracellular stimuli, and regulate cell
growth, survival, differentiation, migration, and metabolism (68-71)
(see Figs. 6 and 7 for examples). Deregulated expression or activity of
tyrosine kinases can promote serious diseases, particularly cancers
(72-81). As such, understanding the molecular mechanisms by which the
activity of tyrosine kinases is controlled is a key subject in biological and
biomedical research.

Interestingly, our recent computational analysis found that a very
high fraction of protein tyrosine kinases contain one or more CP motifs
(see Table 1). Particularly, 23 non-membrane spanning or non-receptor
tyrosine kinases out of 39 known tyrosine kinases (p value: 1.33E-05;
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Fig. 5. The insulin-like growth factor 1 receptor (IGF1R) regulatory network formed
by proteins containing one or more CP motifs.

p < 0.000527 after correction for multiple tests) contain at least one CP
motif (17). We were able to closely examine the effect of heme on two
important tyrosine kinases, Jak2 and Src (Figs. 8 and 9), in vivo and in
vitro. In vivo, we found that heme can modulate the phosphorylation state
of Jak2 at Tyr1007/1008 and of Src at Tyr530 (Figs. 8 and 9). The phos-
phorylation states of Jak2 and Src at these residues are crucial for deter-
mining the activities of Jak2 and Src in diverse cells. In witro, we found
that heme can bind to the purified, full-length Src protein and the Jak2
fragment containing residues 808-1132. In addition, heme binding alters
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Cytokines, hormones, and growth factors
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Fig. 6. Examples of signaling pathways involving Jak2. Shown here are several
Jak2-mediated signaling cascades that enable cells to respond extracellular signals
or stimuli and initiate changes in gene expression, cell growth, differentiation and
death. Abbreviations: RTK: receptor tyrosine kinase; Jak2: janus kinase 2; SHP2 :
tyrosine phosphatase non-receptor type 11; Grb2: growth factor receptor-bound
protein 2; Sos: son of sevenless homolog 2; Ras: rat sarcoma; Mek: MAP kinase;
Erk: extracellular signal-regulated kinases; KSR: kinase suppressor of
Ras; GSK-3B: glycogen synthase kinase-3 beta: STAT: signal transducer and
activator of transcription; GAB1: GRB2-associated binding protein 1; PI3K:
phosphatidylinositol-4,5-bisphosphate 3 kinase; PDK: pyruvate dehydrogenase
kinase isozyme; IRS1: insulin receptor substrate 1.

the sensitivity of Jak2 and Src to proteases, suggesting that heme binds to
these proteins and alters their conformation.

The regulation of Jak2 and Src by heme may have profound implica-
tions in understanding numerous biological processes and in the manage-
ment and treatment of numerous diseases. Jak2 is one of the key protein
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Fig. 7. Examples of signaling pathways involving Src. Shown here are several Src-
mediated signaling cascades that enable cells to respond growth factors and
promote changes in angiogenesis, cell proliferation, survival, motility, migration,
and invasion. Abbreviations are as in Fig. 6.

tyrosine kinases that mediate cellular signaling by a variety of cytokines,
hormones and growth factors (72, 76, 80, 82-95). Jak2 is essential for ery-
thropoietin receptor (EpoR) signal transduction (96-98). Jak2 knockout
mice exhibit embryonic lethality, and no erythropoiesis occurs in these
mice (96, 97). Mutations in Jak2 have been found to be associated with
an array of hematopoietic diseases, including myelofibrosis, myeloprolifer-
ative disorders, and polycythemia vera (99-109). Particularly, the V617F
Jak2 mutation is present in 90%-95% of patients with polycythemia vera,
50%-70% of patients with essential thrombocythemia, and 40%-50% of
patients with primary myelofibrosis (110). The role of heme in stimulat-
ing the phosphorylation of Jak2 and its activity is in perfect agreement
with the role of Jak2 in erythropoiesis, because heme is arguably the
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JH4
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Fig. 8. Domain structure of Jak2. Jak2 contains the FERM (four-point-one,
ezrin, radixin, moesin), SH2-like, pseudokinase and kinase domains. An alternative
nomenclature for the putative domains is as a series of the Janus homology (JH)
domains. The Tyr1007 phosphorylation site and the CP motifs are indicated. The
FERM domain mediates binding to cytokine receptors. Both the FERM and the
pseudokinase domains regulate catalytic activity. Phosphorylation of Tyr1007 is
critical for Jak2 activation.

’ Src
\ SH4[[ SH3 [[ sH2 | | Catalytic [ ] 336
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Fig. 9. Domain structure of Src. The domains shown are the Src homology
(SH) domains, the catalytic domain, the unique SH4 domain, and SH2 and
SH3 domains. Phosphorylation of the Tyrb530 residue inhibits Src activity.
Phosphorylation of the Tyr419 residue activates Src activity. The CP motifs are
indicated.

most crucial molecule in erythropoiesis. As mentioned previously, 80% of
the heme in the human body is devoted to the generation of red blood
cells (111).

Src is the first discovered oncogene, and it is one of the best studied.
Src is responsible for signal transduction in controlling many cellular
processes, including cell growth, differentiation, adhesion, invasion and
metastasis (73-75, 112-124). Increased Src activity frequently occurs
in many types of human cancer. It is a key molecule in promoting tumor
progression. It has therefore emerged as a potential therapeutic target
for treating many types of human cancer, including breast cancer,
prostate cancer, lung cancer and brain cancer (73, 112, 115-117, 121,
124). It is worth noting that heme can promote the phosphorylation of
the Tyr530 residue (17), which plays a critical role in regulating the
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kinase activity of Src (see Fig. 9). This raises the possibility that heme
and analogs have the potential to modulate the progression of an array
of human cancers.

These examples shed light on the potentially broad role of heme in
proper cell functioning and in the development and health of humans. If
heme can control such important proteins crucial for many physiological
and disease processes, then the roles of heme may be exploited in treating
various diseases such as cancers. As more is known about how heme
controls the activities of proteins such as tyrosine kinases, heme analogs
may be exploited as drugs for many diseases. Indeed, in Chapter 9,
Dr. Gao and colleagues explain how heme and heme precursors can be
used to treat cancers. However, this application is not based on the regu-
latory role of heme. The potentially broad regulatory role of heme can be
further exploited in medicine.
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Chapter 8

THE CHEMICAL AND
STRUCTURAL BASES OF HEME
RECOGNITION

Binding Interactions of Heme with Proteins
and Peptides

Y. Li and Li Zhang

Overview

Understanding heme recognition and its interactions with protein pro-
vides insights into how structures are related to heme biological func-
tions. In this chapter, we will review the current structural information
about hemeprotein binding interactions, highlighting the chemical and
structural bases of heme recognition. Versatile heme-binding interac-
tions, owing to the involvement of both the metal iron and the aromatic
porphyrin ring, are the hallmark in heme recognition and play critical
roles in both enzymatic and electron-transfer reactions. In addition,
functionally important conformational changes modulated by heme-
binding interactions are the underlining mechanisms of the heme func-
tions in sensing and regulation. Reversible binding interactions and
conformational changes are crucial to the triggering mechanism of load-
ing and releasing small molecules or itself in the function of transport
and storage. Here, we will summarize X-ray crystallographic studies that
pertain to the structure—function relationships of heme proteins by
revealing the chemical and structural bases of hemeprotein binding
interactions.
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Introduction

Heme (iron—protoporphyrin IX) and a family of related iron porphyrin
molecules, shown in Fig. 1, bind to proteins through a combination of
non-covalent interactions and up to two axial coordinative bonds to the
iron by an amino acid side chain that contains oxygen, nitrogen or sulfur
atoms. In the case of c-type heme, which is synthesized from heme b, the
heme group is conjugated with the CX,CH (n = 2-4) motif of protein
through covalent thioether linkages between its vinyl groups and the cys-
teine side chain (1-2). Covalent heme binding is also present in CYP4
family of P450 enzymes and the mammalian peroxidases (3-4). Because of
its remarkable bonding versatilities, heme can adapt to a wide variety of
structural environments in a protein, which accounts for the diverse bio-
logical functions of heme groups. Some of these roles include the heme
group activity in electron transfer, catalysis, binding of diatomic mole-
cules (Oy, CO, NO sensing, transport and storage), ion-channel modula-
tion (5-6), signal transduction and control of gene expression (7-9). There
are also heme proteins dedicated to the storage and transport of heme
molecules. Since the determination of the first myoglobin crystal structure
(10), significant insights into the hemeprotein interactions have been
gained through structural biology (11), site-directed mutagenesis (12-13),
interrogation with ligand probes (14) and peptide-heme model systems
(15-17). The structural environments of heme in globins and cytochrome
enzymes have been investigated extensively and well-reviewed (18). There

HO

heme b heme ¢ hemea

Fig. 1. The structures of ferric iron (Fe*®) or ferrous iron (Fe*?) heme b (proto-
pophyrin IX), c-type and a-type heme.
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are emerging details of a structural basis for understanding the mecha-
nism of heme-mediated signal transduction (9, 12, 19-20).

A major approach to investigate hemeprotein interactions has long
been studied by optical absorption spectra (21), resonance Raman spectra
(13, 22), electron paramagnetic resonance (23-24) and nuclear magnetic
resonance (25-26). Site-directed mutagenesis, together with biochemical
and biophysical methods, provides a powerful tool to elucidate the precise
roles of key residues in structure and function of hemeproteins (13, 21). For
example, the replacement of a single histidine ligand residue by a cysteine
or tyrosine would transform the heme oxygenase into an oxidase (27), illus-
trating the critical role of this proximal ligand in controlling reduction
potential and ultimately the enzymatic function of the heme protein.

Another approach is to characterize the binding pockets that recog-
nize and interact with a heme molecule by systematically examining all
hemeprotein structures currently known. There are now over 2300 entries
in the Protein Data Bank that contain a porphyrin ring, representing
over 100 heme binding sites of non-redundant hemeproteins that remark-
ably feature over 30 distinct structural folds (28-29). These diverse scaf-
folds and architectures for heme-binding interactions constitute the
structural basis of heme functions including modulation of redox poten-
tials and the mechanism of regulatory hemeproteins. A database has been
developed, linking electrochemical function of heme proteins to heme pro-
tein structural classifications including protein fold, heme types and
heme axial ligands (30).

Additionally, progress made in the design of heme binding peptides
and the de novo engineering of functional heme proteins with novel prop-
erties also contributed to our understanding of chemical and structural
bases for heme recognition (15). Early spectrascopic investigation was
reported on the formation of “red complex” between ferriheme and poly-L-
lysine under basic conditions and complex formation between heme and
polyhistidine and copoly-(histidine, glutamic acid) (31-32). Reversible
interactions were observed between heme and a short synthetic peptide
corresponding to the signature sequence of heme responsive motifs (HRM)
present in some regulatory heme-binding proteins (33). For the HRM pep-
tide interaction with heme, the cysteine residue in the peptide sequence
was found to be essential, which presumably acts as a ligand to the heme
iron. More recent studies of synthetic heme peptides (34-36) showed that
heme binding with helix bundles designed with relatively simple rules
revealed the intricacies of hemeprotein interactions. It is now possible to
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design and engineer protein-heme interactions of a heme-binding protein
to switch from one biological function to another, for example, creating
nitric oxide reductase from myoglobin (37) and an oxygen carrier from the
mutants of a heme-binding protein human serum albumin (38-40) or arti-
ficial proteins (41-42).

Heme protein architectures

A comparative analysis of the representative b-type heme protein struc-
tures highlights a wide range of folds and architectures of heme-binding
proteins (28-29). It also illustrates diverse structural environments of the
heme pocket for heme recognition and interactions. Some representative
heme-binding scaffolds are shown in Fig. 2. Although heme proteins adopt
many distinct scaffolds to form heme-binding pockets, among the known

Fig. 2. Represetative scaffolds of heme binding proteins. (a) Up-down helical
bundle of cytochrome b562 (PDB: 256b); (b) Orthogonal helical bundle of
myoglobin (PDB: 1a6n); (c) B-propeller of hemopexin (PDB: 1gjs); (d) B-sandwich
of cytochrome domain of cellobiose dehydrogenase (PDB: 1d7d); (e) B-barrel of
nitrophorin 4 (PDB: 1d2u).
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structures of b-type heme proteins, heme groups are often found in contact
with an a-helical secondary structure parallel to the plane of the porphyrin
ring or heme face. This is primarily due to the fact that an o-helix, with a
cylindrical diameter comparable to the dimension of the porphyrin ring,
provides strong packing interactions between protein and heme (18). For
helical structures to interact with both faces of a heme group, a-helical
bundles are commonly found in natural heme proteins and frequent tem-
plate peptides designed for heme binding, usually with helical histidine
residues forming the axial coordinative bond (43). The helices for heme
binding interactions are bundled either up-down or orthogonal, as shown in
Figs. 2a and 2b, respectively. Other heme environments include the B-propeller
(Fig. 2c), B-sandwich (Fig. 2d), B-barrel (Fig. 2e), and loop regions or
excursion from secondary elements (28-29).

One heme-binding architecture can be used for multiple functions,
and conversely, different heme-binding architectures are also used by
Nature for one particular type of biological function. For instance, heme
oxygenase ChuS (44) and heme transport proteobacteria-protein HemS
share the same protein architecture (45). The globin scaffold, found in
hemoglobin and myoglobin for transporting and storing dioxygen, was
also adopted in globin-coupled sensors for oxygen detection (46). For
small molecule gas-sensor proteins, the heme-containing regulatory
domains feature four different families of heme-binding modules: the
heme-binding PAS (the Per-ARNT-Sim sequence motif) domain (47),
globin-coupled sensor, CooA, and heme-NO-binding (HNOB) family pro-
teins (48). These heme-binding modules, as shown in Fig. 3, confer exqui-
site sensitivity to gases (02, NO and CO) and mediate adaptive
responses by coupling to a variety of neighboring transmitters that con-
trol either enzymatic activity, level of second-messenger molecules, or
regulation of macromolecular interactions such as DNA binding. These
heme-based sensors have been studied extensively and their characteris-
tics and detailed mechanism of signal transduction have been extensively
reviewed recently (48-49).

Heme exposure and solvent accessibility

In a survey of hemeprotein structures, the level of heme exposure, meas-
ured by its solvent accessible surface area (SASA), was found to vary
significantly, from being highly solvent exposed (SASA > 250 A% in com-
parison to 830 A? of a free heme group) to almost completely buried
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(a) (b)

Fig. 3. Known scaffolds of small molecule gas-sensor proteins. (a) Heme-binding
PAS domain of heme-based-sensor proteins FixL (PDB: 2vv6); (b) Globin-coupled
heme-based sensor HemAT domain (PDB: lor4); (¢) CO-dependent transcription
factor CooA (PDB: 2fmy shown as a dimer with the ribbon structures colored by
monomer); (d) Heme-NO-binding domain related to soluble guanylate cyclases
(PDB: 1u56).

(SASA around 2-3 A?) in a protein (28-29). Although the solvent accessi-
bility of the heme group bound to a protein varies, it is characteristically
related to heme protein functions and the role heme plays in the protein.
Heme groups in proteins with a transient heme-binding function tend to
have large solvent exposure, whereas heme groups in multiheme proteins
and enzymes are often buried deeply. The heme group is solvent exposed
intermediately (SASA ~100 A?) for proteins involved in electron transfer
or diatomic molecule binding. This reflects different requirements of
heme-binding sites for different function of heme proteins. When the
bound heme group is exposed to solvent, it is usually the propionate
groups that point toward the outside or surface of the protein.

Ligation of the heme iron

Ligation of the heme iron by the amino acid chain is the primary factor
dictating the specific function of the heme protein. The heme iron in
hemoproteins is coordinated by four nitrogen atoms of the tetrapyrrole
rings of the porphrin, with additional coordination by one or two axial lig-
ands from the amino acid side chain that contains oxygen, nitrogen or sul-
fur atoms, typically as histidine, cysteine, methionine, tyrosine or lysine.
In rare cases, the axial ligand can be the N-terminus amino group of pro-
line (50-51) or the amide group of asparagine (52). Considering that heme
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itself forms a dimer with iron—carboxylate coordination (53-54), iron-
coordination by a carboxylate group rarely occurs in heme protein (30)
with a few exceptions (37, 55-58).

When coordinated by only one axial ligand from the amino acid in
proteins, the heme iron often binds to a small molecule, including molecu-
lar oxygen, nitric oxide and carbon monoxide. To sense or transport these
small molecules, the fifth axial ligand is usually an imidazole from histi-
dine, as found in hemoglobin and myoglogin. On the other hand, in
cytochrome P450-dependent monooxygenases that involve the bound
molecular oxygen in enzymatic reactions, the fifth axial ligand is usually
the thiolate from a cysteine residue. Indeed, mutation of the histidine fifth
axial ligand in hemoglobin and myoglobin to a cysteine causes a switch of
the hemeprotein function from reversible oxygen binding to dioxygen acti-
vation (59). Unlike the heme-containing cytochrome P450-dependent
monooxygenases, heme-containing dioxygenases are comprised of a proxi-
mal histidine (60-62). The fifth axial ligand is a histidine and a tyrosine
residue in peroxidases and catalases, respectively, which are involved in
hydrogen peroxide activation. For human heme oxygenase-1, for which
heme is the substrate, replacement of the proximal histidine ligand by a
cysteine or tyrosine, transformed it into an oxidase (27).

When the heme iron is bound to two axial amino-acid liagnds, heme
proteins are usually involved in electron-transfer, as found in cytochromes c,
characterized by a histidine/methionine axial ligand combination, and in
cytochromes b, characterized by bis-histidine axial coordination. An atypi-
cal His-Tyr axial ligation was found in the diheme enzyme MauG (63).

Axial coordination of the heme iron by an amino acid side chain is
believed to contribute in part, if not entirely, to the overall hemeprotein
binding affinity. For example, an axial coordination to a histidine side
chain would be comparable to the heme binding by an imidazole molecule,
for which the binding energy was measured to be about 10 kcal/mol (64).
However, site-directed mutagenesis studies of globin, for which the proxi-
mal histidine was replaced by a glycine, showed that the heme with its
iron bound to an exogenous imidazole molecule still binds to the protein
even though the heme iron is not coordinated by a protein side chain
(65-66). Similarly, the H175G-mutant of cytochrome-c peroxidase still
binds heme to which an exogenous imidazole (67-68) or a water molecule
(69) is present in place of proximal histidine-175 in the wild type. In
either mutant, the exogenous molecule occupying the cavity excavated by
the removal of a proximal histidine side chain may also bring about
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stabilization of the hemeprotein complex by its non-covalent interactions
with the protein (70-71).

A similar observation was made for heme oxygenase (72). Namely,
replacement of the proximal histidine by an alanine did not cause a dras-
tic structural change of the heme-bound protein complex, except the
empty pocket created underneath the ferric ion in the heme and the loss
of iron binding ligand (72). The alanine mutant lost 90% of its heme oxy-
genase activity, which can be restored by supplementing imidazole almost
to the level of the wild type. Another example is the histidine-93 to a
glycine mutant of sperm whale myoglobin. As a convenient system for
studying ligand—protein interactions and the functional effect, the mutant
H93G of sperm whale myoglobin provides an open cavity capable of
accommodating various substituted imidazole proximal ligand and
unusual oxygen donors such as benzolate or phenolate, which compared
distinctively to myoglobin HI3Y mutant (73-74).

The axial ligation of the heme iron can be modulated by the protona-
tion state of the interacting ligand group. Protonation of the axial imidazole
could cause dissociation of heme from the histidine ligands as demon-
strated in the designed heme protein maquettes (75). Crystal structures of
horse methemoglobin determined at two different pH levels showed that
both proximal and distal histidine residues are the axial ligand at pH 5.4,
whereas at pH 7.1 only the proximal histidine remains the axial ligand
and the distal axial ligand is replaced by a water molecule (76). In the
case of heme protein HasA, axial ligation by the tyrosine ligand was found
to be pH dependent through the protonation states of a neighboring histi-
dine residue (77-78). The molecular basis of Bohr effect, the observed
relationship between pH and oxygen binding to hemoglobin during oxygen
transport and storage, was attributed to the protonation states of histi-
dine around the heme-binding pocket (79-82).

For a histidine ligand, the imidazole ring can adopt a wide range of
orientations, which was found to have relatively even distribution for
b-type hemes. However, due to geometric constraints, two preferred ori-
entations were found for the histidine ligand of the CXXCH motif in
cytochrome ¢ proteins (43, 83-85). Moreover, two imdazole rings in bis-
histidine hemes are often perpendicular rather than parallel to each
other. Electrostatic interactions between the heme propionates and the
ligands were suggested to play only a minor role in determining histidine
heme ligand orientations. On the other hand, the orientation can be
affected by the interaction of contact residues as observed in A67TV
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mutation of cytochrome b5 (86). An analysis of non-redundant crystal
structures of heme proteins with a helical histidine ligand revealed a
strong sequence preference near the ligand histidine residue depending
upon a particular histidine rotamer distribution. Consensus helical
sequence templates were derived for each respective rotamer in order to
provide optimal van der Waals interactions of side chain contact with
the porphyrin ring (43).

Covalent linkage

The two vinyl groups on the porphyrin ring provide potential attach-
ment points for heme to be covalently linked to proteins (1-2). Although
the Cys-X-X-Cys-His (CXXCH) motif has recently been proposed to be
a thiol/disulfide redox switch in the heme-binding domain of the human
BK channel (87), the CXXCH motif is best known in cytochromes c¢ for
the two cysteine residues being covalently attached to two vinyl groups
in heme, and the imidazole group of histidine acting as one of the lig-
ands coordinating the iron (88-89). These covalently bound cytochromes
¢ can be broadly classified into four major types (90). The largest group
includes small soluble hemoproteins of a chain of about 100 amino acids
with an axial ligand of a histidine near the N-terminus and a methionine
axial ligand near the C-terminus. The second class of cytochromes ¢ has
a four-helix bundle structure with the heme attachment site near the C-
terminus. The other classes include multiheme cytochromes and high
molecular weight tetraheme reaction center cytochromes c, which con-
tain the longer forms of the heme attachment motif (91-92) of CXXXCH
(93) and CXXXXCH (94) sequence. There are other forms of covalent
attachment for c-type heme, including covalent linkage to a CXXCK
sequence with the lysine serving as an axial ligand to the heme iron, or
covalent linkage to a single cysteine of AXXCH or FXXCH motif by a
single thioether bond (95).

The CXXCH motif, when present in o-helical structures, positions the
two cysteine residues on the same side of the helix just one helix turn apart.
These two cysteine residues, as shown in Fig. 4a, are geometrically ideal to
form a macrocycle to the heme group by enzyme-catalyzed (89, 96) forma-
tion of two thioether bonds. The helix structure often comes to an end and
turns into a loop conformation at the second cysteine so that the histidine
can orient itself to make an axial ligand, as shown in Fig. 4b. For
(A/F)XXCH motif, which forms a single thioether bond with the heme, it
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Fig. 4. Covalent conjugation of the cysteine residues with heme c. (a) macrocyclic
cyclization of heme with a helical -CXXC-; (b) The crystal structures of heme
proteins with CXXCH (PDB: 3m97) and (¢) AXXCH motifs (PDB: 2w9k); (d) The
crystal structures of heme proteins with CXXXCH (PDB: 1gyo), and (e-f)
CXXXXCH motifs (PDB: 1gmb).

adopts similar conformation as that of CXXCH except the missing thioether
linkage between the first cysteine and the heme, as shown in Fig. 4c. For the
longer forms of the heme attachment motifs, they adopt turn structures for
the backbone of the two cysteine residues and those in between, as shown in
Figs. 4d-.

The mammalian peroxidases myeloperoxidase, ecosinophil peroxidase,
lactoperoxidase and thyroid peroxidase represent a different class of cova-
lently bound hemoproteins. Heme is covalently attached to these proteins
through two covalent ester bonds (4) with an additional vinyl-sulfonium bond
uniquely found in myeloperoxidase (97). Similarly, a covalent ester bond link-
ing heme to the protein exists in the CYP4 family of P450 enzymes (3).
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Hydrophobic and electrostatic interactions

Non-covalent interactions between heme and proteins involve both
hydrophobic and electrostatic interactions. The methyl and vinyl groups
along with the tetrapyrrole of the porphyrin ring are hydrophobic. The
propionate groups on the porphyrin ring often form hydrogen bonds or salt
bridges with amino acid residues in enzymes or with solvent molecules.

Hydrophobic interactions were surveyed by the contacts of the b-type
heme with various non-polar residues (12). Leucine and isoleucine, along
with valine, are the most common amino acids in close contact with the
“heme face” of either proximal or distal sides. Distal phenylalanine, tryrosine
and tryptophan are also commonly found in contact with the heme face,
mainly by aromatic-aromatic m-stacking interactions with the porphyrin
ring. When a tryptophan or phenylalanine is next to the proximal histidine,
however, it adopts face-to-face conformation with the histidine imidazole
ring, and packs edge-to-face to the porphyrin as in the crystal structures of
hemopexin and cytochrome c¢ peroxidase. It was speculated that the
aromatic-imidazole m-stacking may help to orientate the proximal histidine
sidechain to maintain bonding interactions of the histidine-iron bond.

Surrounding the heme edge of the porphyrin, often lies a phenylala-
nine or leucine side chain that makes van der Waals contacts (12). Alanine
and valine are the other amino acids also frequently found in close contact
with the non-polar sides of the heme. In contrast to its involvement in
heme face interactions, isoleucine is rarely observed in contact with the
heme edge. It was suggested that perhaps an isoleucine side chain is con-
formationally too flexible to lock the heme in a fixed position.

Binding interactions between o-helical peptides and the porphyrin
face were found to correlate with hydrophobicity of the designed peptides
with multiple alanine residues that are prone to form o-helices. Several
linear peptides including a histidine as the ligating residue were found to
form 2:1 complexes with coproporphyrin-I-atoiron(III), a soluble heme
analog less likely to aggregate. The porphyrin ring is presumably situated
in a hydrophobic pocket sandwiched by two o-helices of the designed pep-
tide (34-35). Equilibrium binding constants measured in aqueous solu-
tions were found to increase as a function of the number of hydrophobic
residues, taken as the sum of alanine and phenylalanine, present in the
designed peptides.

The heme propionates play an active role in regulating electron distri-
bution to the iron center as well as biochemical properties of the heme
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(19, 98). They are involved universally in electrostatic interactions, mainly
through salt-bridges with arginine residues of the protein. Even for those
bound heme groups that are highly solvent exposed, the propionate
groups were found to interact with arginines (29). Other partners found to
interact with the negatively charged propionates include lysine, histidine
as well as tyrosine residues. These electrostatic interactions provide an
anchoring mechanism for the orientation of heme binding to the protein
by directing propionate of heme either towards the protein interior when
deeply buried or towards outside when exposed (29).

Reversible heme-binding protein

Unlike c-type heme, which is covalently bound to hemoproteins, a- and
b-type heme groups are not permanently attached to the protein. They
are more readily dissociated reversibly from hemoproteins, which are
referred as those that show transient heme binding. This reversible bind-
ing of heme to proteins is a fundamental property in heme cellular signal
transduction, heme transportation and storage (9). Although heme is
essential to life, excessive free intracellular heme is highly toxic because
of its role in free radical generation. Therefore, the concentration of intra-
cellular heme needs to be tightly controlled at low levels. There are mul-
tiple cellular mechanisms to regulate intracellular heme levels. First,
heme downregulates its own synthesis by binding to 5-aminolevulinate
synthase (ALAS), which is an enzyme catalyzing the rate-limiting reac-
tion in heme synthesis (99-101). The crystal structure of Rhodobacter
capsulatus ALAS has been reported (102-103), which corresponds to a
truncated human ALAS with the heme-responsive motif sequence miss-
ing. Heme down regulates its synthesis by binding to the heme-responsive
motif of the enzyme that prevents its translocation into mitochondria.
Another negative feedback mechanism was proposed recently through
heme binding to the nuclear receptor REV-ERBa to repress the tran-
scription of the coactivator PGC-1a, a potent inducer of heme synthesis
(104). Secondly, heme binds to the transcription factor Bachl and
induces the expression of heme oxygenase 1, which catalyzes heme degra-
dation. To protect against dangerously high levels of free heme in
humans, there are serum hemoproteins to sequester heme. Thus, the
majority of heme in humans exist as protein bound by either hemopexin
or human serum albumin (HSA), which is the preferred stable heme
preparation used in the treatment of acute intermittent porphyria (105).
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Heme-bound crystal structures of both human serum albumin
(106-107) and hemopexin (108) are now available. The crystal structure
of human serum albumin complex with heme showed the heme bound to a
single site of the completely hydrophobic cavity (106-107). Investigation
of heme-HSA unfolding by proton NMR and spectroscopic probe indi-
cated a reversible, two-step unfolding of heme-human serum albumin
(109). In contrast to the HSA heme-binding pockets, which involves
mainly hydrophobic interactions, non-bonded hydrophobic interactions
between heme and hemopexin are among the fewest in comparison to
those observed in the other hemoproteins. Heme binds HSA with a low
affinity, but binds hemopexin with a high affinity (29). The heme-binding
pocket of hemopexin is composed of two B-propeller domains and the loop
connecting them as shown in Fig. 2c. The heme group is highly solvent
exposed but forms a significant number of hydrogen bonds with one of the
propionate groups buried as shown in Fig. 5 by LIGPLOT (110). This
characteristic of hydrogen bonds, rather than hydrophobic interactions,
provided a transient heme-binding mechanism that could be easily modu-
lated by pH. Changes in pH affect hydrogen bonds and heme is released
from heme-hemopexin complex at low pH (111). Furthermore, spectro-
scopic studies suggested that multiple binding modes are involved in ferri-
and ferro- and CO-ferro heme-hemopexin complexes (112-113).

A two-domain protein structure has been proposed as a universal
model to a successful transient heme-binding system, which includes a
flexible hinge connecting the two domains. The flexible hinge allows these
domains to clamp onto heme with suitable binding interactions and an
appropriate trigger for release (114). Hemopexin illustrates such a system
in which its association with heme is found to be pH dependent.
Hemopexin binds heme with a high affinity (Kd < 1pM) but releases it
under acidic condition when the pH is below 5, due to the disruption of
salt-bridges and polar interactions between protein residues and the propi-
onate groups (108, 111, 115).

Available data seem to support such a hinge linked, two-domain struc-
ture for other transient heme-binding proteins as well. By comparing apo
structures with the corresponding heme-bound structures, differences were
found between transient binding proteins and those that bind heme more
or less permanently (29). Proteins of disordered apo structures with molten
globule-like characteristics, which achieve significant structure ordering
upon heme interactions, tend to bind heme permanently. On the other
hand, transient heme-binding proteins tend to be fully folded in both apo
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Fig. 5. LIGPLOT of the hydrophilic pocket for heme binding in hemopexin
(PDB: 1qjs).

and holo states. For transient heme-binding proteins, the only change that
occurs upon heme binding is the relative orientation of folded units
through a global rigid body-like movement of the folded domains. For
example, the bacteria heme-binding protein HasA is a reversible heme-
binding protein, which captures a ferric b-type heme from the host’s hemo-
globin or free heme with high affinity (Kd ~ 10 pM). The crystal structure
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Fig. 6. Crystal structures of dimeric HasA in an “open” state (left with one

monomer colored yellow, PDB: 2cn4) by domain swapping of the green loop and
purple helix to the closed state (right, PDB: 1b2v).

of domain-swapped dimeric HasA-heme complex and crystal structure of
monomeric HasA-heme complex showed, respectively, the open and closed
forms of HasA protein. It provides a mechanistic model of how HasA pro-
tein captures the bound heme by the movement of one loop connecting
well-defined units from an open to the closed state, as shown in Fig. 6
(116-117). Similarly, heme binding of the heme transport protein Hem$S
involves a closing swing of the folded N- and C-terminal domains, as
revealed by the crystal structures of apo and heme-bound HemS shown in
Fig. 7 (45).

Structure and reduction potentials

The heme iron can adopt multiple oxidation states, the +2 reduced fer-
rous and +3 oxidized ferric states, and the less stable +4 state in certain
catalytic intermediates. There are two electron spin moments for the
ferric porphyrin complexes, that of one unpaired electron low spin or
five unpaired electron high spin states (118-119). There is a rare third
3/2 spin state of three unpaired electrons suggested for the ferric heme.
For the ferrous heme, there are also low (all paired electron) and high
(four unpaired electrons) spin states, which can be characterized by
optical spectra, magnetic susceptibility and oxidation-reduction
titration (120-121).

Reduction potential values are dictated by differences in free energy
between the oxidized ferric and reduced ferrous heme. By preferentially
binding to ferric Fe(III) heme, hemoprotein would generally possess more
negative reduction potentials, whereas preferential binding to ferrous
Fe(IT) heme would shift reduction potential to the positive end. Thus, the
hemeprotein bonding interactions can modulate the reduction potentials
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Fig. 7. Domain movement revealed by the crystal structures of apo HemS (red
line ribbons, PDB: 2j0r) and its complex with heme (protein in blue ribbon, heme
as space-filling model, PDB: 2j0p).

and thus enable heme enzymes to perform electron transfer in oxidation or
reductive reactions.

The redox potentials of heme proteins are influenced by the nature of
axial ligand (27, 122), solvent accessibility of the heme group (123-124),
out-of-plane bending and distortion of the heme group (125-127), the local
protein environments such as electrostatic potential and the protonation
states of the heme propionate groups (128-130). Hemeprotein reduction
potentials span a wide range of =550 mV to +450 mV versus the standard
hydrogen electrode. For a given pair of axial ligands, the hemeprotein
reduction potentials can vary widely but it follows the general trend from
most positive to negative: His/Met > His/OH > Met/Met > Lys/(-) >
His/His > Cys/(-) > Tyr/(-) > His/Tyr (30). This trend is consistent with
the prediction of Hard-Soft Acid-Base theory which claims that hard bases
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preferentially stabilize ferric heme, resulting in negative shifts in reduction
potentials. Ligation by a thiolate or phenolate results in a negative reduc-
tion potential. Soft ligands such as methionine preferentially stabilize fer-
rous heme and thus shift the redox potential to be more positive. For the
same axial ligand, the reduction potentials can vary greatly too. For exam-
ple, the reduction potentials of heme protein with histidine axial ligand(s)
cover almost the entire range from —400 mV to +400 mV, presumably con-
trolled by other factors such as the pH level (protonation state), solvent
accessibility and electrostatic potentials. It is ascribed that positively
charged residues around the heme in hemoglobin and myoglobin favor a
low oxidation state of the iron for it to bind dioxygen. Similarly, a gradual
increase in the ferric—ferrous redox potential may stem from the progres-
sive change from a negatively charged surrounding of the heme-binding
pocket in cytochromes b to a positive one in cytochromes c. More quanti-
tatively, a linear relationship was observed between the anionic character
of axial histidine and the midpoint reduction potential in c-type
cytochromes (131).

In terms of how iron oxidation states affect the heme binding pockets,
several crystallographic studies showed subtle conformational changes
between different oxidation states (132-137). The conformational changes
are sometime due a displacement of the axial ligand by either an exoge-
nous ligand (138-139) or a solvent water molecule (140-141).

Heme-mediated signal transduction

The role heme plays in the regulation of gene expression and cellular signal-
ing involves either direct heme-mediated signal transduction by reversible
binding of heme to proteins, or heme-based sensor proteins in adaptive
responses to the fluctuation of oxygen, carbon monoxide and nitric oxide
levels. For example, binding of heme to Hapl, a yeast transcriptional regu-
lator protein, causes Hapl to be released from a high molecular complex
(HMC) to form a Hapl dimer, which binds DNA to activate transcription
of several genes involved in cellular respiration and oxidative damage con-
trol. Reversal of heme binding or dissociation of heme from Hapl allows
HMC formation and terminates the transcriptional activity. In mammals,
heme binds directly to the transcription factor BACH1, which controls the
expression of heme oxygenase 1. These transcription factors contain poten-
tial heme-binding sites with the signature cysteine-proline (CP) heme
responsive motifs. A short synthetic peptide based on these motifs was
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found to bind reversibly with heme (33). A similar heme regulatory motif is
present in the mammalian iron regulatory protein 2 (IRP2), but conflicting
results were reported about the HRM’s role in heme-induced degradation of
IRP2 (142-143). Spectroscopic studies of truncated peptides, containing the
domain required for the heme-dependent degradation, suggest that a redox-
dependent axial ligand exchange between the cysteine and histidine
residues, the binding of cysteine to ferric heme and the binding of histidine
to ferrous, respectively, is critical for heme-mediated IRP2 degradation
(142). A more recent study, however, showed that the binding between
heme and the intact IRP2 involves a non-specific interaction, which is
unlikely to provide an efficient heme sensor in vivo (143). Since atomic
structures are currently unavailable for all these proteins, it waits further
investigation to reveal how heme interacts with these proteins at the bind-
ing site and the mechanism by which the heme-mediated signal transduc-
tion occurs.

On the other hand, there have been significant structural studies of
heme-based sensor proteins, revealing detailed information about the sig-
nal transduction mechanism of these signal transducers. Heme-based sen-
sor proteins contain a regulatory heme-binding module, coupled with a
neighboring responding activation domain such as histidine protein
kinases, cyclic nucleotide phosphodiesterase, chemotaxis methyl-carrier
protein receptors, and transcription factors of the basic helix-loop-helix
and helix-turn-helix classes. Four different types of heme-binding modules
are currently known, including the heme PAS domain, globin-coupled sen-
sor, CooA, and heme-NO-binding (HNOB) family proteins.

Crystal structures of the heme PAS domains are available for heme-
based sensor proteins FixL (144-148) and EcDos (148-149). FixL is an
oxygen sensing histidine kinase that regulates the expression of the genes
related to nitrogen fixation. Phosphodiesterase (EcDos) from FEscherichia
coli is a gas-sensor enzyme in which binding of gas molecules, such as 02,
CO, and NO, to the Fe(II)-protoporphyrin IX complex in the sensor
domain stimulates phosphodiesterase activity toward cyclic di-GMP
(148-153). The mammalian transcription factor NPAS2, in response to
CO levels, is another example of heme-based sensor protein containing the
heme PAS domains. The heme irons of these heme proteins containing the
PAS domain are coordinated by a proximal histidine, the most conserved
residue of heme-PAS proteins. The heme iron is also coordinated by a dis-
placeable methionine residue on the distal side in EcDos. This distal dis-
placeable residue has been proposed as the main regulatory trigger,
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although a more recent model suggests that the entry of arginine into the
heme distal pocket also plays a role as a trigger, by forming hydrogen
bonds to the bound oxygen ligand (154). It has also been suggested that
the monomer—dimer equilibrium controlled by the heme PAS domains
may play a role in the signaling mechanism, since these proteins form
dimer with a contact surface residing in the PAS domain itself (147).
A general model involving helix-swap was also proposed as a triggering
mechanism for signal transduction by heme PAS domains (48).

HemAT proteins exemplify the globin-coupled heme-based sensors
that include more than 30 members. Although crystal structures of
HemAT-Bs are known (155-156), it is unclear how subtle conformational
changes are related to the switching or signaling of the proteins. There are
indications that two distinct ligand-binding sites exist and a dynamic
allosteric coupling between these sites is a trigger of a conformational
switch for signaling in the O2-sensing protein HemAT (157).

The CooA protein is a CO-sensing transcriptional factor that regu-
lates the oxidation of carbon monoxide in Rhodospirillum rubrum.
Extensive structural and biochemical investigations have been carried out
to elucidate the molecular mechanism of CO dependent activation (51,
158-163). The crystal structure of CooA showed a homodimer with the
His 77 residue as the proximal axial ligand and the N-terminal amino
group from each partner monomer providing the distal axial ligand. The
CO or an imidazole binding to replace the distal axial N-terminal amino
ligand resulted in the release of the N-terminus (Fig. 2¢), which was found
to be necessary but insufficient to achieve activation (162).

In response to nitric oxide and carbon monoxide, the soluble guany-
late cyclase (sGC) converts GTP to the second messager ¢cGMP, which
exerts effects in many downstream processes (164-165). The sGC enzyme
contains four domains, including the H-NOX sensor domain and the cat-
alytic domain, connected by a coiled—coil domain (166). There are
reported crystal structures of both catalytic (167) and coiled—coil
domains (168). The structure of H-NOX domain is still unavailable for
sGC, but there are crystal structures reported for several sGC homologs
(169-171). Many models have been proposed to provide insights into the
molecular basis of NO dependent activation (172). Based upon the crys-
tal structure of cytochrom c, preferential binding to distal face by CO or
displacement of the proximal histidine by NO was proposed as a mecha-
nistic model for the heme-binding domain to explain the differential
effects of NO and CO on the sGC enzymatic activity (173). Multistep
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mechanism of sGC activation was proposed, involving multiple NO-
binding sites in light of the crystal structure of prokaryotic sGC homolog
(174). More recently, crystal structures of apo, NO-bound and CO-bound
H-NOX domains of a cyanobacterial homolog, suggested a molecular
ruler mechanism with differential heme pivoting and heme bending (175).
Distortion of the bound heme cofactor was suggested as a mechanism for
signal transduction (176). Various computational simulations and ener-
getic analyses were applied to model activation processes (177-178).
There are other heme-based proteins that transduce signaling upon
sensing small gas molecules. The activity of heme protein cystathionine -
synthase is modulated by ligand controlled redox change and in response
to carbon monoxide binding (179-181). The crystal structure of DNR
(dissimilative nitrate respiration regulator), a putative NO-sensing bacter-
ial transcriptional regulator, revealed a large hydrophobic cavity that may
bind heme, yielding a heme-containing protein (182). A heme-binding pro-
tein is likely involved in the molecular origin of oxygen or carbon monox-
ide sensitivities of voltage-gated potassium channels (5-6, 9, 183-185).
Heme was identified as a ligand for the orphan nuclear hormone
receptors REV-ERBo. and REV-ERBp (186-187), which are known to be
critical components in the circadian rhythm. Heme binds reversibly to
REV-ERB, leading to the recruitment of the N-CoR corepressor to repress
expression of target genes including ARNTL involved in the circadian
oscillator (188-189). The nuclear hormone receptors, REV-ERB, upon
heme binding, suppress hepatic gluconeogenic gene expression and glucose
output, thus playing an important role in adipogenesis (187, 190). The
crystal structure of the heme-binding domain of REV-ERB has been
reported (20, 191-192). Although heme binding with REV-ERB causes
repression, the co-crystal structure of REV-ERBa ligand-binding domain
with the nuclear receptor corepressor (NCOR) interaction domain sug-
gested that REV-ERBa is a constitutive repressor that could mediate
repression in the absences of heme (191-192). More recent studies showed
that transcription repression mediated by heme-bound REV-ERB can be
reversed by adding nitric oxide, which causes redox-dependent ligand
switching and NO-induced ligand displacement (20, 193). In the heme-
bound REV-ERB, the heme iron is coordinated by a cysteine and a histi-
dine as the axial ligands in the oxidized ferric heme form. When reduced,
the cysteine residue is no longer coordinating the ferrous heme iron, which
is open for binding to either NO or CO. This suggested that cellular func-
tion of REV-ERB can be under heme, redox, or gas-regulated control.
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There has been tremendous progress in the structure biology of heme

proteins that advanced our understanding of structure—function relation-
ships for heme proteins. The chemical and structural bases of hemeprotein
binding interactions are now known to be critical to the heme functions
involving enzymatic and electron transfer reactions. There are emerging
views that conformational changes modulated by heme binding are funda-
mental to understand the mechanism and structure-function relationships

of heme regulatory proteins. Extensive functional and structural studies,
together with the discovery of new hemeproteins, continue to further our
understanding of these diverse and biologically important molecules.
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Chapter 9

CLINICAL APPLICATIONS OF
HEME BIOSYNTHETIC PATHWAY

Photodynamic Therapy with Protoporphyrin IX

Huiying Ding, Baran D. Sumer and Jinming Gao

Overview

Protoporphyrin IX (PpIX) is a naturally occurring porphyrin constituent of
heme. In the absence of Fe, PpIX is a potent photosensitizer (PS) that effi-
ciently converts ground state oxygen to singlet oxygen (*O,) upon photoacti-
vation. PpIX biosynthesis through the heme pathway has already impacted
clinical medicine with its implementation into photodynamic therapy for can-
cer and other diseases. Clinically, 5-aminolevulinic acid (5-ALA), a key inter-
mediate during heme biosynthesis, is administered and results in a rapid and
selective accumulation of PpIX in the targeted cells. Irradiation of the tar-
geted cells with the appropriate wavelength of light triggers a series of photo-
chemical reactions, which leads to cellular toxicity. The advantages of
photodynamic therapy (PDT) include non-invasive or minimally invasive
procedures, high tissue selectivity, quick response and low toxicity. In this
chapter, we will review the biosynthesis of PpIX, the mechanism of photosen-
sitization and clinical applications of PDT. In addition to PpIX, other clini-
cally approved PDT agents are also reviewed and discussed in this chapter.

Biosynthesis of PpIX

The detailed biosyntheses of heme and its precursors have been well
described in the previous chapters. Here we present a shortened pathway
with highlighted key intermediates that are relevant to PDT.
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Fig. 1. Biosynthetic pathway of protoporphyrin IX (PpIX) and heme. Mito-
chondria are involved in three major steps of heme biosynthesis: first, in the
formation of 5-ALA from glycine and active succinate; second, in the synthesis of
PpIX; third, in the incorporation of Fe? into the porphyrin ring. The other steps
occur in the cytoplasm.

Porphyrins and heme are synthesized in all mammalian cells. PpIX is
the direct precursor of heme. Heme biosynthesis consists of a series of enzy-
matic reactions (Fig. 1), which originate in the mitochondria and continue
in the cytoplasm before returning to mitochondria. Deficiency of any one of
the enzymes will result in porphyrias, a disease which mostly affects the
nervous system or skin. One of the initial enzymatic reactions involves the
synthesis of 5-ALA from glycine and succinyl CoA. This reaction is cat-
alyzed by ALA synthetase with pyridoxal phosphate as a cofactor. It is the
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rate-limiting step in heme biosynthesis (1). Subsequently, ALA dehydratase
catalyzes the condensation of two 5-ALA molecules into porphobilinogen, a
pyrrole-containing intermediate. After deamination, four porphobilinogen
molecules are cyclized to form uroprophyrinogen III, the first macrocyclic
intermediate. A series of decarboxylation and oxidation reactions yield pro-
toporphyrin IX inside mitochondria. For heme biosynthesis, the final step
is the complexation of Fe’* ions into PpIX by ferrochelatase, a matrix
enzyme in the mitochondria. It is important to note that upon Fe chela-
tion, heme loses its ability to generate 'O, and is no longer photosensitive.

PpIX is synthesized in the mitochondria usually with a higher rate of
production in more metabolically active neoplastic cells than in normal
tissues. After synthesis, some fractions of PpIX are redistributed from the
mitochondria into the perinuclear region of the cytoplasm that contains
membrane-rich organelles such as the endoplasmic reticulum, and to the
nuclear envelope. Localization into the nuclear membrane could be an
explanation for the moderate dark toxicity of PpIX. PpIX can also be
found in the plasma membranes and in lysosomes, and thus may be
responsible for damage to these subcellular sites following light irradiation
(2-4). Due to its very short intracellular half-life, singlet oxygen reacts
locally at its sites of production. Therefore, different PS have different
sites of action within the cell as a result of different patterns of intracellu-
lar distribution (4).

Administration of excess amount of exogenous 5-ALA and the rela-
tively slow conversion of PpIX to heme can result in elevated levels of
PpIX. In addition, lack of iron availability for ferrochelatase also plays a
role in the accumulation of PpIX. For example, addition of an iron chela-
tor, CP94, greatly increased PpIX accumulation in human skin exposed to
5-ALA (5). PpIX accumulation is more pronounced in rapidly proliferat-
ing tumor cells, which not only have reduced ferrochelatase activity, but
also enhanced porphobilinogen deaminase activity (6, 7). These factors
contribute to the selective increase of PpIX accumulation in cancer cells,
which results in improved specificity and therapeutic index of PDT in
cancer therapy (8).

Mechanism of PDT

PDT is a relatively new therapeutic modality that has been developed in
the last four decades (9). In PDT a photosensitizing drug is administered
to the patient and when it is activated by the appropriate wavelength of
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light in the presence of oxygen, generates 'O, and reactive oxygen species
(ROS) capable of destroying malignant tissues (10, 11). As both the light
and the PS can be targeted to the malignant cells, PDT offers the advan-
tage of an effective and selective method of destroying cancer cells without
significantly damaging adjacent normal tissues. Two oxidative mecha-
nisms are proposed to contribute to the phototoxicity on target tissues
(12) once the PS has been activated to its excited state by light. In the
type I mechanism, the PS reacts directly with biological molecules or
other substrates to form free radicals that further transfer electrons to
molecular oxygen to produce the ROS, superoxide radical anion (O,7),
hydrogen peroxide (Hy0O,) and hydroxyl radical (OH'). In type II mecha-
nism, 'O, is the main species which is generated via energy transfer from
the excited state of PS to molecular oxygen. 'O, generated during PDT,
may have a cytotoxic effect via the initiation of one or more pathways
(Fig. 2). The direct cytotoxicity within the tumor microenvironment,
involving oxidative damage to nucleic acids, unsaturated lipids, enzymes
and cellular membranes, leads to the disintegration of cellular membranes
and results in the depletion of intracellular ATP, decrease in intracellular
pH, and the induction of apoptosis. In addition to direct damage to tumor
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Fig. 2. Mechanisms of photosensitization through type I and II reactions. In type I
mechanism, reactive oxygen species (ROS) are generated. In type II mechanism,
singlet oxygen ('O,) is produced that leads to cellular toxicity. The generated ROS
can directly kill tumor cells by the induction of necrosis and/or apoptosis, or can
cause destruction of tumor vasculature and produces an acute inflammatory
response that attracts leukocytes such as dendritic cells and neutrophils (14).
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cells, the effects of 'O, on the surrounding tissue microcirculation also
play a critical role in tumor destruction. Vascular damage can induce tis-
sue hypoxia and lead to cancer cell cytotoxicity by disruption of the blood
supply to the tumor. Another important photodynamic action is mediated
by the inflammatory response (13). The loss of vascular homeostasis fol-
lowed by massive damage to vascular and perivascular regions in PDT-
treated tumors leads to critical initiating events including the activation
of complement, and tumor antigen specific immune responses as well as
activation of poly(ADP-ribose)polymerase (PARP).

Photosensitizers (PS)

PS is a critical element in PDT. There are two approaches to the adminis-
tration of photosensitizers. One is exogenous and involves administration of
the photosensitizer intravenously and relies on selective uptake of the drug
by the target tissue such as a tumor. The second is to rely on endogenous
photosensitization whereby the target cells convert a precursor into the
photoreactive compound. An ideal photosensitizer should have the follow-
ing characteristics: (1) chemical purity and known composition, (2) toxicity
only in the presence of light, (3) preferential retention in the target tissue,
(4) rapid excretion following treatment, (5) low systemic toxicity, (6) high
quantum yield for the photochemical process (high triplet yields, ®, and
long triplet lifetimes, T, to generate singlet oxygen and other reactive oxy-
gen species), and (7) strong absorbance with a high extinction coefficient €,
in the 630-800 nm range where tissue penetration of light is at a maximum
while still being energetic enough to produce singlet oxygen. To date, only
two precursors and three photosensitizers have been approved by the FDA
in the US, which include levulan®(5-ALA), Metvixia® (methyl) 5-ALA,
Photofrin® (profimer sodium), and Visudyne® (verteporfin). Figure 3
shows the molecular structures for Photofrin® and Visudyne®.

Levulan® (5-ALA, 5-Aminolevulinic acid hydrochloride)

As a key intermediate for heme biosynthesis, PpIX provides the most bio-
compatible choice for PDT. PpIX has a strong UV-Vis absorption in the
380-450nm region. Its spectroscopy consists of a Soret band with the
maximum absorption peak at 404nm (15), and Q-bands at approximately
510, 545, 580 and 630nm. Although the Q-bands are 10-20-folds smaller
than the peak absorption in the Soret band, most clinical studies use
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Fig. 3. Molecular structures of Photofrin® (HpD), Visudyne® (BPD-MA) and
Foscan® (m-THPC).

625-633 nm light to achieve deeper tissue penetration (16). However,
direct usage of PpIX as a PDT drug is limited because of several factors.
First of all, PpIX is hydrophobic and has poor water solubility, which
makes it difficult to deliver a sufficient dose to the malignant tissues or
cells. Secondly, PpIX aggregates even at very low concentrations (less
than 1 uM), which significantly decreases the efficiency for singlet oxygen
generation and phototoxicity.

Since 5-ALA is a key intermediate and its synthesis is a rate limiting
step during PpIX and heme biosyntheses, exogenous administration of
5-ALA and its derivatives becomes a key strategy to achieve photody-
namic therapy. 5-ALA-hydrochloride is a white powder that dissolves eas-
ily in water, giving an acidic solution (pH = 2.2 at 1%) with absorption
bands in the ultraviolet spectral range. It is not stable in aqueous solution
in the neutral to basic pH range. A major drawback to 5-ALA based PDT
is its poor diffusion through biological membranes because of its low
lipophilicity (17). As a result, high doses of 5-ALA must be administered
in order to reach clinically relevant levels of PpIX. One technique to miti-
gate this problem involves the use of esterified 5-ALA. It has been shown
that 30-150-folds lower concentrations of hexyl, heptyl or octyl 5-ALA-
esters can result in the same amount of PpIX in carcinoma cells compared
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to non-esterified ALA (18). Hexyl 5-ALA ester has recently been approved
for the detection of bladder cancer in Europe. In the US, FDA has
approved its Metvixia® cream for the treatment of actinic keratosis, a pre-
cancerous skin lesion.

The biosynthesis of PpIX after administration of 5-ALA has been
used in the treatment of premalignant and malignant lesions, such as
actinic keratosis, brain cancer, and cutaneous T-cell lymphoma. The con-
cept of exogenous topical administration of 5-ALA leading to the endoge-
nous cellular production of photosensitizing concentrations of PpIX, was
first established by Kennedy et al. (19) for the treatment of skin cancers
and their precursors. The fluorescence and photosensitizing properties of
PpIX were used for the detection and photodestruction of malignant cells.

5-ALA is frequently applied topically or systemically for PDT of skin
tumors (such as basal cell carcinomas [BCC] and squamous cell carcinomas
[SCC]) as well as in the diagnostic evaluation of tumors of the skin, bladder,
gastrointestinal tract and lung. 5-ALA is hydrophilic and does not easily pen-
etrate through intact skin nor through cell membranes. When 5-ALA is topi-
cally administrated and allowed to penetrate into the skin for several hours,
subsequent exposure to light of the appropriate wavelength can cause the
selective apoptosis of actinic keratosis (AK). Dijkstra et al. reported the suc-
cessful treatment of actinic keratosis, Bowen’s disease and superficial basal
cell carcinoma using violet light (400-450nm) and topical 5-ALA (20). This
topical system is licensed for use with the Blu-U® Blur Light photodynamic
therapy illuminator, a specialized illumination source designed to provide a
uniform distribution of blue light to the target areas. After treatment with
topical Levulan Kerastick plus the Blu-U® Blur Light, 88% of patients had
75% or more of AK lesions cleared. In another study, 14 patients were treated
with 635-nm light and topical 5-ALA, with a complete response seen in 100%
of cutaneous lymphoma lesions and 42% of the BCCs treated, with only 3 of
19 lesions failing to respond (21). Systemic 5-ALA was used in the treatment
of tumors in 10 patients with various cancers (5 duodenal, 3 esophageal,
2 colorectal). Six hours following oral 5-ALA administration, a laser emitting
light at 628 nm was used to illuminate the tumors. In 8 of 10 tumors, endo-
scopic and histological necrosis was induced 6 days after treatment (22).

5-ALA induced PpIX is not completely specific for malignant tissue, and
there is PpIX-induced photosensitization of normal tissues. This effect is
mainly caused by the relatively slow conversion of PpIX to heme and places
normal tissues at risk for photosensitivity. However, such damage can be
minimized by relying on bleaching of the photosensitizer. 5-ALA—-induced
PpIX is rapidly photobleached in normal cells when irradiated with light;
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that is, PpIX is destroyed by auto-oxidation by reacting with ROS. Thus, a
low concentration of tissue PpIX can be photobleached before the photody-
namic threshold for tissue damage occurs. This phenomenon makes it possi-
ble to “overdose” the treatment field to get maximum PDT effect without
causing serious damage to normal tissue. However, malignant cells will only
be destroyed if sufficient PpIX accumulates so that there is a loss of viability
before photobleaching can reduce the PpIX concentration to a non-toxic
level (2).

Photofrin® (Hematoporphyrin Derivative, HpD)

Photofrin® was the first PS that received FDA approval for clinical use.
HpD is actually a mixture of monomers, dimers, and oligomers of hemato-
porphyrin derivatives. The complex mixture is required for clinical activ-
ity. Similar combinations of hematoprophyrin-based derivatives are also
available from different companies in different parts of the world, such as
Photogem® and Photosan® (23). The clinical activity of these various for-
mulations are not interchangeable. In the US, Photofrin® is approved for
early and late endobronchial lesions as well as for Barrett’s esophagus and
for palliation of obstructing esophageal cancers. The drug is approved
worldwide for a number of additional uses such as the treatment of blad-
der cancer. It does, however, have several disadvantages including a slow
rate of tissue clearance leading to longer systemic photosensitivity where
patients have to avoid light exposure, a relatively low level of tissue speci-
ficity and the need for intravenous administration.

Photofrin® has a maximum absorption at 395 nm at high concentra-
tion. An absorption band appears with A, = 400nm at low concentra-
tion. It is proposed that at high concentrations, a redistribution takes
place between the aggregate form and dimers, and at low concentrations,
the band at A, = 400nm corresponds to the monomer (24). The emis-
sion spectrum has a higher band peaked at about 617 nm and a lower one
peaked at about 677nm. The value of singlet oxygen quantum yield was
0.64 for HpD in methanol (25, 26).

Visudyne® (Verteporfin, benzoporhyrin derivative,
BPD-MA)

Visudyne® was approved by the FDA to treat tumor- and age-related mac-
ular degeneration in 2000. It is a benzoporphyrin derivative (BPD-MA),
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which is clinically active when formulated with liposomes (27). As shown
in Fig. 3, it is a 1:1 mixture of two regioisomers with a maximal absorption
peak at 688nm. The advantage of Visudyne® is that it can be active with
longer wavelengths of light allowing for deeper penetration of the light into
tissue. The drug is rapidly accumulated and cleared so that skin photosen-
sitization is minimal. In general, treatment occurs 15-30 mins after injec-
tion. Most of the clinical response from Visudyne® sensitization is based on
vascular disruption. Therefore, this drug is ideal for lesions dependent on
neovasculature. Visudyne® is transported in the plasma primarily by
lipoproteins, and exhibits a bi-exponential elimination pharmacokinetics with
a terminal elimination half-life of approximately 56 hours. Co-localization
studies of BPD-MA and Rhodamine 123 showed that it largely accumu-
lates in mitochondria, but also can be found to a lesser extent in the
cytoplasm (28).

BPD-MA shows a strong absorbance in the red light portions of the
visible spectra (A = 688nm, € = 33000 M™' cm™ in organic solvents).
The fluorescence peak of BPD-MA in PBS is at 710nm. BPD-MA pres-
ents rather high singlet oxygen quantum yield (®, = 0.78) (29, 30).

Foscan® (temoporfin, meta-tetrahydroxyphenylchlorin,
or m-THPC)

Compared to porphyrins, chlorins offer increased absorption in the farthest-
red band, thus enabling the use of a light with deeper penetration in bio-
logical tissues. Moreover, m-THPC presents good singlet oxygen quantum
yields, making it an overall better photosensitizer in the clinical setting.
m-THPC is a second-generation photosensitizer clinically used for the
treatment of human mesothelioma and for gynecological, respiratory, and
head and neck cancers, and has been approved for clinical use in Europe
(31). m-THPC has a characteristic absorption spectrum consistent with
other chlorin-type compounds with two main peaks centered at
417nm (Soret band) and 650nm (Q band). The typical fluorescence emis-
sion peak is centered at 654nm. The aggregated species are characterized
by a decrease of extinction in all bands combined with bathochromic
shifts. The bathochromic shift of the Soret band to 427nm is the most
pronounced. These features are consistent with the formation of J-type
aggregates. The triplet and 'O, yields of m-THPC reported for m-THPC
were 0.89 and 0.6, respectively (32). m-THPC has shown better therapeu-
tic gains with longer excitation wavelength at 652nm (33).
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Table 1. The photophysical properties of PpIX, HpD, BPD-MA, and m-THPC.

PS R (0m) (£)* A" (um) @ (1) ®,
PpIX @Y 408 (17,000)" 618 (H,0) 0.155 (16 ns)  0.56
506 (16,400) 633 (MeOH)

542 (13,300)

577 (8,600)

630 (6,200)
HpD %39 (mixtures) 400 617 — 0.64
BPD-MA 69 688 (33,000) 710 (DPBS)  0.05 (5.2 ns) 0.78
m-THPC 47 417 (81,000) 654 (EtOH)  0.24 (14ns)  0.60 2

517 (10,800)

542 (6,800)

593 (4,300)

650 (21,800)

The fluorescence quantum yield @, fluorescence lifetime T; and singlet oxygen quantum
yield @, are compared for the four approved photosensitizers.
a Molar extinction coefficients are expressed in M~'em™;  in DMSO.

Summary

Clinical application of 5-aminolevulinic acid (5-ALA) and its esters pro-
vides a great example of translating the knowledge in the heme biosyn-
thetic pathway into the photodynamic therapy of cancer and other
diseases. Admini-stration of 5-ALA, a key intermediate during heme
biosynthesis, leads to a selective accumulation of PpIX in the targeted
malignant cells. Light irradiation of the targeted cells triggers a series of
photochemical reactions, which results in tissue-specific toxicity. In addi-
tion to PplIX, other types of photosensitizers are actively developed to
increase the PDT efficacy with lower toxicity. PDT is a field at the inter-
face of chemistry, physics, biology and medicine. Fundamental understand-
ing of the molecular and cellular mechanisms of PDT actions will be critical
to further develop new and improved photosensitizers for clinical use.
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