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I. Introduction

The discovery of myoglobin in skeletal muscle occurred during the
last half of the 19th century though exact attribution is complicated
by uncertainty at the time regarding the possible contamination of
preparations by hemoglobin and by the difficulty in spectroscopic differ-
entiation of hemoglobin from myoglobin (1). The first preparation of
myoglobin that was spectroscopically distinguished from hemoglobin
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was obtained from dog muscle by Mörner in 1897 (2). Although Mörner
referred to this material as myochrome, Günther subsequently pro-
posed the term myoglobin to emphasize the similarity of the protein to
hemoglobin (1, 3).

Myoglobin is now known to be a protein of about 150 amino acid
residues that binds a single protoheme IX prosthetic group through
coordination of the heme iron by a histidyl residue and a variety of
noncovalent interactions between the protein and the heme. The prin-
cipal functional role of myoglobin is based on its ability to bind di-
oxygen reversibly at the heme iron, a property of the heme that results
from the environment provided for it by the protein. This fundamental
property of myoglobin combined with comparative studies of a wide
range of animal species led logically to the view that myoglobin serves
a role in oxygen storage (4, 5) that is particularly important in div-
ing mammals. Subsequent work led to the suggestion that another role
of myoglobin that may be more important in other species is to facili-
tate the diffusion of dioxygen through muscle tissue to mitochondria
(6–9). Theoretical (10, 11) and experimental (12) studies have chall-
enged this view. Surprisingly, a mutant mouse devoid of myoglobin has
subsequently been shown to be viable (13) owing to the effectiveness
of a variety of compensatory physiological processes (14). Ironically,
therefore, the true biological role of one of the most thoroughly studied
proteins remains a matter of continuing investigation.

Because the apparent functional role of myoglobin is reversible bind-
ing of dioxygen, a considerable literature has developed that concerns
the binding of gaseous ligands to ferromyoglobin and the binding of
anionic ligands to ferrimyoglobin (metMb). With the advent of site-
directed mutagenesis as a means of manipulating the structure of pro-
teins, increasing attention has been directed toward understanding the
chemical reactivity of myoglobin with a particular emphasis on under-
standing the chemistry of the active site of the protein. In part, this
growing activity has arisen from renewed interest in understanding
the way in which the protein environment of the heme dictates the
chemical reactivity of this prosthetic group.

Myoglobin in many respects is the prototypical example of the larger
family of heme containing proteins and enzymes that vary in function
from the relatively simple process of reversible binding of an electron
to the activation of dioxygen for substrate hydroxylation. The relation-
ship between members of this family of proteins is not based simply on
structural similarities but on similarities in chemical reactivity as well.
As the structure of myoglobin is relatively simple compared to other
heme proteins and as it was the first for which the three-dimensional
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structure was determined, myoglobin serves as a model for under-
standing the manner in which the protein environment determines re-
activity of the heme.

Interest in this relationship has led to demonstration that myoglobin
can participate in a number of reactions that are related to those cat-
alyzed with far greater efficiency by heme proteins that are true en-
zymes. In the context of the current volume, this chemical reactivity
of the active site of myoglobin is our focus of attention. Studies of the
ligand binding properties of myoglobin have been reviewed elsewhere
(e.g., 15–17) and are not considered here. In view of the essential role of
molecular genetics in the development of understanding of the chemical
reactivity of myoglobin and the anticipation that this role will expand
in the future, we begin this survey by considering advances in the en-
gineering of myoglobin structure before considering the chemical reac-
tivity of heme at the active site of myoglobin. In subsequent discussion
of the chemistry of the Mb active site, emphasis is given in many cases
to consideration of studies involving variants of Mb and references are
provided to reviews of related literature that does not involve variants.

II. Cloning and Expression of Recombinant Myoglobin

Prior to the development of recombinant DNA technology, most func-
tional studies of myoglobin concerned protein isolated from sperm
whale and horse heart muscle because these sources were abundant
and they were available from commercial sources. With the cloning of
cDNAs for human (18–21), porcine (22), mouse (23), grey seal (24, 25),
bovine (26), icefish (Chionodraco rastrospinosus, 27), and mollusk
(Aplysia limacina (28) and Biomphalaria glabrata (29)) myoglobins,1

expression systems have been developed for production of the human,
porcine, and A. limacina proteins in Escherichia coli and for bovine
myoglobin in yeast (Saccharomyces cerevisiae) (19, 26, 28, 35, 36). In
cases for which a cDNA has not been isolated, synthetic genes have
been prepared and overexpressed. This approach has been used to pre-
pare recombinant sperm whale (37, 38) and horse (39) Mbs.2 Amino acid
sequences for the proteins that have been studied most extensively in
recombinant form and for which the greatest number of variants has

1 cDNAs for a new class of Mb with close similarities to the heme enzyme indoleamine
dioxygenase have also recently appeared (30–34).

2 For sperm whale Mb, an error (corresponding to a D122N mutation) was incorporated
into the synthetic gene (37) and, in this case, the recombinant wild-type sequence (37) is
not identical to that of the authentic wild type.
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FIG. 1. Alignment of amino acid sequences for human (18, 19, 21), porcine (22, 36),
horse heart (39), and sperm whale (37, 38) myoglobins.

been produced (human, porcine, horse, and sperm whale) are aligned
in Fig. 1.

Compared with recombinant expression of most proteins, expression
of heme proteins presents the additional challenge that arises from
the need to coordinate synthesis of the prosthetic group with synthesis
of the protein and from the chemical reactivity of heme. For example,
significant quantities of sulfmyoglobin (vide infra) are generated dur-
ing expression of horse heart and sperm whale Mbs in E. coli (42, 43).
Other anomalous spectroscopic features have also been noted for re-
combinant human hemoglobin (44) and for recombinant cytochrome c
peroxidase (45). These observations illustrate the necessity of rigorous
characterization of recombinant heme proteins to ensure that subse-
quent functional studies are not influenced by the presence of unan-
ticipated protein derivatives resulting from recombinant expression or
from mutations of the protein.

III. Active Site Variants of Myoglobin

With the development of bacterial expression systems for Mb de-
scribed earlier and with the known diversity of metal coordination
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FIG. 2. Comparison of the heme environments at the active sites of horse heart myo-
globin (40) and yeast cytochrome c peroxidase (41).

environments among heme proteins (46–48), considerable attention has
been focused on examining the role of the axial ligands to the heme iron
in determining the spectroscopic and functional properties of the pro-
tein. Although it is clear that the active site coordination environments
of cytochromes P450, peroxidases, catalases, globins, and other heme
proteins differ significantly from each other, the extent to which this dif-
ference contributes to the functional diversity of this family of proteins
relative to the contribution provided by other structural attributes of
the active sites of these proteins is not fully understood (47–49). For
the purpose of comparison, critical residues in the heme binding pocket
of horse heart Mb and yeast cytochrome c peroxidase are illustrated
in Fig. 2. As a result, considerable interest has been directed toward
changing the coordination environment of Mb in an attempt to mimic
the diverse range of spectroscopic and chemical reactivities exhibited
by other heme proteins. Although it is undeniably naı̈ve to expect that
identity of axial ligands alone is sufficient to reproduce the spectro-
scopic and functional properties of one heme protein through mutagen-
esis of another, such work inevitably produces new, interesting, and
informative variants that provide a logical starting point for more sub-
tle and sophisticated protein engineering efforts. For these reasons and
others, a significant fraction of the myoglobin variants that have been
reported at present involve modification of the heme binding pocket.
As the chemical reactivity of the myoglobin active site can respond sig-
nificantly to amino acid substitutions in this region of the protein, it
is useful to begin by surveying the active site variants for the species
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of Mb that have received the greatest attention (sperm whale, horse
heart, and human Mb) and by considering some of the consequences of
these structural modifications.

A. MUTAGENESIS OF THE DISTAL HEME BINDING POCKET

The distal H64 residue of Mb has been investigated extensively by
site-directed mutagenesis. The emphasis of most of this effort has con-
cerned the participation of this residue in ligand binding reactions.
These studies have been reviewed in detail elsewhere (16) and are
beyond the scope of the current discussion. The simplest mechanism
by which replacement of H64 influences axial ligation results when
residues incapable of H-bonding interactions are introduced at this po-
sition. Evidently, the hydrogen bond normally formed by H64 and the
water molecule coordinated as the sixth ligand is sufficiently impor-
tant to the stability of water coordination that such variants typically
exhibit five-coordinate, high-spin metMb derivatives (50) with altered
ligand binding properties (16). In a few cases, on the other hand, sub-
stitution of H64 with appropriate residues may result in coordination
of the new residue to the heme iron. Variants of this type are generally
less reactive in the reactions considered in this review, but they provide
useful spectroscopic species for comparative studies with other types of
heme proteins.

Distal pocket substitutions of various species of Mb in which a new
distal ligand is provided by the protein include V68H, H64V/V68H
(51–56), H64Y (57–62), V68E (57, 63–65), and possibly the H64R vari-
ant of sperm whale Mb (60). For the ferric H64Y variants of sperm
whale and horse heart Mbs, electronic (57, 61), EPR (57, 61, 62), and
resonance Raman (57, 60) spectroscopy, XANES (61), and X-ray crys-
tallographic results (62) are all consistent with a six-coordinate species
in which direct coordination of the distal tyrosyl residue occurs; how-
ever, this ligand is not coordinated following reduction of the heme iron
(57). In this regard, the H64Y variants reproduce the behavior of HbM
Saskatoon (66, 67) in which the distal histidyl residue of human hemo-
globin is replaced with a tyrosyl residue. Demonstration of carboxylate
coordination to the heme iron was provided independently by electronic
(57, 63, 64), EPR (57, 65), and NMR (64, 65) spectroscopy of the V68E
variants of sperm whale (57) and human (63, 64) Mbs. These results
correspond to behavior of HbM Milwaukee, in which a valyl residue
in the distal pocket is replaced with a glutamyl residue. MetHbM
Milwaukee is known (68) to possess a high-spin, six-coordinate heme
iron with a distal glutamyl residue providing the sixth ligand. As is
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the case for HbM Saskatoon, this variant ligand dissociates from the
iron upon reduction. Coordination of an argininyl residue has been
suggested from the low-spin characteristics in the resonance Raman
spectrum of the H64R variant of sperm whale metMb (60). However,
as there is no unambiguous precedent for a heme protein with a co-
ordinated argininyl residue, the spectroscopic criteria for establishing
this coordination environment are insufficient to provide a compelling
argument.

B. MUTAGENESIS OF THE PROXIMAL HEME BINDING POCKET

Preparation of Mb variants in which the proximal H93 ligand is sub-
stituted is intrinsically more difficult than preparation of distal ligand
variants. In all cases of which we are aware, the H93 variants are ex-
pressed as the apo-protein and require reconstitution with exogenous
heme during purification. The first successful preparation of a proximal
ligand variant of Mb was reported in 1990 (57) for the H93Y variant of
sperm whale Mb. Subsequently, H93Y variants of both human (69–71)
and horse (72) Mbs were reported. The spectroscopic properties of the
ferric derivatives of these variants are uniformly consistent. The elec-
tronic spectra (sperm whale (57), human (70), horse (72)), EPR spectra
(sperm whale (57), human (70), horse (72)), and resonance Raman spec-
tra (sperm whale (57) and human (70)) are in agreement and are consis-
tent with the presence of a high-spin, five-coordinate iron with tyrosine
providing the fifth axial ligand. The tyrosine coordination and absence
of a distally coordinate water molecule were confirmed by X-ray diffrac-
tion analysis of the H93Y variant of horse heart Mb (72). Interestingly,
NMR spectra for this variant were consistent with rotation of the phe-
nolate ligand on the time scale of the NMR experiment, so the crystal
structure, therefore, probably represents one of a number of possible
conformational orientations. NMR spectra of the corresponding vari-
ant of human Mb, however, are not consistent with phenolate rotation.
This species-specific difference in behavior has been attributed (72) to
a difference in the residue present at position 142 and emphasizes the
subtle distinctions that can exist between closely related proteins.

Introduction of thiolate ligation at position 93 has also been reported
(69, 70, 73). Again subtle species-specific differences in sequence on
the proximal side of the heme binding pocket result in significant dif-
ferences in behavior between closely related proteins. In this case, the
spectroscopic properties of the human H93C variant (69, 70) were con-
sistent with the presence of five-coordinate, cysteine-coordinated high-
spin Fe(III). On the other hand, similar studies of the corresponding
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horse heart metMb variant (73) failed to indicate thiolate coordination
under any conditions. In this case, the principal spectroscopic compo-
nent probably comprises a five-coordinate, heme iron with a coordinated
water molecule. Proximal cysteinyl coordination in the horse heart pro-
tein could be achieved, however, through concurrent replacement of the
distal H64 residue with apolar valyl and isoleucyl residues (73) that are
known (50) to disfavor distal coordination of a water molecule. In these
double variants, the heme iron presumably lacks a distal ligand and is
displaced toward the proximal C93 residue. Unfortunately, none of the
H93C variants of either human or horse Mb retained the proximal lig-
and upon reduction of the heme iron, so the complex formed with carbon
monoxide fails to exhibit a Soret maximum at 450 nm that is charac-
teristic of cytochromes P450. In fact, spectroscopic evidence suggests
that upon reduction of the H93C (and H93Y) variants of the human
protein, not only does the proximal cysteinyl ligand dissociate from
the heme iron, but the distal histidyl residue becomes the fifth ligand
(69, 70).

An alternative strategy for introduction of alternative proximal lig-
ands involves replacement of H93 with the glycyl residue to produce a
so-called proximal “cavity” variant (H93G) (74–80) in which the proxi-
mal ligand may consist of a hydroxyl group (78, 79). The advantage of
this variant is that it can be functionalized conveniently by the intro-
duction of other small molecules (X) that can coordinate to the iron (74).
In addition to imine ligands (X = imidazole, pyridine), this exchange
strategy has been used to introduce both phenolate (X= phenol) and thi-
olate (X = ethanethiol) groups that closely resemble the spectroscopic
features of the ferric catalases and cytochromes P450, respectively.

IV. Electron Transfer Reactions of Myoglobin

A. ELECTROCHEMISTRY

Perhaps the most fundamental functional property of a heme pros-
thetic group at the active site of a heme protein is the relative stability
of the reduced and oxidized states of the heme iron. A number of struc-
tural characteristics of the heme binding environment provided by the
apo-protein have been identified as contributing to the regulation of
this equilibrium and have been reviewed elsewhere (82–84). Although
a comprehensive discussion of these factors is not possible in the space
available here, they can be summarized briefly. The two most significant
influences of the reduction potential of the heme iron appear to be the
dielectric constant of the heme environment (81, 83) and the chemical
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identity of the axial ligands of the heme iron (81). These characteristics
are further modified by the orientation and hydrogen bonding interac-
tions of the axial ligands (85–89) and by the orientation of the heme
group in the heme binding pocket (90). In addition, the orientation of the
heme vinyl groups and the hydrogen bonding interactions of the heme
propionate groups have also been implicated as modulating influences
(91–93). Although semiquantitative correlation of these structural fea-
tures with reduction potentials is possible in some cases, comprehen-
sive, quantitative understanding of all contributions has been elusive.
Most notably, unambiguous methods for quantification of the dielec-
tric of the heme pocket are not established. The primary experimental
problem, however, has been the difficulty in varying any one of these
characteristics individually without simultaneously changing another.
For this reason, it is imperative that any attempt to address this issue
entail a rigorous characterization of the variant or chemically modified
protein to ensure that some unanticipated structural consequence of
the modification will not be overlooked.

1. Methods

The first electrochemical studies of Mb were reported for the horse
heart protein in 1942 (94) and subsequently for sperm whale Mb
(e.g., 95) through use of potentiometric titrations employing a mediator
to achieve efficient equilibriation of the protein with the electrode (96).
More recently, spectroelectrochemical measurements have also been
employed (97, 98). The alternative methods of direct electrochemistry
(99–102) that are used widely for other heme proteins (e.g., cytochrome
c, cytochrome b5) have not been as readily applied to the study of myo-
globin because coupling the oxidation–reduction equilibrium of this pro-
tein to a modified working electrode surface has been more difficult to
achieve. As a result, most published electrochemical studies of wild-type
and variant myoglobins have involved measurements at equilibrium
rather than dynamic techniques.

Recent work has resolved some of the issues that complicate direct
electrochemistry of myoglobin, and, in fact, it has been demonstrated
that Mb can interact effectively with a suitable electrode surface (103–
113). This achievement has permitted the investigation of more complex
aspects of Mb oxidation–reduction behavior (e.g., 106). In general, it ap-
pears that the primary difficulty in performing direct electrochemistry
of myoglobin results from the change in coordination number that ac-
companies conversion of metMb (six-coordinate) to reduced (deoxy) Mb
(five-coordinate) and the concomitant dissociation of the water molecule
(or hydroxide at alkaline pH) that provides the distal ligand to the heme
iron of metMb.
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A summary of reduction potentials reported for the Fe(III)/Fe(II)
couple for wild-type and variant forms of horse, human and sperm
whale Mbs is given in Table I. As indicated earlier, the structural
characteristics of a heme protein that exert the greatest influence on
the reduction potential are the axial ligands provided to the metal ion
and the dielectric constant of the heme environment. For this reason,
we first consider the results presented in Table I for variants involving
changes in the distal and proximal ligand and then consider results for
variants in which the electrostatic properties of the heme pocket have
been changed without replacement of the axial ligands. Emphasis on
axial ligation in this survey reflects the interest in comparison of such
variants with the behavior of heme proteins that possess axial ligands
different from those of wild-type myoglobin and reflects the dominance
of electrochemical information for such variants in the literature.

2. Electrochemistry of Variants with an Altered Distal Ligand

The H64 distal ligand of wild-type myoglobin does not coordinate to
the heme iron in either the reduced or the oxidized form of the native
protein but stabilizes the coordination of a distally bound water molecule
of metMb. Replacement of H64 with other amino acid residues can,
therefore, change the coordination environment of the heme iron in
two ways. Such variants either may possess a distal residue that is
able to coordinate to the heme iron or may possess a distal residue that
is incapable of either coordinating to the iron or of forming a hydrogen
bond with a coordinated water molecule.

The H64Y variant of Mb is an example of the former situation in
that the tyrosyl side chain coordinates to the heme iron of the oxidized
variant. As expected for a variant with an anionic phenolate ligand,
the reduction potential of this variant is ∼40 mV lower than that of
the wild-type protein (Table I). Although this change is consistent with
stabilization of the oxidized form of the protein, the fact that the tyrosyl
ligand is not coordinated in the reduced protein complicates quantita-
tive interpretation of this shift in potential.

On the other hand, the H64L, H64V, and H64F variants constitute a
group of proteins in which H64 is replaced by residues with side chains
that are incapable of coordinating to the heme iron atom and that do not
stabilize a distally coordinated water molecule through hydrogen bond-
ing interactions. As a result, both the metMb and deoxyMb derivatives
of these variants are five-coordinate. Interestingly, the reduction poten-
tials of these variants are all somewhat greater than that for the wild-
type protein and are within ∼30 mV of each other (E◦ = 76–109 mV)
in both oxidation states. Interestingly, the H64G variant exhibits a
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coordination chemistry and midpoint potential that are virtually iden-
tical to those of the wild-type protein. A common characteristic of all the
H64 variants is that their electron transfer activity as estimated from
direct electrochemical measurements is enhanced relative to wild-type
Mb. As observed by Van Dyke et al. (106), Mb electron transfer at the
electrode surface appears to be controlled not only by oxidation-state-
dependent changes in coordination number (from six- to five-coordinate)
but also by the ease with which these changes are communicated to the
surface of the molecule through the hydrogen bond network that links
His64 to the bulk solvent (106). For wild-type protein, the change in
oxidation state is linked through the hydrogen-bond network to the re-
organization of bulk solvent; for the variants, this is not the case, and
electron transfer is more facile.

In some cases, axial ligation may be modified by substitution of resi-
dues other than those that provide the axial ligands in the wild-type
protein. For example, replacement of V68 with a histidyl residue re-
sults in coordination of H68 to the heme iron in both oxidation states
of the protein, as is the case for cytochrome b5. This behavior has been
established both for the single variant (V68H) of the horse heart pro-
tein (51) and for the double variant H64V/V68H of the human and
porcine proteins (52). Although the reduction potentials for the human
H64V/V68H and horse V68H variants are similar to each other (−128
and−110 mV, respectively; Table I), they are 170 to 190 mV lower than
the values of corresponding wild-type proteins. Notably, these poten-
tials are much lower than that of microsomal cytochrome b5 (+5 mV
(122)) even though the heme group of the cytochrome is more exposed
to bulk solvent at the surface of the protein. Furthermore, EPR data
(51) indicate that the planes of the axial imidazole ligands in the vari-
ant Mb are presumably oriented perpendicular to each other (123–132),
which should increase the potential as much as 50 mV relative to the
parallel orientation present in cytochrome b5.

3. Electrochemistry of Variants with an Altered Proximal Ligand

Evaluation of the contribution made by the proximal ligand to the
oxidation-reduction equilibrium of Mb (H93 in the wild-type protein
(Fig. 2)) has been more difficult because substitution of the proximal
residue results in expression of apo-Mb without heme incorporation.
All of the available data for these variants (Table I), therefore, derive
from proteins prepared by reconstitution of purified recombinant apo-
protein with exogenous heme (69, 70, 72). In those cases where trace
quantities of native Mb are produced (73), heme extraction followed by
reconstitution was undertaken to eliminate complications from sulfMb
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(Section IX) formation to ensure homogeneity of the protein sample.
This approach has been required, for example, in characterization of
H93C and H93Y variants of horse heart and human Mb (69, 72, 133).

Replacement of histidine 93 with a tyrosyl residue (H93Y variant) in
horse and human Mb leads to a dramatic decrease in reduction potential
(−208 and −190 mV respectively; Table I). This finding can be under-
stood in terms of stabilization of the oxidized protein by the anionic
(electron-donating) properties of the phenolate ligand. The correspond-
ing cysteine variant (H93C) of human Mb has a reduction potential
(−230mV) that is, again, consistent with increased electron density on
the metal. This value is intermediate between that of the high-spin,
five-coordinate derivative of cytochrome P450cam (−170 mV (134)) and
the low-spin, six-coordinate derivative of the enzyme (−270 mV (134)).
Similarly, the H64V/H93C and H64I/H93C variants of horse heart Mb,
in which coordination of cysteine to the iron has been established (73),
exhibit reduction potentials of −217and −219mV, respectively.

4. Electrochemistry of Variants with an Electrostatically Altered
Heme Binding Pocket

Electrostatic interactions on the surface and the interior of the pro-
tein can modulate the electrochemical properties of the heme center,
although the magnitude of the effect of surface electrostatic changes is
more variable (83). Nevertheless, several attempts to rationalize these
effects in terms of Coulombic interactions in other proteins have been
reported (e.g., cytochrome b5 (135) and high potential iron protein (136,
137)). However, the effects of surface electrostatic charges are not ex-
plained so simply for other proteins (e.g., cytochrome c (83) and rubery-
thrin (138)). The first report to consider electrostatic modulation of the
oxidation–reduction equilibrium of myoglobin involved investigation of
a human Mb variant in which the hydrophobic V68 residue (Fig. 2) was
replaced with anionic (V68E and V68D variants) and neutral (V68N
variant) residues (63, 64). In this work, the V68D and V68E variants
exhibited reduction potentials 200 mV lower than that of the wild-type
protein, and the V68N variant exhibited a potential∼80 mV lower than
wild-type Mb (Table I). Although the magnitude of these changes is
difficult to explain quantitatively, the direction of the change for the
variants with an acidic residue at this position can be understood qual-
itatively in terms of destabilization of the reduced protein. The behavior
of the V68E variant is, however, complicated by coordination of the glu-
tamate side chain to the heme iron in the ferric form of the protein.
This is not the case, however, for the V68D variant, suggesting that the
observed decrease in potential is purely a reflection of the electrostatic
nature of this residue.
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Seemingly complementary experiments involving horse heart metMb,
on the other hand, are not readily explained (120). In this case, replace-
ment of the proximal S92 residue with an aspartyl residue (S92D) in-
creases the potential by 8 mV relative to the potential of the wild-type
protein. This is a surprising result, particularly insofar as the S92 side
chain is in contact with the proximal H93 heme iron ligand in the wild-
type protein (Fig. 2). An extensive spectroscopic analysis of the possible
basis for the increase in potential revealed that a number of small but
significant and unanticipated secondary alterations are induced by this
substitution. These changes include alteration in solvent accessibility of
the heme, the pKa of H97, the orientation of the axial ligands, and the
hydrogen bonding properties of the proximal ligand. Evidently, these
changes in structure exert mutually compensating influences on the
oxidation–reduction equilibrium of the protein to result in a relatively
small increase in potential. This example emphasizes the importance
of assessing all the functional and spectroscopic properties of a new
variant and not simply those of immediate interest.

The effect of electrostatic modifications and the role of charge compen-
sation on the electrochemical properties of cyanmetMb (Table I) have
been addressed through analysis of a series of horse heart Mb variants
in which both proximal (S92D variant) and distal (V68H and V67R
variants) amino acids were replaced with titratable residues (118). The
midpoint potential of the S92D variant is 8 mV higher than that of the
wild-type protein, while the potential of the V67R variant is 42 mV
higher. On the other hand, the cyanide complexes of the S92D and
V67R variants exhibit potentials that are 27 and 7 mV lower than that
of wild-type cyanometMb, respectively. These results have been inter-
preted in terms of a thermodynamic driving force for electroneutrality
that helps to compensate for the additional charge within the active site
introduced by mutagenesis. Unfortunately, analysis of this type was not
possible for the V68H variant owing to the more profound alteration in
coordination environment of this variant in the oxidized form.

5. Electrochemistry of Higher Oxidation States of Myoglobin

Although electrochemical studies of the Fe(III)/Fe(II) couple are of
considerable interest in understanding many electron transfer reac-
tions of heme proteins, the catalytic activities of these proteins involve
higher oxidation states of these proteins. Rigorous understanding of
the thermodynamics of these reactions requires knowledge of the po-
tentials for compound II/Fe(III) (i.e., Fe(IV) O/Fe(II)) and compound
I/compound II (i.e., Fe(IV) O

.
/Fe(IV) O) equilibria. The reduction po-

tentials for interconversion of these forms of heme proteins are experi-
mentally challenging because they are generally quite high (0.8–1.0 V)
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and because they are usually quite similar in value to each other. At
present, these values have been reported only for wild-type sperm whale
Mb (0.887 V (20◦C) (139, 140); 0.896 V (pH 7.0, 15◦C) (141)). Similar
studies of selected variants would contribute significantly to our un-
derstanding of the catalytic activities exhibited by these variants and
are discussed further in the discussion that follows.

B. ELECTRON TRANSFER KINETICS

The kinetics of myoglobin oxidation and reduction have been studied
by a variety of experimental techniques that include stopped-flow ki-
netics, pulse radiolysis, and flash photolysis. In considering this work,
attention is directed first at studies of the wild-type protein and then
at experiments involving variants of Mb.

1. Stopped-Flow Kinetics

Stopped-flow kinetics studies of metMb reduction have investigated
reduction of the protein by a number of inorganic and organic reducing
agents. For example, Fleischer and co-workers studied the anaerobic
reduction of metMb by [Cr(H2O)6]2− (142) while others used dithionite
(143–145), [Fe(CDTA)]− (146) and [Fe(EDTA)]2− (147, 148), [Fe(bpy)]2+

and [Fe(NTA)]2+ (149), and ascorbate (150). Each of these studies re-
vealed different aspects of the reaction. For example, dithionite reduc-
tion of various ligand-bound complexes of metMb at alkaline pH was
found to require dissociation of the bound ligand prior to reduction of the
iron by SO2− radical, except for the imidazole and cyanide complexes,
which were reduced prior to ligand dissociation (144). On the other
hand, at acidic pH, only the cyanide complex was found to undergo re-
duction prior to ligand dissociation (143). The similarity in reduction
potentials of Mb and Fe(CDTA)− permitted use of this reagent to study
the reduction of the cyanide and nitric oxide complexes of metMb and
the oxidation kinetics of MbO2 (146). The kinetics by which Fe(EDTA)2−

reduces metMb were analyzed by Marcus theory to demonstrate the rel-
ative inefficiency of Mb in electron transfer relative to cytochromes (147)
and to study the thermodynamics and pH dependence of reaction (148).

2. Pulse Radiolysis

Pulse radiolysis has also been used to study the reduction of various
Mb derivatives by hydrated electrons (151–154). With this technique, it
was possible to study reduction of ligand-bound forms of metMb at cryo-
genic temperature and thereby identify reduced, ligand-bound forms of
the protein (152) and to reduce oxyMb to produce ferryl (Fe(IV) O)
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Mb. Subsequent application of this technique to reduction of various
derivatives of reduced and oxidized myoglobin led to the observation
that the rate of reduction by hydrated electrons depends primarily on
the net charge of the protein and the dissociation constant for formation
of ligand bound derivatives of metMb.

3. Flash Photolysis

Flash photolysis has been used in a variety of ways to study sev-
eral types of electron transfer reactions in which myoglobin can partic-
ipate. Winkler, Gray, and colleagues have studied intramolecular elec-
tron transfer of myoglobin derivatives in which ruthenium complexes
of various structure have been appended to create a second electron
transfer center at histidyl residues placed at various positions on the
surface of the protein. Through a variety of photochemical strategies,
this group has used these modified forms of myoglobin to study in-
tramolecular oxidation and reduction of the heme iron in an effort to
define the dependence of the rate of intramolecular electron transfer
on the nature of the protein structure located between the electron
donor and acceptor centers. Detailed discussion of these issues is beyond
the scope of this chapter, but a comprehensive review of this work is
available (155).

An alternative application of flash photolysis to study myoglobin elec-
tron transfer kinetics has been employed by Hoffman and co-workers
(156). In this approach, the photoactive zinc-substituted derivative of
Mb is mixed with an equivalent amount of ferricytochrome b5 to form an
electrostatically stabilized binary complex. Upon transient irradiation,
the strongly reducing 3Zn–Mb intermediate is formed, and the kinetics
of ferricytochrome b5 reduction within the preformed complex can be
monitored spectrophotometrically. The resulting kinetics represents a
mixed-order process consistent with electron transfer both within the
electrostatically stabilized complex and between the dissociated compo-
nents of the complex.

An alternative application of ruthenium-modified myoglobin has
been reported by Fenwick et al. in experiments concerning the photo-
initiated intramolecular reduction of ferrylMb (157). Through use of
two different ruthenium complexes for modification of Mb, the effect
of driving force on this reaction could be considered, and a reorganiza-
tion energy for the reaction was estimated to be 1.8–2.1 eV, depending
on the reduction potential of the ruthenium complex used for protein
modification. This relatively unreactive character of the ferryl center to
electron transfer was rationalized by these authors as resulting from
the absence of a strong H-bond donor to the oxene ligand to the iron
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in the distal heme pocket of Mb and the lack of a strong H-bond to the
proximal ligand to the heme iron.

4. Electron Transfer Kinetics of Myoglobin Variants

Following their initial studies of the oxidation of myoglobin by the
Fe(III)NTA complexes discussed above (149), Saltman and co-workers
found that oxidation of myoglobin by Cu(II)NTA exhibits biphasic ki-
netics in stopped-flow studies (158). This behavior was interpreted as
arising from bimolecular reduction of the copper complex at the par-
tially exposed edge of the heme prosthetic group and from reduction
of the copper following binding of the complex at a specific site on the
surface of the protein. NMR spectroscopy was used to implicate histidyl
residues in copper binding. As a metal binding site involving histidyl
residues had been identified on the surface of sperm whale myoglobin in
early X-ray diffraction studies, the involvement of this site in electron
transfer reaction of Mb with Cu(II)NTA was subsequently evaluated
through kinetic studies of variants (159). This work implicated H48 in
the binding of the complex ∼13 Å from the heme iron and provided a
structural basis for interpretation of the electron transfer kinetics in
terms of two alternative mechanisms.

The kinetics by which Fe(CN)3−6 oxidizes pig deoxyMb was studied by
Zhang et al. in experiments that examined the possible involvement of
K45 through investigation of a family of variants in which this residue
was replaced by serine, histidine, glutamate, and arginine (160). De-
spite the fact that this residue normally forms an H-bond with one of
the heme propionate groups and that its replacement with at least some
of these residues should have significant consequences on the electro-
static character of the surface of the protein adjacent to the partially
exposed edge of the heme group, substitution of this residue had little
effect on the kinetics of reaction with this oxidant. Subsequently, Dunn
et al. studied the same reaction for a series of myoglobin variants in
which the distal H64 residue was replaced with residues that alter the
coordination environment of the heme iron (161). This work led to the
finding that variants that are five coordinate in both oxidation states
are 10- to 15-fold more reactive than is the wild-type protein.

As emphasized by this latter study, it has been relatively straight-
forward to identify myoglobin variants that are five-coordinate in both
oxidation states, but it has been far more difficult to identify variants
or derivatives that are six-coordinate in both oxidation states. Myo-
globins with this characteristic would have the potential to provide
considerable insight into the role of various types of axial ligand in reg-
ulating the electron transfer reactivity of cytochromes and other types
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of heme proteins. At present, progress toward this goal has been lim-
ited. For example, independent studies of porcine, human,and horse Mb
variants have identified a variant that exhibits bis-histidine axial lig-
ation in both oxidized and reduced states of Mb. In these studies, a
variety of spectroscopic data for the H64V/V68H double variants of hu-
man and porcine (52, 54) and for the V68H single variant of horse Mb
(51) provided clear and mutually consistent spectroscopic evidence for
bis-histidine coordination in both oxidation states of these variants.
These conclusions were confirmed by crystallographic analysis of the
porcine double variant, which demonstrated that H68 is coordinated
to the heme iron with the plane of the imidazole ring oriented per-
pendicular to the imidazole ring of the proximal H93 ligand (Fig. 2).
In fact, EPR spectra of the H64V/V68H and V68H variants (51, 52)
provided accurate prediction of the perpendicular orientation of the
proximal and distal ligands in these variants fully consistent with
the crystallographic structure. The effect of axial ligand orientation on
the electronic, spectroscopic, and functional properties of model heme
complexes and their implications for the corresponding properties of
heme proteins have been studied extensively by Walker, Scheidt,
Strouse, and their colleagues (123–132). At present, however, the elec-
tron transfer kinetics of these variants have not yet been studied.

C. AUTOXIDATION OF OXYMYOGLOBIN

The autoxidation of oxymyoglobin is the process by which oxymyo-
globin spontaneously forms metmyoglobin (162). The rate of this pro-
cess varies with pH, dioxygen concentration, anion concentration, and
species of myoglobin, and these dependences have led to a variety of
proposals for the mechanism of this reaction. Early studies of autoxi-
dation proposed that the reaction proceeds through oxidation of a de-
oxyMb intermediate by dioxygen. Although this mechanism explains
the increased rate of autoxidation at lower concentrations of dioxygen,
it is less clear why dioxygen should bind to the iron atom in
some encounters and function as an oxidant in others. Caughey and
co-workers suggested that chloride binding in or near the active site of
the deoxygenated protein could mediate outer-sphere electron transfer
from the reduced iron atom to dioxygen (163). In the first use of vari-
ants to study this problem, Springer et al. reported that nine variants
of sperm whale Mb in which the distal H64 residue was replaced by
other residues exhibited 40- to 350-fold increase in autoxidation that
correlated with a decrease in affinity for binding dioxygen (164). On
the other hand, similar studies of a family of sperm whale oxyMb vari-
ants, in which Leu29, a residue in the distal heme binding pocket, was
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replaced with a series of nonpolar residues of varying size, led to the
observation that residues of larger volume at this position stabilize the
protein to autoxidation (165).

These studies were subsequently expanded by kinetic analysis of au-
toxidation by about 25 variants of sperm whale and pig myoglobin that
led to the conclusion that autoxidation of most of these proteins exhibits
a combination of two mechanisms. At high concentration of dioxygen,
the dominant mechanism involves dissociation of the neutral superox-
ide radical from oxyMb, a process that is promoted as pH is lowered; at
low concentration of dioxygen, the authors propose a bimolecular mech-
anism in which dioxygen oxidizes deoxyMb in which a water molecule
is weakly coordinated to the iron atom (166). For the wild-type pro-
tein, the distal histidyl residue stabilizes the coordination of dioxygen
to the heme iron through hydrogen bond formation, so superoxide radi-
cal dissociation is disfavored. In variants lacking a distal residue capa-
ble of hydrogen bonding interactions, the second mechanism is favored
because dissociation of superoxide radical is not hindered in these vari-
ants and the weak coordination of a water molecule to the reduced iron
atom of deoxyMb is not facilitated by possible hydrogen bond formation.

Although these reports demonstrate the contribution that can be
made by use of variant forms of Mb in the study of long-recognized
but incompletely understood behavior of the protein, they represent
only part of the extensive literature concerning the pH dependence,
dioxygen dependence, and species dependence of autoxidation kinetics.
A detailed discussion of all the relevant mechanistic issues related to
autoxidation of oxyMb is beyond the scope of the current chapter, but a
thorough survey of this subject has been provided by Shikama (162).

V. Peroxidase Activity

A. THE PEROXIDASE CATALYTIC MECHANISM

The heme peroxidase superfamily of enzymes catalyzes the H2O2-
dependent oxidation of a wide variety of substrates:

Peroxidase+ H2O2→ Compound I+ H2O (1)

Compound I+ Sred→ Compound II+ Sox (2)

Compound II+ Sred→ Peroxidase+ Sox + H2O (3)

In this representation, compounds I and II represent two-equivalent
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and one-equivalent oxidized forms of the enzyme, respectively, and
Sred and Sox represent reduced and oxidized substrate, respectively. Di-
rect comparison of the active sites of cytochrome c peroxidase (CcP),
the first peroxidase for which a structure was determined, and Mb
demonstrates some of the structural similarities of and differences be-
tween the two proteins (Fig. 2). In both proteins, distal and proximal
histidyl residues are present as axial ligands, and the proximal histidyl
residue is involved in hydrogen bonding interactions with other amino
acid residues through the d-nitrogen. However, the detailed hydrogen
bonding interactions of the proximal ligands of the two proteins are dif-
ferent (vide infra). On the other hand, while the distal heme pocket of
Mb is relatively hydrophobic and favors reversible binding of dioxygen
to the heme iron, the distal heme pocket of CcP includes a number of
hydrophilic residues that are believed to favor the cleavage of the O–O
bond during catalysis. Indeed, the intimate mechanism of peroxidase
catalysis and the roles of various active site residues, first proposed
in 1980 by Poulos and Kraut (167), has been largely confirmed by an
extensive series of experiments with various site-directed variants of
CcP and, subsequently, HRP (reviewed in 168–173). Although the
mechanism proposed for this reaction (Fig. 3) and the evidence on which
it is based are not discussed in detail here, a brief overview is useful.

In essence, peroxide bond cleavage by CcP is favored by the pres-
ence of a distal base catalyst (H52) and a positively charged argininyl
residue (R48). The reaction of the enzyme with hydrogen peroxide leads,
ultimately, to the formation of a form of the enzyme that is oxidized
by two equivalents relative to the “resting” enzyme to form an inter-
mediate known as compound I through the heterolytic cleavage of a
peroxo-bound intermediate. The rate of compound I formation is rapid
(∼107 M−1s1 (170, 173)). In most peroxidases, compound I exhibits an
oxyferryl heme iron and a porphyrin p-cation radical species. CcP is
unusual in that the second oxidizing equivalent resides as a stable p-
cation radical at W191 (174, 175) adjacent to the proximal H175 residue.
The proposed (41, 176) role of the negatively charged D235 residue on
the proximal side of the heme is to stabilize compound I by means of a
strong hydrogen bond to H175 that increases the imidazolate character
of this heme iron ligand. This proposal led to development of the “push–
pull” mechanism for peroxidase catalysis (176). In this mechanism, the
hydrogen bond formed by D235 and the proximal H175 ligand effec-
tively “pushes” electrons into the proximal ligand and endows it with
greater imidazolate character than is the case for Mb to stabilize higher
oxidation states of the heme iron. At the same time, the distal H52 and
R48 residues “pull” electrons toward the distal side of the heme in a
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FIG. 3. Catalytic mechanism proposed for cytochrome c peroxidase (167).

process that involves acceptance of a proton from the hydrogen perox-
ide by H52 and transfer of this proton to the other oxygen atom of the
peroxide to generate a good leaving group. R48 stabilizes the incipient
negative charge on the outer oxygen atom of the peroxide during O–O
bond cleavage through electrostatic interaction.

B. REACTION OF MYOGLOBIN WITH HYDROGEN PEROXIDE

1. Modification of metMb by Hydrogen Peroxide

As described above, efficient peroxidase catalysis requires rapid re-
action of the enzyme with H2O2 coupled with the formation of a discrete
compound I species. As initially observed by George and Irvine in 1952
(177), the reaction of metMb with H2O2 is much slower than the corre-
sponding reaction of peroxidases. The myoglobin derivative produced
by this reaction was referred to by these authors as ferryl myoglobin
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(Fe(IV) O), a form that is oxidized by one equivalent relative to metMb.
As hydrogen peroxide presents two oxidizing equivalents to the pro-
tein, the initial product of this reaction should have been oxidized by
one equivalent more than expected for the ferryl derivative (which cor-
responds to peroxidase compound II). Although the resolution to this
question evaded elucidation for some time, an early hint was provided
by subsequent observation of a free radical following reaction of metMb
with peroxide (178–180). The nature of this radical remained specu-
lative until it was recognized that reaction of metMb with hydrogen
peroxide leads to formation of a family of oxidized Mb species in which
one tyrosyl residue or another is oxidized to a radical center. In con-
sidering the events that follow reaction of myglobin with peroxides, we
begin by considering the reaction at the iron center.

The reaction of the classical peroxidases with peroxides results ex-
clusively in heterolytic cleavage (reviewed in Ref. 173) of the dioxygen
bond to produce water from hydrogen peroxide and a ferryl center cou-
pled to a porphyrin or protein radical in a reaction that is promoted by
the “push–pull” mechanism (176) described above. In view of the facts
that Mb lacks a polar, cationic group in the distal heme binding pocket
that is analogous to R48 of CcP and that the proximal H93 ligand of Mb
is not influenced by a strong hydrogen bonding interaction as is H175
of CcP, the behavior of Mb in this reaction is not necessarily similar
to that of a peroxidase. Conceivably, Mb could promote homolytic O–O
bond cleavage in which a hydroxyl radical is formed from the peroxide
with subsequent abstraction of an electron from the protein to create
a protein-centered radical. To address this issue, Allentoff et al. (181)
studied the reaction of metMb with an organic peroxide (4-hydroperoxy-
4-methyl-2,6-di-tert-butylcyclohexa-2,5-dien-1-one (BHTOOH)) to eval-
uate the mechanism by which the heme iron center of Mb reacts with
peroxides. Their results indicated that for this substrate, Mb exhibits
both heterolytic and homolytic peroxide bond cleavage with about equal
preference for the two pathways (Fig. 4). Interestingly, selected active
site variants exhibited similar behavior.

In defining the reaction of metMb with hydrogen peroxide further, Or-
tiz de Montellano and co-workers took advantage of the fact that myo-
globin from various species vary in tyrosine content. Specifically, they
noted that sperm whale Mb possesses three tyrosyl residues (Y103,
Y146, and Y151) and horse heart Mb has two tyrosyl residues (Y103
and Y146), whereas red kangaroo has just one tyrosyl residue (Y146).
They also noted that upon reaction with hydrogen peroxide, sperm
whale Mb is unique among these three species in that it forms a pro-
tein dimer and the other two species do not. By isolating the dimeric
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FIG. 4. Heterolytic and hemolytic pathways of peroxide cleavage by myoglobin. (mod-
ified from Ref. 198).

Mb product and characterizing its structure with HPLC peptide map-
ping, this group demonstrated that sperm whale myoglobin forms a
dityrosine crosslink between Y103 on the surface of one molecule of
Mb and Y151 on the surface of another (182). Additional studies de-
termined that zinc-substituted sperm whale myoglobin, which does not
form an intermediate analogous to the ferryl derivative, does not form a
dimeric product in this reaction (182). This observation was interpreted
to mean that formation of the radical on Y151 results from intramolec-
ular electron transfer from this tyrosyl residue to the heme iron rather
than from bimolecular reaction with the ferryl group of another Mb
molecule. In a subsequent study, this group demonstrated that one of
the products (no more than 18% of the total) formed by horse heart
metMb upon reaction with hydrogen peroxide is a modified form of the
protein in which the heme group is covalently bound to the protein
(183). Again, structural characterization was achieved through HPLC
peptide mapping to implicate crosslinking of the heme through a meso-
carbon to Y103. These results were subsequently substantiated through
related studies of site-directed variants of sperm whale myoglobin in
which tyrosyl residues were replaced individually and in pairs (184).
Interestingly, replacement of all of the tyrosyl residues with phenylala-
nine did not eliminate formation of a radical product (184), but further
modification of the tyrosine-deficient variant by replacement of H64
with a valyl residue eliminated formation of the protein-centered radi-
cal (185, 186).

The sequence of events following the reaction of metMb with hydro-
gen peroxide has also been investigated through the use of spin trapping
agents. Initial studies of this type with 5,5-dimethylpyrroline N-oxide
(DMPO) led to the identification of Y103 as the primary site of DMPO
adduct formation, a modification that was blocked by specific iodination
of this residue (187). The identity of the radical trapped in this reaction



P1: SYV/SPH P2: GKW/ABE QC: GKW/ABE T1: GKW

Advances in Inorganic Chemistry PS006-01 August 14, 2000 13:55 Stylefile version:April 24, 2000

CHEMICAL REACTIVITY OF THE ACTIVE SITE OF MYOGLOBIN 25

was initially concluded to be a tyrosine peroxyl radical (187), but mass
spectrometry and isotopic labeling studies with 17O demonstrated the
trapping of a tyrosine phenoxyl radical (188). In the absence of Y103,
only a weak EPR signal of oxidized DMPO could be detected, and this
observation was attributed to oxidation of the compound by the perox-
idase activity of the protein. Y151 was subsequently shown to form an
adduct with trapping agent 2-methyl-2-nitrosopropane (MNP) (189).

The production of a peroxyl radical following addition of hydrogen
peroxide to metMb was subsequently observed by Kelman et al. un-
der different reaction conditions (190). In this work, hydrogen peroxide
was added to the protein under aerobic and anaerobic conditions in the
presence and absence of DMPO, and the reaction mixture then frozen
in liquid nitrogen within 10 sec. The EPR spectra of the samples pro-
duced in this fashion were then recorded. Although the site of the radical
could not be adduced from these experiments, perturbation of the EPR
spectrum of the reaction mixtures reacted aerobically in the presence
of 17O-enriched dioxygen provided strong confirmation for the forma-
tion of a peroxyl radical. Subsequent spin-labeling experiments with
3,5-dibromo-4-nitrosobenzensulfonic acid (DB-NBS) followed by EPR
analysis of spin-labeled peptides generated by proteolytic digestion of
spinlabeled metMb generated following addition of hydrogen peroxide
to metMb led to the identification of the peroxyl radical as residing on a
tryptophanyl residue (191). Localization of this peroxyl radical to W14
was ultimately achieved through related studies of sperm whale Mb
variants (192). At present, reaction of hydrogen peroxide with metMb
is believed to result in oxidation of the heme iron to the ferryl (Fe(IV) O)
derivative and transiently produce an H64 radical immediately prior
to intramolecular electron transfer to produce the peroxyl-W14 radi-
cal. This species may then oxidize small molecule substrates or other
proteins (193), or it may undergo intramolecular electron transfer to
produce a phenoxy-radical center at either Y103 or Y151, which may
then proceed to form dimeric Mb or the adduct with heme covalently
coupled to the protein.

2. Kinetics of metMb Oxidation by Hydrogen Peroxide

The kinetics of the reaction between metMb and peroxides has at-
tracted attention in studies that have focused on the role of the dis-
tal H64 ligand and other amino acid residues present in the distal
heme pocket. Brittain et al. reported stopped-flow studies of the reac-
tion of hydrogen peroxide with seven variants in which the distal H64
residue was replaced with a series of residues of varying polarity (194).
Although the H64Y variant was unreactive toward peroxide, the other
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variants exhibit increased reactivity with increasing polarity of the dis-
tal heme pocket and water coordination to the heme iron. In addition,
these latter variants exhibit electronic and EPR spectra consistent with
the accumulation of a bound peroxide species with a low-spin heme iron
center that could be observed through freeze-quench EPR experiments.
This reactive intermediate yields a species with a bleached Soret band
and an absorbance at 700 nm that is consistent with reaction with a
second equivalent of peroxide that results in heme degradation in a
process that is reminiscent of coupled oxidation (vide infra). The obser-
vation of nonheme iron in the EPR spectrum of the reaction mixture at
the completion of reaction is also consistent with this possibility (194).
Similar observations were reported by Khan et al. for the H64G variant
in a report that also examined the pH and temperature dependence of
the reaction (195).

Related studies with a number of variants of sperm whale Mb in
which H64 was replaced (196–198) also noted that the distal residue
governs the rate of peroxide bond cleavage. Specifically, this group
found that replacement of H64 decreases the second-order rate con-
stant for formation of the oxidized species and increases the stability of
the oxidized product substantially. For a number of these variants, the
decrease in the rate constant for O–O bond cleavage was so great that
the precursor [Mb–H2O2] complex (197) could be detected; moreover,
in the reaction with m-chloroperbenzoic acid (194), spectra consistent
with the formation of a compound I species were observed for the first
time for the H64A, H64S, and H64L variants. Later, direct observation
of compound I was reported for the reaction of the H64D variant of
sperm whale Mb with H2O2 (198). In this case, the ability to detect com-
pound I formation derives from an increased rate constant for reaction
with peroxide and a decreased rate of decay.

The combined results of these studies clearly demonstrated that cre-
ation of a five-coordinate heme iron center in metMb through simple
replacement of H64 does not capture the mechanism of peroxide re-
action with heme iron observed with true peroxidases. This finding is
not altogether surprising insofar as peroxidases, in fact, possess a dis-
tal histidyl residue. However, as noted by Watanabe and Phillips, the
distance between the N« of the distal histidine and the heme iron is
much smaller for globins (4.3 Å for sperm whale Mb) than for the per-
oxidases (6.0 Å in cytochrome c peroxidase) (197). This observation led
these investigators to design a variant in which the distal residue is
moved to an alternative position, farther from the iron, by changing
the residues at positions 64 and 43 to create the F43H/H64L variant
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(197). In this case, formation of compound I was also observed in the
reaction with m-chloroperbenzoic acid (199) but not in the reaction with
H2O2 (197), which the authors attributed to increased catalatic activity
of this variant. Similarly, the second-order rate constant for reaction of
this variant with H2O2 is increased 10-fold (197), consistent with the
notion that the distal histidine-to-heme iron distance is a critical factor
in active site regulation of heme reactivity. Although the effects of these
changes on the steady-state peroxidase activity as assessed by oxidation
of guaiacol and ABTS were marginal (197), such activity was later (198)
improved substantially by incorporation of a carboxylate group at the
distal position (vide infra). Notably, however, the F43H/H64L variant
was found to have 50-fold greater catalase activity than the wild-type
protein (198).

3. Peroxidase Activity of Myoglobin

The ability of Mb to catalyze oxidation of substrates by hydrogen per-
oxide was first reported in the 1950s (200, 201). As implied by studies
discussed in the previous section, the ability to modify protein func-
tion through the techniques of molecular genetics has renewed interest
in this catalytic capability of myoglobin. In part, this interest arises
from an interest in defining more clearly the structural features of a
heme binding site that engender peroxidase activity. One of the more
important features of the active sites of these proteins and one of the
more challenging structural features to manipulate through mutage-
nesis concerns the hydrogen bonding interactions of the proximal and
distal residues and of intermediates bound transiently to the heme iron.
As mentioned earlier, the proximal heme binding pocket of Mb is char-
acterized by a number of hydrogen bonds. Specifically, the Nd of H93
forms hydrogen bonds with the main-chain carbonyl oxygen of L89 and
the Og atom of S92. This hydrogen bonding network extends to involve
H97 and the heme 7-propionate. The proximal heme binding pocket of
peroxidases, on the other hand, features a much stronger hydrogen bond
between the Nd of the proximal ligand and an aspartyl residue that is
itself hydrogen bonded to a proximal tryptophanyl residue (Fig. 2). This
triad of hydrogen bonds is believed to impart increased electron density
on the proximal ligand and thereby strengthen the Fe–histidine bond
to provide additional stabilization of the highly oxidized compound I
intermediate. Indeed, site-directed mutagenesis studies of CcP have
supported this hypothesis (202–211).

Efforts to examine the role of proximal hydrogen-bonding interac-
tions in Mb by removal of S92 have been reported for the porcine (S92A,
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S92V, and S92L variants) (212) and human (S92A variant) proteins
(213), and attempts to incorporate a peroxidase-like histidine–aspartate
hydrogen-bonding interaction have also been reported for human (213)
and horse heart (120) Mbs (S92D variant in both cases). Careful exam-
ination of spectroscopic and crystallographic (the porcine S92L variant
and the horse S92D variant) data for these variants has established
that S92 helps to tether the proximal ligand in the correct orientation
with respect to the heme (other proximal mutations involving L89 and
H97 also affect, inter alia, the orientation of H93 (214)). Indeed, substi-
tution of S92 generally leads to increased overall conformational hetero-
geneity on the proximal side, which, for the S92D variants, makes the
formation of new hydrogen bonds with the aspartate group less likely
(increased proximal disorder has also been reported following substi-
tution of L89 (215)). In fact, although mutagenic substitution of S92
does eliminate potential hydrogen bonding interactions, the formation
of new hydrogen bonds does not appear to occur with either the human
or horse S92D variants. On the other hand, Sinclair et al. have reported
EXAFS studies of the L89D variant of sperm whale Mb that led them
to conclude that the aspartyl residue introduced at position 89 in this
variant forms a strong hydrogen bond with the proximal H93 ligand
(215). However, this conclusion has not yet been evaluated by other
methods, and the peroxidase activity of this variant was not reported.

Most of the myoglobin variants discussed above possess amino acid
substitutions that reproduce features of the peroxidase active site in at
least a limited sense. Almost all exhibit little or no increase in peroxi-
dase activity relative to that of the wild-type protein, and some exhibit
less activity (E. L. Raven, D. P. Hildebrandt, C. L. Hunter, H.-L. Tan,
M. Smith, and A. G. Mauk, unpublished). However, a 50- to 70-fold in-
crease in peroxidase activity has been reported for a variant of sperm
whale Mb in which the distal histidyl residue was replaced with an as-
partyl residue (198). In this case, the variant was designed to mimic the
active site of chloroperoxidase (216), in which the distal ligand is a glu-
tamyl residue and which is known to possess both peroxidase and per-
oxygenase activities. An alternative means of identifying Mb variants
with greater peroxidase activity is provided by the approach referred to
as in vitro (or directed) evolution. In this strategy, the gene encoding Mb
is subjected to random mutagenesis, and bacteria transformed with the
mutant genes are screened for expression of Mb variants with peroxi-
dase activity by plate assays involving oxidation of colored dyes. Initial
work using this strategy led to the identification of a quadruple vari-
ant of horse heart Mb (T39I/K45D/F46L/I107F) with ∼25-fold greater
peroxidase activity than the wild-type protein (217). Kinetic analysis of



P1: SYV/SPH P2: GKW/ABE QC: GKW/ABE T1: GKW

Advances in Inorganic Chemistry PS006-01 August 14, 2000 13:55 Stylefile version:April 24, 2000

CHEMICAL REACTIVITY OF THE ACTIVE SITE OF MYOGLOBIN 29

this variant demonstrated that this improved activity results from an
increase in the rate constant for the reaction with hydrogen peroxide
(Eq. (1)) (116). It seems likely, however, that further use of the general
approach of in vitro evolution, perhaps through use of DNA or gene
shuffling (e.g., Ref. 218), has the potential to produce a variant with far
greater activity.

Nongenetic methods of increasing the peroxidase activity of Mb may
also merit consideration. For example, horse heart myoglobin recon-
stituted with a chemically modified heme carrying eight carboxylate
groups bound to the terminal propionates has been reported to exhibit
13-fold greater specificity than native Mb in the oxidation of guaiacol
(219). Evaluation of the combined use of modified hemes with variant
forms of Mb in modification of peroxidase activity also merits consid-
eration. As part of such work, metal-substituted heme derivatives may
also be of interest in view of the initial work of Mondal et al. regarding
the reactivity of Mn-substituted Mb with hydrogen peroxide (220, 221).

VI. Lipoxygenase Activity

The H2O2-dependent catalytic oxidation of unsaturated fatty acids
by myoglobin is well established (223–236) and has been implicated in
myocardial reperfusion injury (223, 224, 236). The most detailed mech-
anistic information for this activity of myoglobin has been provided for
oxidation of linoleic acid (234) although mechanisms have also been
proposed for oxidation of more complex esterified lipids (225, 227, 228).
For aerobic oxidation of linoleic acid by hydrogen peroxide catalyzed by
sperm whale myoglobin, the mechanism proposed by Rao et al. (234) in-
volves formation of a compound I–like species (i.e., Mb with a Fe(IV) O
heme and a protein-centered radical), binding of the substrate near
the heme, and subsequent formation of 9-hydroxyperoxy10(E),12(Z)-
octadecadienoic acid (225, 234). Interestingly, this product is formed
in an 84:16 (9S):(9R) enantiomeric mixture (234). Both singlet oxy-
gen and hydroxyl radicals have been eliminated as reactive species
responsible for initiating oxidation of linoleic acid through use of scav-
enging agents, stereochemical arguments, and use of variant forms of
sperm whale Mb (234). An oxidative mechanism mediated by a protein-
centered radical, for example, was eliminated by the finding that
reaction of the H64V/K102Q/Y103F/Y146F/Y151F variant, which does
not form a protein radical on reaction with H2O2 (vide supra), is fully
active in linoleic acid oxidation. From this observation, it appears
that the reactive species in this reaction is ferryl heme itself (234).
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FIG. 5. Catalytic cycle of cytochrome P450. The substrate HR binds to the “resting” en-
zyme A to form intermediate B, which is reduced by one electron to form C and then reacts
with dioxygen. The resulting ferric-peroxo intermediate D is reduced by one equivalent
to form the transient oxyferrous intermediate E, which proceeds quickly to intermediate
F with release of a molecule of water. F is designated “Fe(V) O” to indicate that it is
oxidized by two equivalents greater than A and not to imply anything about the true
oxidation state of the iron. Intermediate F then transfers an oxygen atom to the sub-
strate to regenerate the “resting” enzyme. The “peroxide shunt” refers to the reaction
of B with hydrogen peroxide to produce the intermediate F, which can then proceed to
product formation.

In subsequent work, Hamberg has reported that anerobic oxidation
of lineolic acid by cumene hydroperoxide catalyzed by sperm whale
Mb results in formation of five products, the two major products be-
ing 11(R,S)-hydroylinoleic acid (29% yield) and (±)cis-9,10-epoxy-(12Z)-
octadecenoic acid (16%) (235). In this work, it was proposed that the
second oxidizing equivalent required for substrate hydroxylation was
probably provided by a protein-centered radical.

VII. Monooxygenase Activity

Monooxygenases catalyze introduction of one atom of a dioxygen
molecule into an organic substrate concomitant with reduction of the
other oxygen atom to water (237). The orchestration of dioxygen activa-
tion with specific binding of organic substrate and appropriately timed
delivery of reducing equivalents to produce an enantiomerically pure
product by heme enzymes such as cytochromes P450 (Fig. 5) represents
a significantly more sophisticated chemical accomplishment than the
relatively simple process of reversible binding of dioxygen by myoglobin.
Nevertheless, as may be anticipated from the discussion in previous
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sections of this chapter, some elements of this process can be elicited
from myoglobin because the critical requirements are minimal: the abil-
ity to generate a transient oxidizing species capable of oxygen atom
transfer, and adequate stereochemical access of the substrate to the fer-
ryl intermediate. A critical distinction between such assays of Mb and
corresponding assays involving cytochromes P450 is that the oxidizing
species of Mb must be generated by reaction with hydrogen peroxide
rather than with dioxygen and a reductase. However, cytochromes P450
are also known to exhibit a mechanism referred to as the peroxide shunt
in which the ferric enzyme with substrate bound reacts with peroxide
to generate the ferryl intermediate directly (237) (Fig. 5).

In addition to the activity of the protein in substrate processing,
stereospecificity of substrate oxidation is of equal concern. As a result,
studies of Mb monooxygenase activity are frequently complemented
by determination of the enantiomeric ratio of products (enantiomeric
excess) and analysis of the fraction of peroxide oxygen transferred to
product. As epoxidation and sulfoxidation reactions catalyzed by Mb
have received particular attention, the following discussion considers
the progress in understanding these activities of both wild-type and
variant forms of the protein.

1. Epoxidation

Initial experiments with wild-type sperm whale Mb indicated that
the epoxidation of styrene occurs by two concurrent mechanisms (238).
In one of these mechanisms, the ferryl oxygen atom is transferred di-
rectly to the substrate with retention of stereochemistry and incorpo-
ration of an atom of oxygen from H2O2 into the epoxide product in
a process analogous to that observed for cytochrome P450. In the al-
ternative mechanism, reaction of the protein with hydrogen peroxide
generates a protein-centered radical that reacts with dioxygen to pro-
duce a protein–peroxy radical that oxidizes styrene with overall loss of
stereochemistry and incorporation of an atom of oxygen from dioxygen
into the epoxide. Attempts to improve the stereoselectivity of the reac-
tion by identifying the location of the protein radical initially focused
(185) on one of several tyrosyl residues that were believed to account at
least partially for the radical spin distribution (vide supra). However, as
already discussed, it was later demonstrated that none of these residues
is essential for protein radical formation. In fact, site-specific removal of
all tyrosine residues (tyrosines 103, 146, and 151) from sperm whale Mb
(239) revealed that although these residues influence the rate of epox-
idation, the stereochemical specificity, and the source of epoxide oxy-
gen, they are not critical to the protein-mediated epoxidation pathway.
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Instead, a role for the distal H64 residue was identified through ob-
servation that the H64V variant exhibits improved stereoselectivity
in styrene epoxidation either through improved steric access of the
substrate to the heme or through increased stability of the compound
I–like intermediate species (198). However, exclusive formation of a sin-
gle enantiomeric product and complete transfer of peroxide-based 18O
into the product, as expected for a mechanism involving only ferryl oxy-
gen transfer, was observed only for reactions catalyzed by the tyrosine-
depleted H64V/Y103F/Y146F/Y151F variant (239). Subsequently, one
of the two tryptophans in sperm whale Mb (W14) was also implicated
in the protein-mediated pathway (186).

These findings have been extended in experiments by Watanabe and
co-workers with the sperm whale Mb variants discussed previously in
which the distal histidyl residue is relocated to a position more com-
parable to the position of the distal histidyl residue of cytochrome c
peroxidase. In this work, the L29H/H64V (240) and F43H/H64V (199)
variants exhibited high enantiomeric excesses and increased rates of
styrene epoxidation (e.g., more than 20-fold for the F43H/H64V vari-
ant). The F43Y variant has also been reported to exhibit catalytic activ-
ity and stereospecificity in this reaction relative to the wild-type protein
(241). For the F43H/H64V (199, 242), H64A, and H64S variants (196), a
spectroscopically distinct two-equivalent oxidized species analogous to
a peroxidase compound I intermediate was identified. This species and
improved steric access to the heme in these variants has been proposed
to account, at least partially, for the increased enantiomeric excesses of
these variants.3

Alteration of the proximal ligand in Mb to mimic the cysteine thi-
olate in P450 (H93C variant) has little effect on the rate of styrene
epoxidation and no effect on the enantiomeric ratio of products (70).
Although disappointing, these results are consistent with the expecta-
tion that a minimal degree of access of substrate to the distal heme
pocket is required for catalysis to occur. Unfortunately, attempts to ver-
ify this by simultaneous removal of the distal histidine (H64V/H93C
and H64G/H93C variants) resulted in very poor monooxygenase activ-
ities that were believed to arise from destablization of the Mb-H2O2

complex prior to O–O bond cleavage (71).

3 Similar strategies also have been applied successfully to HRP (243, 244). Hence,
replacement of the distal histidine and relocation to either position 41 (F41H/H42A vari-
ant) or position 38 (R38H/H42V variant) improves the catalytic efficiency (kcat/Km) for
the epoxidation and sulphoxidation reactions by ≈3000-fold, and ≈7-fold, respectively
(H42A/F41H), and by ≈20-fold and ≈1400-fold, respectively (R38H/H42V).



P1: SYV/SPH P2: GKW/ABE QC: GKW/ABE T1: GKW

Advances in Inorganic Chemistry PS006-01 August 14, 2000 13:55 Stylefile version:April 24, 2000

CHEMICAL REACTIVITY OF THE ACTIVE SITE OF MYOGLOBIN 33

2. Sulfoxidation

For many of the myoglobin variants for which the rate or the stere-
ospecificity of alkene epoxidation have been reported, the sulfoxidation
activity of the variant proteins (71, 196, 199, 240) (or sometimes N-
demethylation (70)) has frequently been examined and, on the whole,
is similarly enhanced. For the sulfoxidation reaction, the L29H/H64V
and F43H/H64V variants have been shown to be the most efficient, and
it has been clearly demonstrated that the mechanism for these variants
involves formation of a two-electron oxidized intermediate that under-
goes subsequent reduction in a single (two-electron) step (199, 242). In
fact, it is very likely that H64 itself destabilizes “compound I” formation
in Mb and that removal of this residue favors monooxygenase activity
because the oxidized intermediate is more stable than in the wild type
protein (196).

VIII. Coupled Oxidation

The reaction of oxymyoglobin (MbO2) with ascorbate has been studied
for many decades (early work has been reviewed in Refs. 245, 246). This
relatively complex reaction results in oxidation of the heme prosthetic
group in a process referred to as coupled oxidation. The product of the
reaction is a form of myoglobin in which the heme prosthetic group has
been converted to Fe(III)-biliverdin. Prior to the discovery of the en-
zyme heme oxygenase (HO), coupled oxidation was generally regarded
as the primary mechanism by which physiological conversion of heme
to bilirubin occurs. Although the physiological significance of coupled
oxidation is now known to be minimal, the similarity of the interme-
diate degradation products of heme formed during coupled oxidation
of myoglobin to intermediates believed to participate in the catalytic
cycle of heme oxygenase has resulted in continued interest in under-
standing the mechanism of coupled oxidation. In the discussion below,
the mechanism of heme oxygenase (HO) is considered briefly and the
relationship of this reaction to the coupled oxidation of myoglobin is
then discussed.

A. MECHANISM OF HEME OXYGENASE

Heme oxygenase catalyzes the regiospecific oxidation of heme to bili-
verdin (Fig. 6) and has been isolated and purified from several sources
(247–251). In mammals, the enzyme is membrane-bound, a complication
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FIG. 6. Reaction catalyzed by heme oxygenase.

that has hindered detailed mechanistic studies until recently. How-
ever, the recent expression of soluble, truncated forms of HO that
lack the membrane binding domain while retaining full activity
(252–254),4 has greatly facilitated detailed mechanistic studies of the
enzyme. Heme oxygenase is an unusual enzyme insofar as it uses heme
both as a prosthetic group and as a substrate. Prior to determination
of the structure of the human enzyme (260, 261) (preliminary crystal-
lographic information is also available for the soluble form of rat HO
(262)), H25 had been shown conclusively to provide the fifth (proximal)
axial ligand to the heme iron and to be required for catalytic activity
(263–270).

The mechanism of HO has been reviewed comprehensively elsewhere
(271) and is summarized briefly here. As indicated in Fig. 6, the first

4 Expression of a bacterial HO enzyme, which is not membrane-bound (255–257) and
of full-length HO enzymes (258, 259) has also been reported.
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committed step in the mechanism is the formation of a-meso-hydroxy-
heme, which occurs though the formation and subsequent reduction of
an oxyferrous derivative to generate what is formally a protonated ferric
peroxide intermediate. Formation of this species is probably followed
by electrophilic addition involving the porphyrin and the bound per-
oxide (271). The presence of a neutral imidazole ligand similar to that
found in Mb has been proposed as a probable stabilizing influence for
the bound peroxide species (264, 267, 272). (Notably, cytochrome P450
and peroxidases differ in that they have strongly electron-donating
ligands that are believed to activate the peroxide bond through het-
erolytic cleavage.) One critical issue in the formation of this intermedi-
ate and in formation of the corresponding intermediate during coupled
oxidation of myoglobin is the structural basis for the regiospecificity
that results in observation of only a-hydroxyheme (nonenzymatic ox-
idation of heme leads to an approximately equal mixture of all four
regioisomers (246)). Early suggestions that this specificity might be
controlled by steric constraints imposed upon the heme–O2 complex
by the protein have been shown by crystallography (261) to be largely
correct. The distal helix passes across the entire face of the heme and
physically restricts access to all the meso positions except for the
a-meso carbon. Indeed, spectroscopic measurements have also shown
that the Fe–O–O bond is bent, possibly in the direction of the a-meso
carbon (268, 273). While steric effects are clearly important, a series
of experiments with various modified heme derivatives has indicated
that electronic effects may also have considerable influence although
currently the balance of steric versus electronic effects is not clear
(261, 271).

The exact stoichiometric requirements involved in the formation of
ferric verdoheme from a-meso-hydroxyheme have been controversial
(274–276). Although there is general agreement that this process is
oxygen-dependent, the suggestion that additional reducing equivalents
are also required (274, 277) has been questioned (275, 276). The con-
version of verdoheme to biliverdin is the least well-characterized step
of the overall reaction, although a mechanism has been proposed (271).

B. REACTION OF OXYMYOGLOBIN AND ASCORBATE

In the presence of ascorbate and oxygen, oxyMb and other heme pro-
teins undergo a series of reactions that resemble the catalytic cycle of
HO, albeit with less efficiency (278–281). Although the spectroscopic
similarities of Mb and corresponding derivatives of HO are remark-
able (264, 267, 272), the mechanism of the coupled oxidation reaction
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is only poorly defined and differs from that described above for HO
in at least three respects. First, catalytic turnover of HO requires an
NADPH-dependent P450 reductase as a source of reducing equivalents,
whereas coupled oxidation requires just ascorbate. Second, HO binds
heme with a far lower affinity and with greater solvent exposure than
does apo-Mb and other heme proteins. Third, the HO catalyzed oxi-
dation of heme generates a-biliverdin and not Fe(III)–a-biliverdin as
does coupled oxidation of Mb.5 Nevertheless, coupled oxidation of Mb
generates the a-meso-hydroxyheme derivative exclusively (283). This
specificity has been attributed to the known orientation of the bound
dioxygen and to steric crowding around the heme.

The initial report of a myoglobin variant that exhibits unusually ef-
ficient coupled oxidation appeared prior to the availability of the three-
dimensional structure of HO and arose from a chance observation (119).
More recently, two additional studies have used Mb variants to explore
the structural basis for regiospecificity in opening of the heme ring dur-
ing coupled oxidation (121, 284). For wild-type horse heart Mb (119),
biphasic kinetics have been observed that appear to involve formation
of oxyMb and its subsequent decay to Fe(III)–biliverdin without the
formation of detectable intermediates (either a-meso-hydroxyheme or
verdoheme). For the V67A/V68S double variant, more efficient produc-
tion of Fe(III)–biliverdin was accompanied by more pronounced spec-
troscopic changes during the reaction that probably arise from forma-
tion and decay of verdoheme, but no change in overall specificity. Other
variants (H64L, L29H/H64L, F43H/H64L, I107H/H64L, F43W/H64L,
F43W, and H64D) of sperm whale Mb have since been observed to ex-
hibit reaction kinetics and regiospecificity that differ from those of both
wild-type Mb and the horse heart variant (121). At present, there is lit-
tle consensus as to which residues are mechanistically important in Mb,
which residues control regiochemistry, and how this could be altered in a
systematic manner. The recent determination of the three-dimensional
structure of HO may, however, precipitate further efforts to elucidate
the structural issues in coupled oxidation of Mb. Already, the presence
of a serine group near the heme in HO (261) and in the V67A/V68S
double variant of horse Mb (119) suggests that the two processes may
exhibit some instructive structural correlations.

The reaction catalyzed by HO and involved in coupled oxidation of
Mb results in release of 1 mol of CO during conversion of a-meso-
hydroxyheme to verdoheme. In a number of Mb variants, the formation

5 Formation of biliverdin or Fe(III)–biliverdin may be dependent on the nature of the
reductase, since replacement of the reductase with ascorbate in the HO-catalyzed reaction
leads to formation of Fe(III)–biliverdin (282).
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of a CO-bound species has been detected during coupled oxidation (121),
which, by necessity, inhibits the catalytic cycle through (irreversible)
binding of CO to the heme and poisoning of the catalyst. For HO, in-
hibition of this kind has not been observed: Indeed, it has been shown
(285) that the verdoheme–HO complex has a much lower affinity for
CO than either the heme–HO or the a-meso-hydroxyheme–HO com-
plex, thereby preventing product inhibition by discriminating against
CO binding after verdoheme formation (even the heme–HO complex has
a much more favorable CO:O2 binding ratio (KCO/KO2 = 5.4) than does
Mb (KCO/KO2 = 41)). The means by which HO achieves such effective
discrimination against CO binding is unclear at present but is likely to
depend on a number of currently poorly defined variables (261) that in-
clude the polarity of the active site, specific hydrogen bond interactions
(286), and steric effects (287).

IX. Sulfmyoglobin

Although Hoppe-Seyler discovered sulfhemoglobin in 1866 (288) and
although the formation of sulfhemoglobin in response to the toxic ef-
fects of exposure to sulfides or reducing agents has been recognized for
a century (289), the history of sulfmyoglobin begins with the work of
Nicholls in 1961 (290). At that time, Nicholls demonstrated that the
reaction of ferrylMb with a sulfide forms a green derivative of Mb in
which the prosthetic group is modified. Although models for the struc-
ture of the modified heme were proposed (291), definitive structural
characterization was elusive. In a series of papers (292–294), Berzofsky,
Peisach, Blumberg, and colleagues reported an improved method for
preparation of sulfmyoglobin and provided fundamental spectroscopic
and functional characterization of the resulting product. Among their
observations was the notable finding that preparation of sulfMb with
35S-Na2S led to quantitative incorporation of a single atom of 35S in the
modified prosthetic group (294). In addition, their analysis of the elec-
tronic and EPR spectra of ferri- and ferrosulfMb led them to propose
that the sulfheme group is, in fact, a chlorin (i.e., a protoheme group
in which one of the pyrrole rings is reduced). The chlorin character of
sulfheme present in sulfMb was subsequently supported by resonance
Raman spectroscopy (295).

Despite the unusual spectroscopic and structural features of sulfmyo-
globin, functional characterization of this derivative has been limited.
Notably, however, Berzofsky et al. (292) demonstrated that ferrosulfMb
binds dioxygen reversibly but with an affinity 2.5 orders of magnitude
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lower than that of native deoxyMb. On the other hand, the rate constant
for reduction of metsulfMb with Fe(EDTA)2− was found to be 2- to 7-fold
greater than that of the native protein (296). Correction of this obser-
vation for the relatively high reduction potential for sulfMb proposed
by Nicholls (290), however, suggested that the native protein has an
intrinsic reactivity that is two- to threefold greater than that of sulfMb.

Ultimately, structural characterization of sulfMb required the appli-
cation of high-field NMR spectroscopy. Through the efforts of La Mar
and colleagues, the reaction of ferrylMb with sulfides was first demon-
strated to produce a family of structurally related (297), interconverting
(298) products rather than a single species. This added complexity com-
bined with the variation in distribution of sulfMb isomers dependent
on solution conditions combined with the inability of electronic spec-
troscopy to discriminate between all of the sulfMb isoforms led to a far
more complex picture than had been anticipated. Ultimately, it became
apparent that reduction of ferrylMb with sulfides initially produces
a single, metastable sulfMb isoform (sulfMbA) that at basic pH can
either proceed to a second isoform (sulfMbB) or revert to native metMb.
On the other hand, at acidic pH sulfMbA can proceed to form the ther-
modynamically stable sulfMbC isoform. The structures of the modified
sulfheme prosthetic groups present in each of these sulfMb isoforms
that have been proposed on the basis of NMR studies of La Mar and
co-workers are shown in Fig. 7 (298, 299).

Subsequently, the three-dimensional structure of the stable isoform
sulfMbC was determined by X-ray crystallography (300). This struc-
ture confirmed the identity of the prosthetic group in this derivative
and demonstrated that the structure of the protein in sulfMbC is es-
sentially unchanged from that of native metMb. Although manipulation
of the sulfheme derivatives generated in the preparation of sulfMb has
been achieved through use of heme-substituted derivatives of Mb (301,
302), sulfMb has not been prepared from metal-substituted forms of Mb
or from variants that might be useful in evaluating the role of the pro-
tein environment in determining the relative stabilities of the various
sulfMb isoforms and in determining the stereochemistry of the modified
prosthetic group.

X. Other Reactions of Myoglobin

The present survey has emphasized those reactions of Mb that have
been studied in greatest chemical detail and, where possible, with the
use of variant proteins. As a result, a number of additional peroxide-
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FIG. 7. Structures of modified heme prosthetic groups identified in three isoforms of
sulfmyoglobin.

dependent activities of Mb have not been considered that may merit fur-
ther investigation. Some of these reactions have been reviewed (303),
and they include oxidation of myosin (304–306), ethanol (307), ascorbic
acid (308–310), hydroxylamine (311), thiols (312), and oxidase activity
(313). In view of the similarity of the chemistry of myoglobin to that
of hemoglobin, it is also likely that many of the reactions that are cat-
alyzed by hemoglobin and that are reviewed elsewhere (314–316) are
also manifested by myoglobin.

XI. Concluding Remarks

Interest in the chemistry of myoglobin originated many decades ago
and has led to recognition that the environment provided to the heme
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prosthetic group by apoMb affords a rich and varied chemical pro-
file with a variety of physiological and evolutionary implications. The
present survey has attempted to highlight those aspects of this chem-
istry that have attracted the greatest attention but that have rarely
been considered in juxtaposition. In view of the extensive literature re-
lated to these topics, it has not been possible to provide a comprehensive
compilation of all pertinent published work. It is our hope that from the
introduction provided here that the entry of the interested reader into
this historically and chemically complex and intriguing area will be
encouraged and facilitated.
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I. Introduction

As a result of their striking ability to evolve molecular oxygen, cata-
lases have been the subject of observation and study for well over 100
years with the first report of a biochemical characterization and nam-
ing of the enzyme appearing in 1900 (1). This history has been well
documented (2, 3). The overall reaction for the classical enzyme is very
simple on paper, 2H2O2→ 2H2O+O2, but there are two distinct stages
in the reaction pathway. The first stage involves oxidation of the heme
iron using hydrogen peroxide as substrate to form compound I, an oxy-
ferryl species with one oxidation equivalent located on the iron and a
second oxidation equivalent delocalized in a heme cation radical (re-
action (1)). The second stage, or reduction of compound I, employs a
second molecule of peroxide as electron donor providing two oxidation
equivalents (reaction 2).

Enz (Por FeIII )+ H2O2→ Cpd I (Por+. FeIV O)+ H2O (1)

Cpd I (Por+. FeIV O)+ H2O2→ Enz (Por FeIII )+ H2O+O2 (2)

Compound I can also undergo a one electron reduction with or without a
proton resulting in the formation of an inactive compound II (Reaction
(3) or (3a)).

Cpd I (Por+. FeIV O)+ e− → Cpd II (Por FeIV O) (3)

Cpd I (Por+. FeIV O)+ e− + H+ → Cpd II (Por FeIV OH+) (3a)

Heme alone can reportedly elicit a catalatic reaction (the reaction me-
diated by catalase) but at a much reduced, almost negligible, rate com-
pared to the catalatic proteins containing heme, and this may explain
the observation of catalase activity in enzymes not normally associ-
ated with catalatic activity (4, 5). Other enzymes have evolved that can
catalyze a similar reaction in the absence of heme, but this review will
limit itself to a consideration of heme containing proteins with catalatic
activity.

Catalases can also act as peroxidases (catalyzing a peroxidatic reac-
tion) in which electron donors are oxidized via one–one electron trans-
fers (Reactions (4) and (5)).

Cpd I (Por+. FeIV O)+ AH2→ Cpd II (Por FeIV OH)+ AH. (4)

Cpd II (Por FeIV OH)+ AH2→ Enz (Por FeIII )+ AH. (5)
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Generally, the peroxidatic reaction of true catalases is weak in compar-
ison to actual peroxidases, but can be an important reaction in the class
known as catalase-peroxidases (Section II,B).

II. Categorization

The diversity among catalases, evident in the variety of subunit sizes,
the number of quaternary structures, the different heme prosthetic
groups, and the variety of sequence groups, enables them to be orga-
nized in four main groups: the “classic” monofunctional enzymes (type
A), the catalase-peroxidases (type B), the nonheme catalases (type C),
and miscellaneous proteins with minor catalatic activities (type D).

A. TYPE A: MONOFUNCTIONAL CATALASES

The largest and most extensively studied group of catalases is com-
posed of what are effectively monofunctional enzymes. The dismuta-
tion of hydrogen peroxide is their predominant activity and any per-
oxidatic activity is minor and restricted to small substrates. The most
convenient way of subcategorizing this group is based on subunit size
with an accompanying attention to heme content. This gives rise to two
subgroups, one containing small subunit enzymes (55 to 69 kDa) with
heme b associated, and one containing large subunit enzymes (75 to
84 kDa) with heme d associated. The monofunctional catalases char-
acterized in greatest detail have all proved to be active as tetramers,
although dimeric, heterotrimeric, and hexameric enzymes have been
reported, but never conclusively characterized. Indeed, the commonal-
ity of tetrameric structures (see below), even between the small and
large subunit classes of enzymes, demands the presentation of exten-
sive and convincing evidence to confirm any structure that is purported
to be other than tetrameric.

A phylogenetic analysis of 70 monofunctional catalase sequences (6),
now extended to include 113 sequences, has revealed a subdivision into
three distinct groups or clades, a distinct grouping of sequences arising
from a phylogenetic analysis. Clade I contains the plant enzymes and
one branch of bacterial catalases. Clade II contains only large subunit
catalases with bacterial and fungal origins. Clade III contains a third
group of bacterial enzymes as well as fungal and animal enzymes and
one enzyme with an archaebacterial origin. The main groupings are
supported at very high confidence levels at the main nodes as shown
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FIG. 1. Unrooted phylogenetic tree based on the core amino acid sequences of 113
catalases. The numbers at the three main nodes represent the proportion (out of 100)
of bootstrap sampling that supports the topology. The three main clades are circled for
clarity.

in Fig. 1. The inference from such a tree is that the main clades arose
from a progenitor catalase through a minimum of at least two gene
duplication events. Whether the progenitor enzyme was a large subunit
or a small subunit enzyme remains the subject of discussion.

B. TYPE B: CATALASE-PEROXIDASES

The next largest group of catalases are the catalase-peroxidases, so
named because they exhibit a significant peroxidatic activity in addi-
tion to the catalatic activity. They have been characterized in both fungi
and bacteria and resemble certain (type I) plant and fungal peroxidases
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in sequence. There is more uniformity in sequence within this group of
catalases, which contain heme b, have subunits larger than 80 kDa
(with a few exceptions), and are active as either dimers or tetramers. It
has been hypothesized that the catalase-peroxidases may have arisen
through a duplication and fusion event giving rise to two domains with
similar sequences in the same subunit (7). One of the domains has
retained activity and a greater sequence similarity to other catalase-
peroxidases, while the second has evolved with greater sequence devi-
ation into an inactive form without bound heme.

A phylogenetic analysis of the catalase-peroxidase sequences (2) now
extended to 20 available sequences, does not reveal any major subgroup-
ings comparable to those in the catalase family. Whether this is because
of the small number of sequences or because of the homogeneity of the
enzymes will become evident as further sequences come available. As
a result we will, for the time being, refer to the catalase-peroxidases as
a single group of enzymes.

C. TYPE C: NONHEME CATALASES

Currently the smallest group, there are only three nonheme cata-
lases so far characterized and an equal number sequenced, all of bac-
terial origin (Lactobacillus plantarum, Thermoleophilum album, and
Thermus thermophilus). The active site of each of the three enzymes
(8–10) contains a manganese-rich reaction center rather than a heme
group, and it was this lack of a heme that led to them originally be-
ing called “pseudo-catalases.” Crystal structures have been determined
for the Lactobacillus plantarum and Thermus thermophilus enzymes
(11) and have confirmed the active site as containing a bridged binu-
clear manganese cluster. Its mechanism of catalytic action is currently
under discussion. Until more sequences are available, a phylogenetic
analysis is not warranted.

D. TYPE D: MINOR CATALASES

Several heme-containing proteins, including most peroxidases (12),
have been observed to exhibit a low level of catalatic activity, with the
chloroperoxidase from Caldariomyces fumago exhibiting the greatest
reactivity as a catalase (13–15). Despite the fact that there is as yet
only one such example to consider, it provides an alternate mechanism
for the catalatic reaction and is addressed in this review. It was first
characterized for its ability to chlorinate organic substrates in the pres-
ence of chloride and hydrogen peroxide at acid pH, but was later found
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to have peroxidatic and catalatic properties above pH 4 in the absence
of chloride ion or chloride ion and organic substrate, respectively. The
enzyme has a molecular weight of 42 kDa and is active as a monomer.
There are three additional classes of haloperoxidases, two of which are
nonheme enzymes and are not considered here; the third, including
the heme-containing bromoperoxidase from Streptomyces violaceus, is
considered as a Type A catalase based on its sequence (16).

Other proteins such as methemoglobin and metmyoglobin have been
observed to produce molecular oxygen in the presence of hydrogen per-
oxide, but at a very low rate (5). This may simply be a property of the
heme, which can promote a low-level catalatic reaction in the absence of
protein. Consequently, it is possible that all heme-containing proteins
may exhibit catalatic reactions if assayed carefully, but such minor,
largely nonquantifiable activities are not considered here.

III. Physiology

A. FUNCTION

What is the role of catalase in organisms? The obvious is that it pro-
tects the organism against reactive oxygen species, particularly those
derived from hydrogen peroxide. The existence of so many prokaryotic
catalases, as well as their occasional inducibility, suggests that a se-
lective advantage is maintained by the ability to produce and to use
catalase intermittently when any organism is liable to experience sud-
den increases in environmental or internally generated peroxide levels.
Cultures of Escherichia coli subjected to long periods of aeration die off
more rapidly if they lack catalase HPII (hydroperoxidase II) than if it is
present (17), and Ma and Eaton (18) demonstrated a protective role for
catalase (HPII or HPI) in E. coli cultures. In the latter report, the pro-
tection was more evident in dense than in dilute bacterial suspensions,
and they speculated that a form of “group protection” against oxidative
stress could have been one of the selective forces leading to the evolu-
tion of multicellular organisms. Although many populations of E. coli
may indeed be clonal in character and thus capable of exhibiting group
selection characteristics according to conventional Darwinian theory,
interpretation of such results in terms of advantage to the individual
cell is still possible. The individual cell, even among prokaryotes, is
more likely to be at risk from internally generated than externally pro-
duced H2O2. Internal H2O2 may be dissipated either by catalatic activity
or by diffusion out of the cell. The amount of catalase expressed in cells
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under most conditions will represent the minimum amount required to
keep the maximum peroxide concentration during a pulse of production
below 0.1 or 0.2 mM (19, 20). This can be achieved in E. coli by keeping
about 0.1% of its total cell protein in the form of catalase. In other mi-
croorganisms much higher catalase levels may be needed to preserve a
low level of peroxide under all conditions. Rhodobacter spheroides can
reportedly synthesize up to 25% of its protein in the form of catalase
(21).

In the case of higher eukaryotes, including humans, Nicholls and
Schonbaum (22) had suggested that catalase might be a “fossil enzyme,”
present but without a functional role. This was in part based upon
the finding by Aebi et al. (23, 24) of healthy acatalasics among Swiss
Army recruits. One of us (P.N.) remembers the striking photograph of
such a soldier, about the same age as himself, and obviously physically
far stronger and fitter. Unfortunately, no longitudinal study of these
acatalasics seems to have been carried out after Hugo Aebi’s death.
In the last 35 years we have learned much more about the roles of
peroxide-generated free radicals in disease, DNA damage, and aging.
P.N. therefore wonders what the Swiss acatalasics of his age look like
now.

Enzymes with an intermittent role may be much more important than
we thought in 1963. This was perhaps first clearly emphasized by Deis-
seroth and Dounce in their catalase review of 1970 (25). These authors
also pointed out the likelihood that the specific location of most eukary-
otic catalase in the peroxisomes represents a functional response to the
need to decompose hydrogen peroxide generated by the aerobic oxidases
present in these same organelles, including hydroxy-acid oxidases and
D-amino-acid oxidases.

B. REGULATION OF EXPRESSION

The physiology of catalase expression and its control in bacteria,
yeast, and plants has been reviewed elsewhere (2, 26, 27). The follow-
ing precis is presented so that a summary of physiological information
relevant to the detailed biochemistry is readily available.

1. Prokaryotes

The early work on catalase expression was carried out largely in
E. coli and revealed two main response mechanisms. One or the other
or both responses have been identified in most other bacteria express-
ing a catalase. The expected and most obvious response is to oxidative
stress. Addition of hydrogen peroxide directly or of ascorbate, which
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reacts with oxygen to produce hydrogen peroxide, to the medium of
exponential phase cells causes a 10- to 20-fold increase in HPI levels
(28). This is the result of activation of OxyR, which controls the expres-
sion of eight or nine genes encoding enzymes such as HPI and alkylhy-
droperoxidase (29). As cells grow normally through exponential phase
into stationary phase, the level of HPI rises about twofold and then
falls slightly, a phenomenon that has been attributed, although not
without some controversy, to a response to increasing levels of the alter-
nate sigma factor RpoS in stationary phase (30–32). Other reagents that
impose oxidative stress, such as paraquat, cause a similar response.

A less expected response is the 10- to 20-fold increase in HPII levels as
cells grow into stationary phase (28). The explanation for this response
is that the enzyme serves a protective role during periods of slow or
no growth. Indeed, the mutation of katE results in strains that die off
more rapidly during extended incubation in stationary phase (17). The
increase in HPII is the result of increasing levels of the alternate sigma
factor RpoS, which is a central control element for a generalized stress
response, including starvation, acid shock, and hypertonic shift (see re-
view in 33). The involvement of another transcription factor controlling
katE expression has never been demonstrated. The levels of RpoS and
its influence on transcription are regulated by a complex interplay of
factors working at the levels of transcrition, translation, and enzyme
stability. Response to oxidative stress and response to other stresses are
the two main themes found throughout the prokaryotes, with any vari-
ations presumably arising from environmental demands arising from
unique habitats.

2. Eukaryotes

Regulation of catalase expression in eukaryotes takes place as part of
a generalized response mechanism. In yeast, promoter elements of the
peroxisomal catalase CTA-1 respond to glucose repression and activa-
tion by fatty acids as part of organelle synthesis. The cytosolic catalase
CTT-1 responds as part of a generalized stress response to starvation,
heat, high osmolarity, and H2O2, and there is even evidence of transla-
tional control mediated by heme availability (26).

Expression of the multiple catalases in plants (e.g., three in maize
and four in mustard) are developmentally controlled, giving rise to
complex response patterns. The picture is further complicated by over-
lapping responses to environmental stresses such as pathogenesis, ra-
diation, hormones, temperature extremes, oxygen extremes, and H2O2

(27).
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IV. Kinetics

A. THE CATALATIC PATHWAY

The kinetic behavior of classical catalases remains widely misunder-
stood, as evidenced by the frequent quoting of Km and kcat/Km values
for catalases without any rider explaining that these parameters do
not have the meaning they possess for standard Michaelis–Menten en-
zymes, and this continues despite the fact that the matter was effec-
tively clarified more than 50 years ago by Bonnichsen, Chance, and
Theorell (34). As already described, catalases react with hydrogen per-
oxide in a two-stage process. In reaction (1), the ferric enzyme combines
with hydrogen peroxide to generate water and compound I, the effective
enzyme–substrate intermediate or ES, and the rate constant for this re-
action is designated k1. The reverse reaction with a rate constant of k−1 is
negligible and will not be considered further. In reaction (2), compound
I combines with a second molecule of hydrogen peroxide to regenerate
the ferric enzyme, molecular oxygen, and water. The rate constant for
this reaction is designated k2, and that for the reverse reaction, which is
also negligible and not considered further, k−2. The combined reactions
are summarized in Fig. 2A. As both reactions are peroxide-dependent,
the simplest model of enzyme activity, that of Bonnichsen, Chance, and
Theorell (34), predicts that the enzyme is never saturated with its sub-
strate and that the turnover of substrate increases indefinitely as the
peroxide concentration increases. This will be referred to as the BCT
mechanism.

The velocities of reactions (1) and (2), v1 and v2, can be expressed in
terms of the total enzyme concentration (or total heme groups) [E] and
the concentration of enzyme–substrate complex [ES], as

v1 = k1[H2O2]([E] − [ES]) (6)

and

v2 = k2[H2O2][ES]. (7)

At steady state these two rates are equal, and we have

k1[H2O2]([E] − [ES])= k2[H2O2][ES], (8)

which can be simplified to

k1([E] − [ES])= k2[ES]. (9)
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FIG. 2. The Bonnichsen, Chance, and Theorell (34) mechanism for the dismutation
of hydrogen peroxide by catalase. (A) The simple ping-pong mechanism (ferric-peroxide
compound cycle) involves only the successive formation and decomposition of the com-
pound I intermediate by two successive molecules of H2O2. (B) Reversible ES (Fe3+–H2O2)
and ternary (compound I–H2O2]) complexes are added to the mechanism in A.

Solving for [ES] gives

[ES]= [E]k1/(k2+ k1). (10)

It follows that the [ES]/[E] ratio is a constant:

[ES]/[E] = k1/(k2+ k1) = a. (11)

Hence, the concentration of the ES complex in the steady state is
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independent of [H2O2]. Reaction 2 or the decomposition of compound I is
the rate limiting step resulting in the overall velocity being described by

V = 2k1k2[H2O2][E]/(k2+ k1), (12)

where the factor 2 is present because each complete cycle involves the
loss of two molecules of peroxide. Equation (12) shows that the rate of
peroxide decay is proportional to a constant,

k′ = 2k1k2/(k2+ k1), (13)

multiplied by the product of the concentrations of substrate and enzyme
active sites.

Measurement of the overall rate constant, together with a measure-
ment of the steady-state proportion of enzyme that is compound I(a),
always permits calculation of the values of the two intrinsic rate con-
stants according to

k2 = k′/2a (14)

and

k1 = k′/2(1− a). (15)

The value of k1 may be determined directly if a trap compound is avail-
able that reacts irreversibly and more rapidly with compound I than
does a second H2O2.

Classical low Km values for the mammalian enzyme that have ap-
peared in the literature are the result of enzyme inactivation by hy-
drogen peroxide when measurements were carried out with peroxide
levels in excess of 10 mM over time scales of 10 minutes or longer. The
rapid sampling/titration method of Bonnichsen overcame the inacti-
vation problem and permitted a satisfactory correlation of the overall
catalytic measurements and Chance’s observations on the interme-
diate complex (compound I). Eventually, the introduction of the UV
detector/spectrophotometer and the consequent assay based upon the
UV absorbance of peroxide (35) further simplified the process by elim-
inating the discontinuous titrimetric assay.

Obviously, there must be a limit to the turnover of any enzyme. Rates
cannot theoretically go on increasing indefinitely with substrate con-
centration. In the case of mammalian catalases, the limits appear to lie
in the range between a first order rate of 2× 106 sec−1 and 1× 107 sec−1

(36). That is, each heme active site can theoretically decompose be-
tween 2 and 10 million molecules of H2O2 per second. As two molecules
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are decomposed per turnover, that means that the lifetime of the ac-
tive Michaelis–Menten complex, or compound I, lies between 0.2 and
1 microsecond.

The more complex scheme required if a true Km is involved is shown
in Fig. 2B. There are two possible steps that could provide limiting
unimolecular processes, governed by kA and kB, the steps involved in
formation of compound I and the decay of the “ternary” complex, re-
spectively. Nicholls and Schonbaum (22) gave reasons the latter is the
preferred limiting step for mammalian catalase. These reasons have
not changed much over the past 35 years. But the increased number of
catalases examined, especially the catalase-peroxidases, makes reeval-
uation appropriate (see below).

Several catalases, including the type B catalase-peroxidases, seem to
show true substrate saturation at much lower levels of peroxide than
originally observed for the mammalian enzyme (in the range of a few
millimolar). This means that the limiting maximal turnover is less and
the lifetime of the putative Michaelis–Menten intermediate (with the
redox equivalent of two molecules of peroxide bound) is much longer.
The extended scheme for catalase in Fig. 2B shows that relationships
between free enzyme and compound I, and the presumed rate-limiting
ternary complex with least stability or fastest decay in eukaryotic en-
zymes of type A and greatest stability or slowest decay in prokaryotic
type B enzymes.

B. THE PEROXIDATIC ACTIVITY OF CATALASES

In addition to their catalatic (peroxide dismuting) activity, catalases
also use peroxides to oxidize secondary hydrogen and electron “donor”
molecules. There are two major families of possible hydrogen donors:
two-electron donors such as alcohols and one-electron donors such as
phenols. The two modes of redox behavior are quite distinct. Keilin
and Nicholls (37) described six donor types, classified according to their
reactivities with the two catalase peroxide compounds. Figure 3A shows
the basis for this classification. What has happened over the past 40
years to modify this scheme? Firstly, the number of known catalases
has increased immensely, but although there are significant quanti-
tative differences in rates of reaction with specific donor types, mem-
bers of the type A family of catalases, including bovine liver catalase
(BLC) and HPII, share many characteristics, including donor specifici-
ties. Less complete surveys are available for the more recently discov-
ered catalase-peroxidases or type B enzymes. Secondly, a major devel-
opment has been the discovery of the special donor role of NADPH
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FIG. 3. Classification of catalase hydrogen donors. (A) The initial classification pro-
posed by Keilin and Nicholls in 1958 (37). D1 donors, including ascorbate and ferro-
cyanide, reduce only compound I to compound II. D2 donors, including phenols and aro-
matic amines, reduce compound I to II and compound II to ferric enzyme. D3 donors,
including alcohols and formate, reduce only compound I to ferric enzyme. D4 donors,
including nitrite, reduce compound I and compound II to ferric enzyme. D5 donors, in-
cluding azide and hydroxylamine, reduce compound I to ferrous enzyme and compound
II to ferric enzyme. D6 donors, including H2O2, reduce compound I to ferric enzyme and
compound II to compound III. (B) A revision of the scheme in part A that reflects the
inclusion of the new donor group D7, including NADPH and NADH, which reduces a
compound II precursor (compound II’) to ferric enzyme. In addition, the D1-categorized
ferrocyanide is now regarded as primarily a reducer of the compound II’ intermediate,
and the D5-categorized azide may reduce Fe via an intermediate compound II.
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(listed as a seventh donor type below). Thirdly, it has been found that
some type A enzymes, including both protoheme forms, such as the en-
zyme from Aspergillus, and chlorin heme forms, such as E. coli HPII,
appear not to form compound II at all. A fourth modification of the clas-
sical scheme involves the observation that certain types of peroxide,
such as t-butyl hydroperoxide and peroxynitrous acid, may form com-
pound II directly by a homolytic rather than heterolytic split of the O O
bond, with consequent release of a peroxidelike radical into the medium
(t-butylO

.
or NO

.
2). In addition to these overall changes, there have been

more detailed changes to the 1958 pathways, as described later.

C. COMPOUND I AND THE PATHWAYS VIA COMPOUND I

The visible spectra of beef liver catalase (Type A) and its two active
peroxide compounds are shown in Fig. 4. The unliganded enzyme has
a Soret band at 405 nm (EmM/heme≈ 120) and a characteristic visible

FIG. 4. Visible spectra of catalase, compound I, and compound II; 5 mM (heme) beef
liver catalase (Boehringer-Mannheim) in 0.1 M potassium phosphate buffer pH 7.4, 30◦C.
Compound I was formed by addition of a slight excess of peroxoacetic acid. Compound
II was formed from peroxoacetic acid compound I by addition of a small excess of potas-
sium ferrocyanide. Absorbance values are converted to extinction coefficients using 120
mM−1 for the coefficient at 405 nm for the ferric enzyme (confirmed by alkaline pyridine
hemochromogen formation). Spectra are corrected to 100% from occupancies of ≈90%
compound I, 10% ferric enzyme (steady state compound I) and 88% compound II, 12%
compound I (steady state compound II). The extinction coefficients for the 500 to 720 nm
range have been multiplied by 10. Unpublished experiments (P.N., 1999).
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spectrum with peaks at 500 and 622 nm and a shoulder at 540 nm,
typical of ferric protoheme proteins, differing from the paradigmatic
metmyoglobin spectrum by having a long wavelength charge transfer
(CT) band at a shorter wavelength and with a higher extinction co-
efficient, presumably due to the proximal tyrosinate. Compound I, the
porphyrin radical-ferryl state (Eq. (1)), is characterized by a much lower
Soret peak (EmM/heme≈ 65–70) and a long wavelength band at 665–670
nm, of an intensity almost equal to that of the original CT band, indi-
cating a disruption of the resonating p-bond system of the porphyrin
ring. Beyond 700 nm there are absorbances (not shown) due to the pres-
ence of heme groups degraded to bile pigments, largely biliverdin with
some retention of the heme iron to form verdohemes. Commercial beef
liver catalases typically contain up to 45% bile pigment. The structure
of the catalase heme groups was originally described as substantially
distorted compared to those of other hemoproteins, because these ver-
doheme structures were averaged with the protoheme ones (38).

The donor types D3, D4, and D6 of Keilin and Nicholls (37) all re-
duce compound I of Type A enzymes directly to the ferric state in a two-
electron process without detectable intermediates. Each of these donors
is probably also able to bind in the heme pocket of the free enzyme. Al-
cohols (type D3) form complexes with free ferric Type A enzymes whose
apparent affinities parallel the effectiveness of the same alcohols as
compound I donors (39). Formate (type D3) reacts with mammalian
ferric enzyme at a rate identical to the rate with which it reduces com-
pound I to free enzyme (22). Its oxidation by compound I may thus share
an initial step analogous to its complex formation with ferric enzyme.
Formate also catalyzes the reduction of compound II to ferric enzyme
by “endogenous” donors in the enzyme (40, 41). Both compound I and
compound II may thus share with the free enzyme the ability to ligate
formate in the heme pocket. Nitrite, which is oxidized to nitrate by a
two-electron reaction with compound I (type D4), also forms a character-
istic complex with free enzyme (42). In both cases the reaction involves
the donor in its protonated (HNO2) form.

Hydrogen peroxide itself was given a separate donor status (D6) be-
cause in addition to acting like the D3 family and reducing compound I
to ferric enzyme in a single two-electron step it can also react with cata-
lase compound II to give the “oxy” or protonated oxy species, compound
III (22) according to

Cpd II (Por FeIV OH+)+ H2O2→ Cpd III (Por FeII O2H+)+ H2O. (14)

Compound III, like compound II, is an inactive form of catalase with
respect to the normal catalatic cycle, and thus may contribute to the
inactivation of the enzyme at high peroxide levels (42).
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The classical type A enzymes show marked differences in their abili-
ties to oxidize two-electron donors. All the enzymes initially examined,
whether eukaryotic or prokaryotic in origin, were members of clade III.
These are rather effective as two-electron peroxidases. But the oxida-
tions of ethanol and formate by the paradigmatic clade II enzyme from
E. coli, HPII, are much slower. There is little information concerning
the activity of type A enzymes in clade I.

There are also substantial differences between classical type A en-
zymes and the type B catalase-peroxidases. The latter enzymes, al-
though they show peroxidase activity toward donors of type D2, are
inactive or only weakly active toward D3 donors such as ethanol.

D. COMPOUND II AND THE PATHWAYS VIA COMPOUND II

The visible spectrum of beef liver catalase compound II is also shown
in Fig. 4. The enzyme in its one-electron oxidized (ferryl) state has a
Soret band at 427 nm (EmM/heme≈ 92) and a characteristic visible spec-
trum with intense peaks at 533 and 567 nm (EmM/heme≈ 18), indicating
a low spin state, differing from the corresponding ferrylmetmyoglobin
spectrum by having sharper peaks at a shorter wavelength and with
higher extinction coefficients, due either to redox delocalization at the
proximal tyrosinate or to protonation of the ferryl species (Eq. (3a)).

The donor types D2, D4, and D5 of Keilin and Nicholls (37) all re-
duce compound II to ferric enzyme in a one-electron process without
detectable intermediates. Donors of type D2, phenols and amines, also
reduce compound I to compound II. Nitrite, the only member of cate-
gory D4, reduces compound I in a two-electron step as described earlier.
Donors of type D1 reduce compound I to compound II, but have no ap-
preciable effect upon compound II itself. Reactivity of the one-electron
donors seems independent of heme pocket binding in the free enzyme.

The donor type D5 comprises the two species azide and hydroxy-
lamine. These both react with the enzyme in the presence of peroxide
to give rise to ferrous forms of catalase, otherwise normally inacces-
sible (catalase is the only common hemoprotein that is nonreducible
by dithionite). The final inhibited form of catalase in the presence of
azide and peroxide is NO-ferrocatalase, but not every azide molecule
becomes an NO

.
; only in the presence of CO is there a stoichiomet-

ric inhibition of enzyme by peroxide with formation of 1 equiv of CO-
ferrocatalase for every peroxide molecule added (43). This suggested a
three-electron reduction of compound I either to give ferrocatalase, N2,
and NO

.
(10–20% total) or to give ferrocatalase, N

.
, and N2O (80–90%

total). However, Kalyanaraman et al. (45) have demonstrated the for-
mation of the azidyl (N N N

.
) radical in the reaction, and Lardinois
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and Rouxhet (46) proposed a role for compound II formation in catalase
inhibition by azide. Nicholls and Chance (unpublished data) had in fact
identified a precursor species closely similar to compound II before the
appearance of ferroenzyme. The latter cannot be the result of a second
reaction of azide with compound II, as the latter reaction gives rise to
ferric enzyme. The simplest hypothesis involves the secondary reaction
of the azidyl radical with compound II to give the ferroenzyme with
either of two possible breakdown modes of the azidyl radical shown in
Fig. 5. The alternative pathway in which the azidyl radical itself reacts
with oxygen to give NO and N2O (45) is too slow and does not seem to

FIG. 5. (A) The peroxidatic reaction proceeding via compound II (the D2 family). (B)
A catalytic cycle involving azide proceeding via compound II and ferroenzyme (the D5
family).
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generate a reductant capable of reducing ferric catalase or compound
II to the ferro form.

Both classical type A enzymes (clade III) and the heme d family (clade
II) show a comparatively high sensitivity to azide inhibition and are
reduced to ferrous forms in the presence of peroxide and azide (47). In
contrast, the catalase-peroxidase (type B) enzymes (see below) are only
weakly azide-sensitive.

E. CONTROL BY NADPH: THE “EXTRA” PATHWAY

Kirkman and Gaetani (48) discovered the seventh catalase donor
type, D7, unknown to Keilin and Nicholls (37). In his calculations of
in vivo or at least “in erythro” rates, Nicholls (49) had already pondered
the possibility of some unusual regeneration pathway for blood catalase,
but had vaguely wondered about a role for glutathione, following his
original studies on cysteine and glutathione interactions with catalase
(37). Following the identification of tightly bound NADP+/NADPH by
conventional chromatographic methods, Fita and Rossmann (50) went
back to their data and found that a piece of what previously had been
thought to be disordered peptide actually fitted NADPH quite well.

Kirkman and Gaetani (48) were able to show not only that tightly
bound NADP+ or NADPH was present in mammalian catalases, but
also that the presence of the reduced nucleotide decreased compound II
formation. The kinetics were, however, anomalous. Of the original fam-
ilies of donors, two types could decrease compound II accumulation: the
two-electron D3 category, exemplified by ethanol, which remove com-
pound I before compound II can be formed spontaneously, and the one-
electron category (D2), which reduce compound II itself. NADPH falls
into neither category. Although it prevents compound II formation from
compound I, it does not reduce compound I directly to free enzyme (that
is, it is not a conventional two-electron donor), and although it prevents
compound II formation, it does not reduce compound II to ferric enzyme
once the former species has been produced in its absence. That is, it also
cannot act as a one-electron donor. We are presented with an apparent
paradox. Hillar and Nicholls (47) attempted to resolve the paradox by
postulating an intermediate between the compound I and compound
II states possessing an unique reactivity with bound NADPH, as in-
dicated in Fig. 6. The initial (slow) step in formation of compound II
from compound I lies in the migration of an oxidizing equivalent to a
nearby protein residue P (as occurs rapidly and stably, for example,
in cytochrome c peroxidase). In a second (and relatively rapid) event,
the “endogenous” donor centers in the molecule (remote tyrosines, etc.)
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FIG. 6. The catalytic cycle involving a postulated compound II’ and NADPH.

reduce the radical P
.

back to its stable PH state. What is PH/P
.
? One

candidate is the proximal tyrosine, oxidized to the tyrO
.

form with re-
moval of the charged p-electron radical. A second possibility is one of
the other nearby tyrosines such as Y235 or Y214 (bovine catalase num-
bering). A third possibility, suggested by Bicout et al. (51) (see also
Ref. 3), is that the conserved serine S196 may also act as a radical site.
Little seems to be known about serine radicals in any other enzymes,
and the likely thermodynamics are therefore hard to estimate.

Two current alternative views are available as to how remotely bound
NADPH may work. One sees its action as involving two successive one-
electron oxidations (52, 53). The effectiveness of NADPH in preventing
compound II formation is then due to the high reactivity of the NADP

.

intermediate as reductant of the compound II generated in the first one-
electron step. The other model (47) prefers to see NADPH as a hydride
donor responsible for the almost simultaneous reduction of the ferryl
iron and the protein radical species.

Kirkman and Gaetani (54) have reexamined the kinetics of NADPH
oxidation and compound II formation by mammalian catalase. Under
some experimental conditions the rate of NADPH oxidation is substan-
tially higher than the rate of compound II formation in the absence of
NADPH. This finding may be accommodated in a scheme such as that
of Fig. 6 if the rate of formation of compound II’ is greater than the rate
of compound II formation. This can arise either if there is more than one
route for compound II’ decay, only one of which proceeds via compound
II, or if the formation of compound II’ from compound I is reversible,
as indicated in the scheme (Fig. 6). Such reversibility is highly prob-
able in view of the redox potentials of the species involved. Although
direct measurements have not been carried out with catalases, the cor-
responding metmyoglobin and horse radish peroxidase peroxide com-
pounds (55, 56) have potentials (E′o values) of +880 mV (horse radish
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peroxidase or HRP comp. I), +900 mV (HRP comp. II), and +890 mV
(ferrylmetmyoglobin). Corresponding E′o values for the trpH/trp. and
tyrOH/tyrO

.
pairs are +1050and +940mV, respectively (57). Although

these potentials may vary in particular proteins, it seems likely that
the redox gap between compound I and compound II′ (Fig. 6) will be
about 60 mV in favor of compound I. Under the conditions described by
Kirkman and Gaetani (54), the rate of formation of compound II is ap-
proximately 25% the rate of NADPH oxidation. This is consistent with
the proposed mechanism provided that the rate of reaction of NADPH
(k5) is fast and the compound I ←→ compound II′ step is an equilibrium.

The role of NADPH as “protective” donor (58, 59) seems to correlate
well with the tendency of the different categories of catalases to form
the inactive compound II. Only those classical catalases that are vulner-
able to the latter inactivation step show NADP+ and NADPH binding.
The scheme shown in Fig. 3B summarizes the minimal revisions of the
1958 scheme (Fig. 3A) needed to accommodate the newer findings.

F. THE CATALATIC ACTIVITY OF CATALASE-PEROXIDASES

Members of the catalase-peroxidase family were discovered sepa-
rately in different microorganisms by several groups of workers in the
late 1970s and 1980s (60–62). It soon became evident that these en-
zymes are homologous to the eukaryotic type I plant peroxidases of
Welinder (63). Although these enzymes show both catalase and
peroxidase activities and thus obtained the name catalase-peroxidase
(CatPx), it is not clear whether their peroxidatic activities are propor-
tionately greater than similar activities shown by classical (type A)
enzymes (64). What is clear is that the catalatic activity displays sev-
eral unique distinguishing characteristics. Hochman and Shemesh (65)
showed that the Rhodopseudomonas capsulata enzyme is characterized
by instability in presence of the substrate H2O2, saturation kinetics
(Km ≈ 4 mM) for the catalatic reaction, and a relative insensitivity to
azide and hydroxylamine.

Follow-up experiments with the similar Klebsiella pneumoniae en-
zyme (66, 67) also showed that the pH profiles for CatPx are quite
different from those for classical catalases. The latter’s catalatic activ-
ities are essentially pH-independent from pH 5 to 10 (68); CatPx of
Klebsiella showed a sharp pH optimum between pH 6 and 7 (66). A
similar eukaryotic fungal CatPx (69) was also characterized by a sharp
pH sensitivity and saturation kinetics (Km ≈ 3.4 mM) and, like the bac-
terial enzymes, was sensitive to incubation with peroxide but not to the
classical catalase inhibitors azide (except weakly) and aminotriazole.
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The low peroxidatic activities were less pH sensitive than the catalatic
activity.

Most recently, the study of catalase-peroxidases has been extended to
the cyanobacteria, which, unlike the eubacteria, seem often to be char-
acterized by possession of only a CatPx (type B) and no type A catalase.
Obinger et al. (70) showed that the Anacystis nidulans enzyme had
a Km for H2O2 of 4.3 mM and a maximal turnover of over 7000 sec−1.
At low peroxide levels the activity was about 20% that of beef liver
enzyme. Peroxoacetic acid produced a typical compound I species. An
analogous enzyme is found in Synechocystis 6803 (70, 71). This enzyme,
like the eubacterial examples, shows a narrow pH optimum between
pH 6 and pH 7 (72) with apparent pK values close to 7 and between 5.5
and 6.0. The pH profiles for the peroxidatic activity were different from
those for catalatic activity. Again peroxoacetate produces a characteris-
tic compound I. However, the reaction of compound I with one-electron
reductants produces a high-spin intermediate different from typical
compound II. Regelsberger et al. (71) also find that the one-electron re-
duction product obtained by adding ascorbate to compound I is a high
spin species with Soret band closely similar to that of free enzyme and
visible spectrum with a peak at 626 nm compared to 631 nm for ferric
enzyme.

Moreover, the steady-state spectrum in the presence of hydrogen per-
oxide showed no sign of the presence of compound I (identified from the
peroxoacetate spectrum), and compound I produced by peroxoacetate
was unaffected by addition of hydrogen peroxide. Regelsberger et al.
(71) and Jakopitsch et al. (72) nevertheless interpret their results in
terms of the classical “BCT” catalatic cycle (Fig. 3), attributing the dif-
ferences to substantial differences in the kinetic constants for formation
and decomposition of compound I, k1 and k2 (Eqs. (4) and (5)). An alter-
native analysis is represented in Fig. 7. Only the peroxidatic activity of
the Type B enzymes may proceed via the usual porphyrin–cation radical
compound I. The heme configuration, analogous to that of cytochrome
c peroxidase of yeast, may permit an alternative doubly oxidized state
involving a protein radical. If this is the pH-sensitive intermediate, the
failure to detect appreciable amounts of compound I during the steady
state and the inactivity of peroxoacetate-derived compound I toward
H2O2 may all be explicable. In addition, the unusual spectrum of com-
pound II of this enzyme may also indicate a more stable protein radical
state than the usual ferryl state, even for this intermediate. Electron
paramagnetic studies of CatPx enzymes to detect radical states are ex-
pected to be undertaken soon that may confirm, refute, or modify this
scheme.



P1: FMW/FYE P2: FDJ
Advances in Inorganic Chemistry PS006-02 August 11, 2000 14:10 Stylefile version:April 24, 2000

72 NICHOLLS, FITA, AND LOEWEN

FIG. 7. Catalatic and peroxidatic reactions of type B enzymes. This represents a mod-
ification of the schemes of Figs. 2 and 5A and is proposed to account for the characteristic
features of catalase-peroxidases. Compound I is drawn as Fe5+ O and can represent
either a p-cation radical or alternative radical structure. The precise nature remains
undefined (see Section IV,F).

V. Structure of Type A Catalases

Detailed structural information about Type A catalases is available
from the crystal structures of seven monofunctional catalases that have
been solved. These include representatives from small-subunit clade III
enzymes of animal (bovine liver catalase or BLC (73, 74) and human
erythrocyte (T. P. Ko, submitted to Protein Data Base as file 1qqw)), fun-
gal (Saccharomyces cerevisiae SCC-A) (75, 76), and bacterial (Proteus
mirabilis PMC and Micrococcus lysodeikticus MLC) (77, 78) origins, and
large subunit clade II enzymes of fungal (Penicillium vitale PVC) (79,
80) and bacterial (E. coli HPII) (81, 82) origins. Despite the differences
in size, all six enzymes share a number of common features that appear
to be characteristic of catalases, including a homo tetrameric quater-
nary structure with the heme group deeply buried in a beta-barrel core
structure in each subunit.

Within this common core structure, modifications have been identi-
fied that provide catalases with further unique properties. The large-
subunit enzymes have extensions at both the amino and carboxyl ends,
the latter having a flavodoxinlike structure, a unique His–Tyr bond,
a protected cysteine, and a modified heme. NADPH binding and an
oxidized methionine are found in small subunit enzymes. Identifica-
tion and assignment of roles to channels providing access to and egress
from the deeply buried heme have recently become the focus of study.
Analysis of the structure of catalase HPII of E. coli has been facilitated
by the construction of more than 75 mutants (Table I).
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TABLE I

CHARACTERIZATION OF THE HPII MUTANT VARIANTS

Specific activitya

Mutation (units/mg) Hemeb His392–Tyr415c

Wild type 14,322 d y
Gln3Arg nd (active)
Gln3Arg/Glu21Ala nd (active)
Gln3Arg/Gly74Ser/Ser75Ala nd (active)
1(Gln3-Ser20) np
1(Gln3-Gly34) np
1(Gln3-Thr50) np
1(Gln3-Gly74) np
(Gln3-Gly74)/Val303Ser/Phe317Ser/

Phe518Ser/Leu571Stop np
Glu21Ala nd (active)
Gly34Ser/Ser35Ala nd
Thr50Ser nd
Gly74Ser/Ser75Ala nd (active)
His128Ala <0.1 b n
His128Asn <0.1 b n
His128Glu np
His128Gln np
His128Asn/Asn201His <0.1 b
Ser167Thr 1,100 d + b
Ser167Ala 100 b
Ser167Cys np
Ser167Asn np
Val169Ala 3,788 d y
Val169Ser 3,703 d y
Val169Cys 16 b n
Val169Cys/Cys438Ser/Cys669Ser 10 b
Asp197Ala 14,354 d y
Asp197Ser 14,721 d y
Asp197Ser/His395Gln 15,473 d y
Asn201His 100 b n
Asn201Asp 1,700 d
Asn201Ala 1,300 d
Asn201Gln 50 d
Asn201Arg np
Arg260Ala 35,891 d
Arg260Ala/Lys294Ala 12,880 dd

Glu270Asp 16,137 d + b
Glu270Asp/Glu362His 16,859 d
Ile274Ser 3,416 d
Ile274Ser/Pro356Leu np
Ile274Ser/Leu407Met np
Ile274Ser/Pro356Leu/Leu407Met np
Lys294Ala 18,625 d + b

(continued )
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TABLE I (Continued )

Specific activity a

Mutation (units/mg) Hemeb His392–Tyr415c

Val303Ser nd
Phe317Ser nd
Pro356Leu 13,220 d + b
Pro356Leu/Leu407Met 12,437 d + b
Glu362His 18,325 d + b
His392Ala 8,875 b n
His392Gln 7,368 b n
His392Glu 4,507 b+ dd n
His392Asp 2,857 b n
His395Ala 9,821 d y
His395Gln 9,224 d y
Leu407Met 12,679 d + b
Ser414Ala 5,511 b+ dd y
Tyr415Phe np
Tyr415His np
Gln419Ala 7,317 dd y
Gln419His 11,494 dd y
Cys438Ser 7,350 d
Cys438Ala 6,100 d
Cys438Ser/Cys669Ser 8,050 d
Cys438Ala/Cysgg9Ala 12,870 d
Phe518Ser np
Leu571Stop np
Ile593Stop np
Val603Stop np
Cys669Ser 10,840 d + b
Cys669Ala 7,800 d
Trp742Stop 2,624 d
Arg744Stop 8,600 d
Arg744Ala 8,786 d
Arg744Lys 5,832 d
Arg744Ala/Ile745Stop 6,929 d
Arg744Lys/Ile745Stop 9,284 d
Ile745Stop 13,753 d
Pro746Stop 15,022 d
Lys747Stop 15,349 d
Lys750Stop 15,067 d

a nd, not determined; np, insufficient protein accumulated in cells for purification;
nd(active), near wild type levels of catalase were noted in crude extracts but enzyme
was not purified.

b d, heme d; b, heme b. Heme composition was determined by spectral and HPLC
analyses. In all cases, the enzymes contained one heme per subunit. Where no indica-
tion is given, no determination was made.

c Presence of the His392–Tyr415 (y, yes; n, no) covalent bond was determined by
MALDI-MS analysis of trypic digest mixtures. Where no indication is given, no deter-
mination was made.

d There was an increased percentage of the trans isomer in these variants.
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A. SUBUNIT STRUCTURE

The sequences of all catalases exhibit extensive similarity in the core
region defined by the b-barrel and active site to the extent that there
are 15 invariant residues among 110 catalase sequences, with the vari-
ations in an additional 3 probably arising from incorrect sequencing.
These include the essential histidine situated in the active site and the
essential tyrosine residue that forms the fifth ligand with the heme.
Many other residues are highly conserved, varying in only two or three
of the catalases. Such extensive similarity speaks to a strong drive for
conservation and is suggestive that the three-dimensional structure
imposes limitations on the changes that are possible with retention of
activity.

The sequence conservation is reflected in a highly conserved sec-
ondary and tertiary structure that is most clearly illustrated in the
three-dimensional superposition of Ca atoms. Ignoring the C-terminal
domains of PVC and HPII, the deviation of Ca atoms in a superposition
of HPII with PVC, BLC, PMC, and MLC results in root mean square de-
viations of 1.1, 1.5, 1.6, and 1.5 Å for 525, 477, 471, and 465 equivalent
centers, respectively (83). In other words, there is very little difference
in the tertiary structure of the subunits over almost the complete length
of the protein. The large and small subunits are shown in Fig. 8 for
comparison.

The tertiary structure of small subunit enzymes can be subdivided
into four distinct regions, and the C-terminal or flavodoxin domain of
the large subunit enzymes becomes a fifth region. These are indicated
in Fig. 8 for clarity. The first region is the amino terminal arm (Fig.
8), which extends 50 or more residues from the amino terminus almost
to the essential histidine residue (to residue 53 in PMC, 60 in PVC,
73 in BLC, and 127 in HPII). There is very little structural similar-
ity in the N-terminal region and, in the case of HPII, the structure of
the terminal 27 residues is not even defined and they do not appear
in the crystal structure. Within the N-terminal arm is a 20-residue he-
lix, helix a2 in HPII, which is the first secondary structure element
common to all catalases. The presence of helix a1 varies among cata-
lases, and there is no sequence or location equivalence even when it is
present.

The second region is the antiparallel b-barrel (Fig. 8) forming the
core of the subunit. It includes about 250 residues from the essential
histidine toward the C-terminus. The first four strands (b1–4) are con-
tiguous and are separated from the second four strands (b5–6) by three
helices (a3–5). The first four strands form the distal side of the heme
pocket and portions of the second four strands participate in binding
NADPH in small subunit enzymes.
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FIG. 8. Comparison of the subunit structures of a small subunit catalase (BLC) (A) and
a large subunit catalase (HPII) (B). Segments including the N-terminal domain, the beta
barrel core, the wrapping domain, the alpha helical domain, and the C-terminal domain
(HPII) are indicated and are described in Section V,A.
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The third region is the wrapping domain (Fig. 8), which includes 110
residues in an extended structure linking the b-barrel and the a-helical
section. There is little secondary structure in this region, although
helix a9 contains many of the residues that form the proximal side of
the heme pocket, including the essential fifth ligand tyrosine. A large
surface area for the formation of subunit-subunit interactions is created
in this extended structure.

The fourth region is the a-helical domain (Fig. 8) containing about
60 residues organized in four contiguous a helices (a10–13) that form a
close association with a-helices 3 to 5 in the b-barrel region to stabilize
the structure. This region contains the C-terminus of small-subunit
enzymes and, in large-subunit enzymes, may have a critical role in the
folding pathway.

In large subunit enzymes (PVC and HPII), a short segment of about
30 residues links the a-helical domain to the C-terminal domain (Fig.
8). The latter segment is a conspicuous addition to the small subunit
containing about 150 residues folded into a structure that resembles
flavodoxin. For example, there is a root mean square deviation of 3.0 Å
between flavodoxin and approximately 100 residues of the C-terminal
domains of either HPII or PVC. This can be compared to the 1.8 Å
root mean square deviation for 134 centers between the C-terminal do-
mains of HPII and PVC. Unlike the N-terminal end, the final C-terminal
residue Ala753 is visible in the structure of HPII. The C-terminal do-
main contains extensive secondary structure in the form of four a-
helices (a15–18) and eight b-strands (b9–16). Despite the obvious struc-
tural similarity to flavodoxin, there is no evidence of nucleotide binding
in the domain and its function remains a mystery.

Attempts to generate a “small-subunit enzyme” by removing the C-
terminal domain of HPII by site-directed mutagenesis were unsuccess-
ful (84). Truncation of the subunit at residues 571, 593, or 603 resulted
in no protein accumulating in the cell. The lack of protein accumula-
tion was shown to be the result of proteolytic degradation of the protein
before it could fold into a protease-resistant form. Even when three
hydrophobic residues that would have been exposed by removal of the
domain were changed to hydrophilic residues, truncated HPII-like pro-
tein did not accumulate. Progressive truncation from the carboxy end
revealed that shortening the protein past Arg744 had the same effect as
removal of the complete C-terminal domain. The side chain of Arg744
extends into the C-terminal domain and is involved in a number of hy-
drogen bonds that are clearly important in stabilizing the structure of
the domain. These results also show that a properly folded C-terminal
domain is essential for the efficient folding of the whole protein into a
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stable, protease-resistant structure. Any interference with the folding
of the domain interferes with the folding of the whole protein.

B. QUATERNARY STRUCTURE AND INTERWEAVING

All seven catalases, which have had their crystal structures solved,
exist as homotetramers. Even HPII, which was originally character-
ized biochemically as a hexamer (85), was found to be tetrameric upon
solution of the crystal structure. The reason for the biochemical de-
termination of HPII as a hexamer was subsequently traced to the fact
that the gel filtration elution volume varies with salt concentration such
that elution at low salt results in a larger apparent molecular weight.
The consistency in quaternary structure among both large- and small-
subunit catalases, that of a tetramer, suggests that variations from the
tetrameric structure among heme containing catalases will be rare.

The globular shape of the tetrameric small-subunit enzymes resem-
bles a “dumbbell” in the R–Q orientation (Fig. 9) having dimensions
of 90 by 70 by 105 Å along the P, Q, and R axes, respectively, and a
“waist” dimension of 50 Å in the R= 0 plane. The large subunit enzyme
has similar dimensions along the P and Q axes, although with a less
obvious “waist,” but is 140 Å long along the R axis (Fig. 9). The asso-
ciation of subunits gives rise to an unusual six-stranded antiparallel
structure involving all four subunits. Many elements of the quaternary
association have been extensively reviewed (3, 83).

Perhaps the most unusual feature, and certainly the one that has the
greatest implications with regard to the folding pathway and stability
of the complex, is the interweaving of adjacent subunits that results
in two tightly associated dimers per tetramer. The N-terminal arm of
each subunit is folded underneath the wrapping domain of an adjacent
subunit and the subunits are oriented such that each “Q-related” dimer
pair contains two overlapped interactions (Fig. 10). In the case of small-
subunit enzymes such as BLC, about 25 residues of the amino terminus
extend beyond the overlap region, and there is very little interaction of
those residues with the remainder of the subunit. The length of the
overlapped segment is greater in large subunit enzymes such as HPII
where 80 residues are “trapped.” Furthermore, this longer section forms
an extensive network of interactions with the core of the subunit. The
more extensive interweaving and N-terminal interactions of HPII pre-
dict a more stable structure, and this was corroborated in a study of
the denaturation patterns of HPII and BLC (86). HPII was activated
slightly at temperatures up to 75◦C and lost activity in concert with
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FIG. 9. Comparison of the dimensions of small-subunit (BLC) and large-subunit (HPII)
catalases. BLC is shown in panels A and B, in the R–P and R–Q orientations, respectively;
HPII is shown in C and D, also in the R–P and R–Q orientations, respectively.

a transition in secondary structure having a Tm of 82◦C. BLC, by com-
parison, exhibited a similar secondary structure transition and loss of
activity, but with a Tm of 56◦C (86). The most striking illustration of the
enhanced stability provided by the interwoven structure is that fact
that the dimer structure does not dissociate in potassium phosphate
buffer even at 95◦C or in 7 M urea, 1% SDS at 60◦C (Fig. 11). For com-
parison, BLC dimers, with the shorter overlapped segment, dissociate
at room temperature in the urea–SDS solution.

Bergdoll et al. (87) have proposed that some proteins, including cata-
lase, exhibit “arm exchange” or an interaction of one subunit with
an adjacent subunit to stabilize quaternary structure, and that this
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FIG. 10. Illustration of the interweaving of two subunits of the small-subunit BLC (A)
and the large-subunit HPII (B). The residues in the immediate proximity of the overlaps
are shown as spheres. A schematic representation of the interwoven structures are shown
in C for BLC and D for HPII. Note the longer N-terminal region of HPII (80 residues in
HPII as compared to 25 in BLC) that extend through the loop on the opposite subunit.

interaction is stabilized or enhanced by one or more proline residues.
In the case of catalase, Pro69 of BLC, which is highly conserved among
all catalases (115 of 117), was identified as the key residue in this in-
teraction. However, the importance of prolines in catalase structure
may be far more profound for two reasons. First, the interweaving of
subunits in catalases is a more significant interaction than the “arm
exchange” interactions or associations identified in other proteins, and,
second, far more than one proline are involved when the two proline-
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FIG. 11. Conversion of HPII dimers to monomers. In panel A, HPII was incubated
for 10 min at 70, 75, 80, 85, 90, 95, and 100◦C in 50 mM potassium phosphate buffer
(pH 7). In panel B, HPII was incubated for 10 min at 50, 55, 60, 65, 70, 75, and 100◦C
in 50 mM potassium phosphate (pH 7) and 5.6 M urea. The temperatures of incubation
are indicated above each lane. In both panels A and B, samples were removed, cooled to
room temperature, and added to SDS-urea loading buffer. Samples were loaded and run,
without further heating, on an 8% polyacrylamide gel. Reprinted with permission from
Switala et al. (86). Copyright 1999 American Chemical Society.

rich regions surrounding the interwoven regions are considered. This
is most evident in HPII, where 10 of 52 residues between 426 and 477,
the overlapping segment of the wrapping domain, are proline, and 8 of
28 residues between 31 and 58, in the trapped N-terminal segment, are
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proline. There is no equivalent of the N-terminal proline-rich segment
in small-subunit enzymes because they lack the N-terminal extension,
and this may be another explanation for the enhanced resistance to
denaturation of HPII dimers as compared to small-subunit enzymes.
These proline-rich segments are in addition to the highly conserved
proline identified as Pro69 in BLC (Pro123 in HPII), which may be one
more component of this proline network. The prolines would contribute
to enhanced rigidity in the overlapped region of the protein and thereby
stabilize the quaternary structure. In addition, they may influence the
folding pathway as suggested by the folding problems encountered by
proteins in which the N-terminal proline-rich region up to residue 50
was deleted (84).

The interweaving of subunits necessitates a very complex folding pro-
cess in which subunit–subunit association must occur before subunit
folding is complete. In other words, the formation of secondary, tertiary,
and quaternary structural elements are intermixed with quaternary in-
teractions between partially folded subunits being formed before final
tertiary and possibly even secondary structural elements can be intro-
duced. A survey of the properties of BLC (73, 88), yeast catalase (89),
and HPII (84) provides some insight into the folding process of cata-
lases. For example, dimers formed by BLC have dimensions that would
be expected of R-related dimers (88). Yeast accumulates large quan-
tities of hemeless catalase monomer, and formation of the tetrameric
form occurs only after heme is bound by the subunit (89). By contrast,
HPII requires all portions of its structure to be present for correct fold-
ing into an active enzyme (84).

A possible mechanism based on these observations is described in
Fig. 12. There is an initial folding of domains within the apocatalase,
followed by association with the heme, leaving the amino terminal arm,
wrapping domain, and alpha helical domain (plus carboxyl domain in
large-subunit enzymes) unassociated with the core (A to B in Fig. 12).
The requirement for heme early in the folding process may explain
why catalases have such a high heme occupancy as compared to the
catalase-peroxidases. Following complex formation with the heme, two
“R-related” subunits will associate (B to C in Fig. 12). The next step in-
volves the association of “Q-related” subunits (C to D in Fig. 12). Only
one pair of “Q-related” subunits is shown in Fig. 12, but there would be
two dimers associating simultaneously. During the “Q-related” subunit
association, the amino terminal arms fold against the subunit, followed
by the wrapping such that the a-helical domains (and C-terminal por-
tion) fold overtop of the N-terminal segment to “trap” it (D to E in Fig.
12). In this way, each “Q-related” subunit pair will have two interwoven



P1: FMW/FYE P2: FDJ
Advances in Inorganic Chemistry PS006-02 August 11, 2000 14:10 Stylefile version:April 24, 2000

ENZYMOLOGY AND STRUCTURE OF CATALASES 83

FIG. 12. A hypothetical folding and assembly pathway for catalases. In A secondary
and tertiary folding first occurs in the individual subunits to form the b-barrel (b), wrap-
ping domain (W), a-helical segment (a), and flavodoxin domain (F, only in HPII). In pro-
ceeding to B, heme is bound to each of the subunits, and this may serve as a catalyst for
the rapid association of the R-related subunits to form the structure in C. In proceeding
to D, Q-related subunits associate, resulting in the N-terminal arms being overlapped as
the C-terminal portions fold back on themselves to form the fully folded structure shown
in E. Only two subunits are shown in the progression from C to E, but a simultaneous
folding must be occurring in the associated dimer. The fully folded tetramer is shown in
two orientations.

or overlapped segments, and there will be four such interactions per
tetramer. The obvious influence of the large-subunit carboxyl terminal
domain on the accumulation of protein can be readily explained in such
a model, as can be the importance of chaperones (90) in stabilizing large
segments of unwound or unassociated protein. The initial formation of
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the R-related dimer shown in Fig. 6 is suggested by the dimensions
of the BLC dimer, but the extreme stability of the Q-related dimer of
HPII suggests that this alternate dimer might form. If this were the
case, it would be necessary to change the order in Fig. 12 to B to D to E
to tetramer. This is a relatively minor change to the pathway, however,
and the main point, that the formation of tertiary and quaternary inter-
actions are intermixed, remains the same. Cartoons of the structures
of tetrameric HPII from two different orientations to further illustrate
the interactions are also shown in Fig. 12.

C. HEME COMPOSITION AND LOCATION

The heme of catalases is deeply buried within the core of the cata-
lase subunit. Protoheme IX or heme b is found in all small-subunit
catalases so far characterized. The two large-subunit enzymes HPII
and PVC have been characterized biochemically, spectrally, and struc-
turally (91) as containing heme d in which ring III is oxidized to a cis-
hydroxyspirolactone. Heme b is initially bound to both enzymes during
assembly, and it is subsequently oxidized by the catalase itself during
the early rounds of catalysis (92).

Another significant difference between the large- and small-subunit
enzymes lies in the fact that the heme d of HPII and PVC is flipped 180◦

relative to the heme b moiety of BLC, MLC, SCC-A, and PMC (Fig. 13).
This is clearly a function of the residues that form the heme pocket,
although attempts to force a change in heme orientation in HPII by
mutating residues that interact with the heme were unsuccessful. The
heme is situated in the b-barrel and has interactions with the wrapping
domain and with the amino-terminal arm of the R-related subunit. The
dimensions of the pocket demand that heme bind in its final conforma-
tion and that flipping once inside the pocket not be possible.

The flipped orientation of the heme in HPII and PVC results in the
oxidized ring being sufficiently well removed (7 Å) from the essential
histidine (His128 in HPII) and the presumed peroxide binding site to
complicate an explanation of the reaction mechanism. The explanation
is further complicated by the cis-stereospecificity of the reaction that
results in both oxygens being situated on the proximal side of the heme
away from what is considered to be the normal reaction center on the
distal side. This stereochemistry dictates that the hydroxyl group on the
heme d have originated on the proximal side of the heme, and a mech-
anism has been proposed to explain the reaction in both PVC and HPII
(93). The mechanism assumes that compound I is formed as a first step
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FIG. 13. Active site residues in a small-subunit catalase BLC (A) and a large-subunit
catalase HPII (B). The active site residues are labeled, and hydrogen bonds are shown
between the serine (113 in BLC and 167 in HPII) and the essential histidine (74 in
BLC and 128 in HPII). A single water is shown hydrogen bonded to the histidine. The
equivalent water in BLC is located by analogy to the position of the water in HPII.
The unusual covalent bond between the Nd of His392 and the Cb of Tyr415 in HPII is
evident on the proximal side of the heme in B. The flipped orientations of the hemes are
evident in a comparison of the two structures, as is the cis-hydroxyspirolactone structure
of heme d in B.

in the heme modification, after which it reacts with a water molecule on
the proximal side that acts as an electron donor to the porphyrin cation
radical (Fig. 14). Cyclization to form the spirolactone follows complet-
ing the reduction of compound I. Water molecules are present on the
proximal side, and a potential channel has been identified that would
allow access for water. The two residues Ser414 and Gln 419 ensure the
cis stereochemistry such that changing either residue results in more
of the trans isomer being formed (94).

The mechanism in Fig. 14 applies equally well to both PVC and HPII.
However, an unusual bond between the imidazole ring of His392 and
the b-carbon of Tyr415 on the proximal side of the HPII heme has been
identified (Fig. 13) (93), and subsequently its presence was correlated
with heme oxidation. The apparent correlation between heme oxidation
and His–Tyr bond formation suggested a mechanistic linkage between
the two modifications and an alternate mechanism unique to HPII was
proposed (Fig. 15). As with the first mechanism, the reaction assumes
the formation of compound I that is available for reduction. Formation of
the His–Tyr bond, involving a base catalyzed proton extraction from the
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FIG. 14. A mechanism to explain heme modification in the P. vitale catalase and pos-
sibly E. coli HPII. For simplicity, the phenyl ring of Tyr415 is not shown, and only ring
III of the heme and the heme iron are shown. Compound I is an oxyferryl species formed,
along with water, in the reaction of one H2O2 with the heme. The iron is in a formal FeV

oxidation state, but one oxidation equivalent is delocalized on the heme to create the oxo-
FeIV -heme cation, shown as the starting species, compound I. A water on the proximal
side of the heme is added to the heme cation species of compound I shown in A to generate
a radical ion in B. The electron flow toward the oxo-iron would generate the cation shown
in (C), leading to the spirolactone product shown in D. In E, an alternate mechanism for
the His–Tyr bond formation in HPII is presented that could occur independently of the
heme modification reaction. Reprinted with permission of Cambridge University Press
from Bravo et al. (93).
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FIG. 15. A proposed mechanism coupling the formation of the His–Tyr bond to the
oxidation of ring III of the heme in HPII. The mechanism begins with the formation
of compound I shown in A. A concerted series of reactions, possibly triggered by either
Asp197/His395 or by a putative anionic species bound to compound I, results in the
transfer of a hydroxyl to the heme from the H2O2 shown in C, which would facilitate
spirolactone cyclization to form the final product containing the His–Tyr bond and the
modified heme shown in D. Reprinted with permission of Cambridge University Press
from Bravo et al. (93).

imidazole ring of His392 by a still unidentified species, initiates a con-
certed reaction that results in peroxide serving as a hydroxide donor to,
and consequent reducer of, the porphyrin cation radical (Fig. 15). Subse-
quent spirolactone formation completes the reduction of the compound
I. Supporting the existence of such a mechanism is the observation
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that changing His392 to Gln precludes the His–Tyr bond formation and
also prevents heme oxidation. Similarly, all inactive variants of HPII
in which the heme is not oxidized do not contain the His–Tyr linkage.
One exception to this generalization is the His392Glu variant in which
some heme oxidation takes place despite the absence of His–Tyr bond
formation (93). However, even here there appears to be an aberrant re-
action pathway because a trans hydroxy spirolactone predominates as
the oxidized heme. Surprisingly, the P. vitale catalase has a Gln in the
similar position to the reactive His392 of HPII, but still oxidizes the
heme. The conclusion seems to be that despite similar heme structures
in HPII and PVC, the mechanisms leading to heme d may be different
in the two enzymes.

One significant conclusion arising from the characterization of the
His392Gln variant of HPII (93), which retained near-wild-type levels
of activity despite containing heme b, is that heme d is not required for
catalytic activity in the large-subunit enzymes. It is unreasonable to
assume that such a modification would have evolved without a reason,
but an unambiguous explanation still has not been found. One possi-
bility is that the oxidized form imparts a greater resistance to heme
damage and subsequent enzyme inactivation in the presence of high
concentrations of hydrogen peroxide. BLC is known to have a signif-
icant population of damaged heme (73), and it is rapidly inactivated
by peroxide concentrations above 300 mM (95). By comparison, HPII
has nearly 100% occupancy of heme d and retains activity in the pres-
ence of up to 3 M hydrogen peroxide. The observation that the heme
b–containing His392Gln variant is no more sensitive to high concentra-
tions of peroxide than the wild-type enzyme would argue against this
conclusion, but the possibility of differences in heme damage between
the two enzymes after such a treatment has not been determined.

There are a number of relatively invariant residues among the cata-
lases, but four that have been identified over the years as being essen-
tial for catalatic activity and integrity of the enzyme are a His (128 in
HPII or 74 in BLC), ), a Ser (167 in HPII and 113 in BLC), an Asn
(201 in HPII or 147 in BLC) and a Tyr (415 in HPII or 357 in BLC),
the last forming the fifth ligand with the heme iron. Changing His128
in HPII produced variants that had no detectable activity, confirming
that the active site His truly is an “essential” residue for the catalatic
reaction. On the other hand, replacements of either Ser167 or Asn 201
resulted in mutant variants with low levels of activity, revealing that
the residues facilitated the catalatic reaction but were not “essential.”
Mutations in Tyr415 abolished the accumulation of any protein, indi-
cating that it was essential for the efficient folding of the protein into a
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protease resistant form. Presumably, heme binding is abolished and, in
the absence of heme, correct folding of the subunit core does not occur
(92).

D. CHANNELS AND CAVITIES

The cavity structure of catalases has been extensively analyzed for
BLC (38), PMC (77), PVC (80), HPII (82), and SCC-A (76), revealing a
number of large cavities that do not seem to have any role in catalysis.
By contrast, smaller pockets exist on the distal side of each of the hemes
deeply buried inside each of the subunits that are the active sites of the
enzyme. With such deeply buried active site cavities, it is necessary to
define access routes that will allow the substrate hydrogen peroxide to
penetrate almost 30 Å into the protein. Furthermore, the rapid turnover
rate of up to 106 per second strongly suggests that there must be sepa-
rate inlet and outlet channels to allow the rapidly evolving oxygen to be
removed without interfering with incoming substrate. The structures
of all six catalases reveal two obvious channels leading from the molec-
ular surface to the active site cavity that can fulfill this role. They have
been termed major or perpendicular and minor or lateral in the vari-
ous enzymes. This review will use the terminology “perpendicular” and
“lateral” because they clearly describe the orientation of the channels
relative to the plane of the heme (Fig. 16). Additional routes for access-
ing the vicinity of the active site include one leading to the molecular
center from the region of the heme propionates and a second leading to
the heme proximal side.

The perpendicular channel has long been considered the principal
route by which substrate hydrogen peroxide accesses the active site.
Two studies of the channel by site-directed mutagenesis have revealed
that changes to the largely hydrophobic residues in the lower part of
the channel just above the heme do affect enzyme activity in both yeast
(3, 96) and bacterial catalases (94). Enlarging the channel either by
changing a valine immediately above the active site histidine to ala-
nine or by replacing phenylalanines with smaller but bulkier aliphatic
groups generally causes a decrease in catalatic activity and an increase
in peroxidatic activity. These results provide convincing evidence that
the channel is used to access the active site. They also reveal that the
size of the channel is critical for optimum catalatic activity because
enlarging it, which would theoretically increase substrate accessibil-
ity, results in a reduction in catalatic activity. On the other hand, the
enlarged channel was effective in increasing the peroxidatic activity.
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FIG. 16. A cartoon showing the putative channels that provide access to the active
site of a large-subunit catalase in A and a small-subunit catalase in B. The main or
perpendicular channel is labeled “P” and the minor or lateral channel, which is bifurcated,
is labeled “L.” A potential channel leading to the proximal side of the heme is shown with
a dashed line.

The lateral channel was referred to as the minor channel in part be-
cause it was blocked by NADPH in small-subunit enzymes, which cre-
ated confusion as to whether or not it could act as an efficient channel
for substrate or product movement. Furthermore, the channel is really
two channels both originating at the site of NADPH binding on the sur-
face of the enzyme. The situation is less complicated in HPII, where
NADPH is not bound and the lateral channel provides clear access to
the molecular surface. The location in HPII equivalent to the NADPH
binding site of small subunit enzymes differs in having Arg260 forming
an ionic bond with Glu270, resulting in partial occlusion of the upper
branch of the lateral channel. Mutation of Arg260 to Ala significantly
enlarges that portion of the channel and results in a threefold increase
in specific activity and turnover rate (95). Furthermore, alkylated hy-
droxylamines and sulf hydryl reagents are more effective inhibitors of
the Ala260 variant than of the wild-type HPII. It is clear that the in-
hibitors can access the active site through the lateral channel, but does
this mean that the lateral channel also provides access for the sub-
strate hydrogen peroxide to the active site? The answer is not clear.
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The enhanced catalatic activity could arise from more facile exhaust
of products just as easily as from enhanced substrate accessibility. The
effect of inhibitors is a largely static process that is complete once the
inhibitor has become bound in the active site. The catalatic process, on
the other hand, requires a constant influx of substrate peroxide and
efflux of product oxygen and water. As a result, the inlet channels for
inhibitors and substrate may be different.

At this time, the proposal of additional access channels is quite con-
jectural. It seems likely that there is a channel or access route to the
proximal side of the heme in order to provide access for the hydrogen
peroxide or water needed for heme oxidation and His–Tyr bond forma-
tion. Furthermore, the electron density of compound I from PMC (97)
reveals the presence of an anionic species that is not present in the
native enzyme. However, the rapid influx–efflux rates up to 106 per sec
needed for such a species to be a component of compound I would pose
interesting constraints on a channel, and there does not seem to be a
likely candidate in the region. Similarly, the potential channel leading
to the cavity at the molecular center is not an ideal candidate for sub-
strate or product movement because of its relationship to the active site
residues. However, if the lateral channel is truly blocked by NADPH in
small-subunit enzymes, this route may provide an alternative access or
exhaust route. Both of these latter two channels require further inves-
tigation before a clear role can be ascribed to them.

E. NADPH BINDING

NADPH seems to be a common component of small-subunit cata-
lases, being present in bacterial (PMC and MLC), yeast (SCC-A and
SCC-T), and mammalian (BLC) enzymes. The order of affinity is
NADPH>NADH>NADP+>NAD+, with one nucleotide bound per mo-
nomer. The nucleotide is not a compulsory cofactor and PMC has been
isolated and crystallized without the nucleotide bound. This has pro-
vided an opportunity to observe that the structural adjustments re-
quired for nucleotide binding are minor. The nucleotide binds at a site
about 20 Å from the heme iron in an environment that is highly con-
served among the small-subunit enzymes. The cavity filled by NADPH
in small-subunit enzymes is partially filled in large-subunit enzymes,
such as HPII, by a segment (residues 509–595) of the a-helical and
linking regions.

The role of the NADPH has not been unequivocally determined. An
inactive form of small-subunit enzymes, compound II, can be formed at
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low peroxide concentrations as a result of a one-electron reduction of
compound I. It has been proposed that NADPH serves as an electron
source either to prevent the formation of compound II or to convert
the inactive compound II back to the FeIII state, thereby circumventing
inactivation (see Section IV,B and IV,E). In the case of large-subunit en-
zymes, the fact that compound II has never been characterized provides
an explanation for why NADPH may not be bound.

NADPH bound to most proteins has an extended conformation that
presumably facilitates its role as an electron donor (98). However, in
catalase NADPH is folded into a much more compact structure, result-
ing in the adenine and nicotinamide rings being only 3.8 Å apart, al-
though not quite in a stacked conformation. Only the NADPH in flavin
reductase P exists in a more compact structure with stacked adenine
and nicotinamide rings 3.6 Å apart (99). The compact structure in cata-
lase may allow more effective electron donation from the nicotinamide
while still allowing the adenine ring to serve as an anchor for the nu-
cleotide on the enzyme surface. The pathway of electron transfer from
NADPH to the heme has been the subject of considerable conjecture,
including the proposal of protein radical intermediates and of Pro to
Ser or Phe to Gly to Ser channeling (51). The definitive experiments
to characterize the transfer pathway, possibly through the mutation of
residues, have yet to be carried out.

The location of NADPH in the lateral channel of small-subunit en-
zymes blocks the channel such that it cannot realistically be consid-
ered to have either an inlet or exhaust function in the presence of the
nucleotide. For the channel to have a role in these enzymes, it is nec-
essary to predict that NADPH binds preferentially to the enzyme in
its resting state or to inactive forms of the enzyme, such that NADPH
is not bound when the enzyme is actively degrading H2O2. Thus, the
variation in NADPH occupancy among enzymes might reflect the re-
active history of the enzyme immediately prior to isolation, as well
as the Ka for NADPH binding and the NADPH concentration. For ex-
ample, enzyme isolated from a culture with high peroxide levels may
have a lower amounts of bound NADPH because the enzyme is more
active.

F. COMPLEXES

Catalases bind or react with a number of molecules that can be either
substrates (hydrogen peroxide and some small alcohols) or inhibitors
(cyanide, azide, etc.) (see Section IV,B). Several such intermediates have
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been trapped in crystalline form and subjected to structural analysis.
Arguably the most interesting is that of the reaction intermediates com-
pound I and compound II of PMC (97). Preformed crystals were perfused
with peroxoacetic acid, which can oxidize the enzyme to form compound
I but cannot reduce it back to the ground state. Subsequent reduction
with dithiothreitol converted compound I to compound II.

As would be expected in an enzyme with a turnover rate that can
be as high as 106 per second, there were no significant rearrangements
in the C-alpha backbone structures of compound I and II compared to
the ground state enzyme. However, there were two very significant ad-
ditions of electron density to the structures. One corresponded to the
expected ferryl oxygen on the distal side of the heme iron. The second
corresponded to the presence of a presumed anionic species replacing
a water molecule in a proximal side cavity about 18 Å from the heme
iron. The presumption of negative charge was based on the basicity of
the cavity and the possibility that it may serve to neutralize the posi-
tive charge on the compound I heme. This ion has been implicated as
a possible catalyst in the mechanism of His–Tyr bond formation and
heme oxidation in HPII (90). However, as noted earlier, the concept of
ions flowing in and out of the enzyme with each turnover of compound I
imposes the requirement of an easily accessible channel. Alternatively,
the ion may remain bound while the enzyme is active and dissociate
only when activity subsides. One subtle change in the catalytic cen-
ter involves movement of the heme iron from 0.1 Å below the plane to
0.3 Å above the plane of the heme (97).

The only major difference between compounds I and II is the loss of
the anion from the proximal side cavity during the formation of com-
pound II. A subtle change in the location of the heme iron from 0.3 Å
above the plane to being in the plane of the heme also occurs (97).
Whether the loss of the putative anion is simply a reflection of the re-
duced positive charge on the heme in compound II or the explanation
for the inactivation of compound II relative to compound I remains un-
determined.

The adduct formed between PVC and the inhibitor aminotriazole
has been crystallized and the structure determined (G. N. Murshudov,
personal communication), providing unequivocal evidence for the
mechanism of inhibition. There is a covalent linkage between the essen-
tial distal side histidine and the aminotriazole, which remains parallel
to the heme forming a hydrogen bond with the active site asparagine.
The formation of such a covalent linkage requires that the imidazole
ring be oxidized by hydrogen peroxide either directly or indirectly,
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possibly involving compound I. No interaction between the heme iron
and the aminotriazole is evident. By contrast, the complex of HPII with
azide reveals a coordination of the azide molecule between the active
site histidine and the heme iron (83). No other significant changes in
the structure as compared to the wild-type enzyme were noted in either
case.

G. UNUSUAL MODIFICATIONS

Catalases have proven to be a treasure trove of unusual modifica-
tions. The first noted modification was the oxidation of Met53 of PMC
to a methionine sulfone (77). Met53 is situated in the distal side active
site adjacent to the essential His54 in a location where oxidation by
a molecule of peroxide would not be unexpected. Among the catalases
whose structures have been solved, PMC is unique in having the sulfone
because valine is the more common replacement in other catalases. The
sulfone does not seem to have a role in the catalytic mechanism and is
clearly generated as a posttranslational modification. A small number
of catalases from other sources, principally bacteria, have Met in the
same location as PMC, and it is a reasonable prediction that the same
oxidation occurs in those enzymes as well, although this has not been
demonstrated.

The subunit of HPII contains two cysteines, 438 and 669, of which
Cys438 is situated in the core of the tetramer and Cys669 is situated
on the surface of the C-terminal domain. Replacement of the cysteines,
either individually or together, causes only small reductions in specific
activity of the enzyme, indicating that neither is essential for cataly-
sis or enzyme folding. Analysis of free sulf hydryl groups revealed that
Cys448 was blocked and attempts to remove the blocking group were
unsuccessful with anything but alkali (100). This and other analyses
eliminated a number of possible modifications such as acylation, disul-
fide bonding, oxidation to sulfinic or sulfonic acids, and carbamoylation.
Analysis of CNBr digests of HPII and its mutant variants by MALDI
mass spectrometry revealed that the peptide containing Cys438 has a
mass that is 43 Da larger than expected. As a control, the same pep-
tide from the Cys438Ser variant exhibited the expected mass (allowing
for the mutation). An unambiguous identification of the blocking group
has not yet been achieved, and the working hypothesis at the moment
is that it might involve a hemithioacetal linkage with acetaldehyde.
The role of the modification also remains undetermined, although, like
the heme oxidation and methionine oxidation in PMC, it may be that
the modification increases the enzyme’s resistance to inactivation by
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hydrogen peroxide. However, the remoteness of the residue from the
active site may make this a questionable assertion.

The modification of heme b to heme d (91, 92) observed in the large-
subunit enzymes HPII and PVC has already been discussed in detail.
Whether all large-subunit enzymes will be found to contain such a modi-
fied heme remains to be seen, and the fact that HPII variants containing
heme b retain activity suggests that naturally occurring large subunit
catalases with heme b may be found.

The covalent bond linking the Nd of the imidazole ring of His392 to
the Cb of the essential Tyr415 of HPII (93) has also been described (see
Section V,C and Fig. 13). It is found in HPII but not in the closely related
large-subunit enzyme, PVC, where the residue equivalent to His392 is a
Gln making such a bond impossible. The formation of this unusual bond
seems to be linked to heme oxidation, which suggests that its role, like
that of heme oxidation, may be to enhance resistance to peroxide, and
is therefore another mechanism for stabilizing the enzyme. However,
the absence of the covalent bond does not lead to easier denaturation,
so it does not contribute measurably to thermal stability. On the other
hand, the enzyme has a very rapid turnover rate at high peroxide con-
centrations, and the added rigidity on the proximal side may help the
enzyme to maintain an active conformation in the face of high peroxide
concentration or during rapid product formation.

Another unusual covalent bond has been observed in a mutant vari-
ant of HPII in which Val169 situated immediately above the essential
His128 is changed to a Cys (94). The purified variant enzyme exhibits
less than 0.1% of wild-type activity, contains heme b, and does not con-
tain the His–Tyr bond. The reasons for the lack of activity were clarified
only when the crystal structure was solved, revealing a covalent bond
between the Cys-S and the Cd of His128. The planar nature of the imida-
zole ring including the S is suggestive of a retention of sp2 character or
unsaturation in the imidazole ring. The imidazole ring is rotated about
30◦, removing it from a being stacked over the heme, thereby interfering
with its participation in the catalytic reaction. No other example of such
a Cys–His bond has been reported, but the potential exists on the dis-
tal side of the heme in the KatE protein from Xanthomonas campestris,
and this is being investigated.

VI. Structure of Type B Catalase-Peroxidases

The isolation of crystalline catalase-peroxidase has been an elusive
goal that so far has not been achieved. The fact that there is no accurate
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view of the active sites of the enzyme has complicated a detailed study
of the roles of individual residues in catalysis. Fortunately, catalase-
peroxidases are similar in sequence to type I plant and fungal peroxi-
dases, particularly in the vicinity of the heme active site. The fact that
the structures of a number of peroxidases have been solved has al-
lowed certain assumptions to be made about the identity and location
of a number of highly conserved active site residues in the catalase-
peroxidases based on analogy with the peroxidase structures.

Heme-containing peroxidases all contain heme b with a histidine im-
idazole as the proximal ligand. On the distal side, a histidine (#52 in
cytochrome c peroxidase or CCP) and arginine (#48 in CCP) are highly
conserved among both peroxidases and catalase-peroxidases. A third
position on the distal side of the heme is also highly conserved as either a
tryptophan in type I peroxidases (including yeast CCP residue #51) or as
phenylalanine in all type II and III peroxidases (including horse radish
peroxidase, among others). The orientation of these residues in peroxi-
dases, using CCP as a model, is shown in Fig. 17. The relative positions
of the residues in other peroxidases are virtually identical even to the
extent that the phenyl and indole rings, respectively, of the phenylala-
nine and tryptophan options at Trp51 are coplanar when superimposed.
The high conservation of these key residues, in three-dimensional ori-
entation among the peroxidases and in sequence among the peroxidases
and catalase-peroxidases, provides strong support for the existence of
a similar orientation of residues in the catalase-peroxidases including
KatG. Furthermore, a recent analysis of the role of these residues in
E. coli KatG by site-directed mutagenesis of the key Arg, His, and Trp

FIG. 17. Active site residues in yeast CCP (A) and chloroperoxidase (B). The active
site residues are labeled, and a single water identified in the electron density situated
over the heme iron is shown.
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residues has confirmed that they are involved in the catalytic mech-
anism (101). The role of these residues in the catalatic mechanism is
discussed later.

VII. Structure of Chloroperoxidase

The crystal structure of the monomeric chloroperoxidase from C. fu-
mago has been determined (14), revealing a gross structure and active
site that are very different from those of other catalases and peroxi-
dases. The enzyme exists as a 42-kDa monomer containing one heme b
group bound in an eight-helical-segment array. Within the active site
and from a mechanistic standpoint, the most significant differences lie
in the proximal side fifth ligand to the heme iron, which is a cysteine,
rather than histidine or tryptophan, and in the presence of a single cat-
alytic residue on the distal side of the heme, glutamic acid, rather than
histidine in combination with asparagine or arginine as in catalases or
catalase-peroxidases, respectively. There is a histidine on the distal side
of the heme, but it is situated above the propionate side chains of the
heme, seemingly too far away from the heme iron to participate directly
in the formation or reduction of compound I (Fig. 17). In addition, there
is a MnII associated with the heme propionates and His105, but its role
is unknown.

VIII. Mechanism of the Catalatic Reaction

A. COMPOUND I FORMATION

The first mechanism for the formation of compound I by either a per-
oxidase or a catalase was proposed in 1980 by Poulos and Kraut (102)
based on the then newly determined structure of cytochrome c peroxi-
dase. This has been reviewed recently (103, 104). It remains the opera-
tive mechanism for peroxidases with similar active sites and has been
adapted to explain the catalatic reaction. In CCP, Arg48 and His52 on
the heme distal side were identified as the catalytic determinants that
bind and polarize the hydrogen peroxide molecule in concert with the
heme iron. The imidazole ring of His52, which is oriented perpendicular
to the plane of and about 6 Å above the heme, acts as a proton acceptor
from the hydrogen peroxide, while the Arg side chain, which is situated
laterally across the heme from the imidazole, stabilizes the charged in-
termediates. The resulting oxyferryl compound I has the iron oxidized
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to FeIV and has a second oxidation equivalent in the form a protein
radical situated on the proximal Trp191, although in some peroxidases
such as HRP, the second oxidation equivalent is found as a porphyrin
cation radical. As already described, the structure of the active site of
type B catalase-peroxidases is based on analogy with the active site
of peroxidases. Consequently, any mechanism proposed for compound I
formation will, by necessity, be similar to the mechanism proposed for
CCP. That is, the His and Arg residues, 106 and 102, respectively, in
HPI, participate in a polarization of the O O bond and proton transfer
to produce compound I (Fig. 18A). The electronic structure of compound
I in HPI remains unclear, and there is even the potential for two differ-
ent compound I species depending on the reaction pathway (see Section

FIG. 18. Mechanisms of compound I formation in type B catalases (based on yeast
CCP) (see also Section IV,F and Fig. 7) (A): type A catalases (B); and chloroperoxidase
(C).
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IV, F and Fig. 7). In catalatic mode, HPI exhibits no significant spectral
change, suggesting that compound I has an oxidation equivalent in the
form of a protein radical rather than a porphyrin radical. On the other
hand, the W105F variant of HPI, which operates only in peroxidatic
mode, has a porphyrin radical clearly evident in the absorbance and
EPR spectra (101).

The mechanism for compound I formation in catalases is very similar
to that just described for peroxidases. The active site of a type A cata-
lase also has a histidine, which is essential for catalytic activity, and an
asparagine, which, although not essential, greatly enhances catalysis
(92). Despite the orientations of the active site residues of catalase, par-
ticularly the histidine, differing significantly from the orientations of
the equivalent residues in peroxidases, the histidines have similar roles
in both enzymes while the asparagine of catalase plays a role similar
to the arginine of peroxidase (Fig. 18B). In contrast to its orientation
in peroxidases, the imidazole of the essential histidine in catalases is
coplanar with the heme, effectively stacked, about 3.5 Å above ring III of
heme b in BLC or ring IV of heme d in HPII. Like the arginine in peroxi-
dases, the asparagine residue is situated laterally across the heme from
the histidine in a position where it can hydrogen bond with the hydrogen
peroxide during catalysis. The presence of similar residues allowed the
catalatic mechanism to be modeled on the peroxidatic mechanism (38).
Interaction of the hydrogen peroxide with both the heme FeIII and the
imidazole ring of the histidine weakens and stretches the O H bond,
allowing the second oxygen of the peroxide to simultaneously form a
hydrogen bond with the imidazole. The proton on the O that is inter-
acting with the Fe is then transferred, via the imidazole, to the second
oxygen, giving rise to water and compound I. The asparagine residue
participates through hydrogen bonding with the peroxide and stabilizes
the polarized intermediates.

For chloroperoxidase, a type D catalase, the mechanism for compound
I formation must differ significantly from those just described because
the only active site residue sufficiently close to the heme iron to par-
ticipate directly in the reaction is glutamate183. The glutamate is hy-
drogen bonded with His105, but the latter is too distant to participate
directly in the reaction with hydrogen peroxide. Therefore, the hydro-
gen peroxide must initially associate in the active site with the heme
FeIII and the glutamate side chain. As the reaction progresses, a second
hydrogen bond may form with the highly electronegative glutamate side
chain to facilitate proton transfer from the Fe O H to the second O,
producing water and compound I (Fig. 18C). Even making allowances
for possible differences arising from assays in different laboratories, the
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catalatic activity of the chloroperoxidase is not more than 2% that of
type A or B catalases, suggesting that the active site of the chloroperox-
idase is not optimized for the catalatic reaction, consistent with it being
a side reaction.

The reaction of other minor or type D catalases such as methemoglo-
bin and metmyoglobin is not treated in detail here, because they are
minor activities, significantly lower than even that of chloroperoxidase.
The orientation of residues on the distal side of the heme is not op-
timized for the catalatic reaction to the extent that there is even a
sixth ligand of the heme, a histidine, that would preclude a close as-
sociation of the heme with hydrogen peroxide without a significant
side-chain movement. It is only after an extended treatment with H2O2

and oxidation of the Fe that a low level of catalatic activity becomes
evident.

B. COMPOUND I REDUCTION

The mechanism for the reduction of compound I by catalases must
differ significantly from the mechanism in peroxidases because of the
involvement of hydrogen peroxide as the two-electron donor rather
than sequential organic substrates acting as one-electron donors. Based
again on the peroxidatic reaction, the catalase-peroxidase or type B
catalases were initially thought to employ Arg102 and His106 (HPII
numbering) as catalytic residues in the reduction stage. However, re-
cent evidence suggests that the active site tryptophan, Trp105 in HPI,
plays an important role. Removal of Trp105, while not affecting com-
pound I formation to the extent that compound I could be identified
by absorbance and EPR spectrometry, significantly inhibits its subse-
quent reduction by hydrogen peroxide (101). Because it is not possible
for hydrogen peroxide to bind simultaneously to all three of His106,
Trp105, and Arg102, a modified second stage is proposed in which the
indole ring of Trp105 has a role analogous to that of the active site
Asn in type A catalases. Along with the imidazole of His106, it binds
the second hydrogen peroxide and facilitates hydrogen transfer to the
oxyferryl oxygen and to the imidazole ring of His106. The final transfer
of the second reducing equivalent, from the imidazole of His106 to the
Fe O H, completes the cycle, producing water and native enzyme
(Fig. 19A). This mechanism is independent of the protein and porphyrin
radical structure of compound I (see Section IV,F and Fig. 7).

In the type A catalases, there are only two active site residues in
locations where they can influence the reaction, a histidine and an
asparagine. A mechanism for compound I reduction in catalases was
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propsed by Fita and Rossmann (38) in BLC involving these two residues.
The hydrogen peroxide binds to compound I, forming hydrogen bonds
with the oxyferryl oxygen, the His imidazole, and the Asn side chain.
This structure allows the transfer of one hydrogen to the oxyferryl oxy-
gen and a second to the imidazole, resulting in formation of oxygen. The
hydrogen and second reducing equivalent on the imidazole ring could
then be transferred to the FeIV−OH to produce water and regenerate
the enzyme in its native state (Fig. 19B). The role of the Asn in this
stage might be to stabilize the nascent oxygen during the reaction. Di-
rect evidence for this portion of the mechanism is lacking, although the
Asn201His variant of HPII exhibits spectral changes consistent with
a modification of the heme environment despite a very low catalatic
activity and no oxidation of the heme (92).

FIG. 19. Mechanisms of compound I reduction in type B catalases (based on yeast CCP)
(see also Section IV,F and Fig. 7) (A); type A catalases (B); and chloroperoxidase (C).
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The reduction of compound I in chloroperoxidase differs from both
of the mechanisms in type A and B catalases because of there being
only a single glutamic acid residue to catalyze the reaction. The re-
ducing hydrogen peroxide must initially bind with the glutamate side
chain and the oxyferryl oxygen. The highly electronegative glutamate
will easily extract a proton from the peroxide, but it is more difficult to
conceive of a hydrogen or reducing equivalent being transferred to it.
Two options might be considered. In the first, the hydrogen peroxide is
highly polarized by the glutamate, resulting in a hydride transfer to the
oxyferryl oxygen and simultaneous proton transfer to the glutamate.
The proton on the glutamate would ultimately be transferred to the
FeII O H− to produce water and native enzyme. In the second option,
a single reducing equivalent, a hydrogen, is transferred to the oxy-
ferryl oxygen. The second reducing equivalent and proton are trans-
ferred to the glutamate and delocalized in the intricate complex involv-
ing Glu183, His105, the propionate chains, and the MnII cation. This
equivalent is then transferred back to the FeIV O H to complete the
reaction (Fig. 19C). Obviously, the presence of glutamate alone on the
distal side does not present the optimal catalytic site for reaction with
hydrogen peroxide, explaining the low reactivity.

IX. Summary

Catalases continue to present a challenge and are an object of interest
to the biochemist despite more than 100 years of study. More than 120
sequences, seven crystal structures, and a wealth of kinetic and phys-
iological data are currently available, from which considerable insight
into the catalytic mechanism has been gained. Indeed, even the crystal
structures of some of the presumed reaction intermediates are avail-
able. This body of information continues to accumulate almost daily.

Have we exhausted catalases as a source of information about protein
structure and the catalatic mechanisms? The answer is clearly no. With
each structure reported comes new information, often including struc-
tural modifications seemingly unique to catalases and with roles that
remain to be explained. Despite a deeply buried active site, catalases
exhibit one of the fastest turnover rates determined. This presents the
as yet unanswered question of how substrate can access the active site
while products are simultaneously exhausted with a potential turnover
rate of up to 106 per second. The complex folding pathway that produces
the intricate interwoven arrangement of subunits also remains to be
fully clarified.
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The catalase-peroxidases present other challenges. More than 20 se-
quences are available, and interest in the enzyme arising from its in-
volvement in the process of antibiotic sensitivity in tuberculosis-causing
bacteria has resulted in a considerable body of kinetic and physiological
information. Unfortunately, the determination of crystallization condi-
tions and crystals remain an elusive goal, precluding the determination
of a crystal structure. Furthermore, the presence of two possible reac-
tion pathways, peroxidatic and catalatic, has complicated a definition
of the reaction mechanisms and the identity of catalytic intermediates.
There is work here to occupy biochemists for many more years.
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Site-directed mutants of peroxidase enzymes are represented using one-letter amino
acid codes in the style X residue number X∗ peroxidase, which indicates that amino acid
X has been substituted by amino acid X∗.

I. Introduction

Few enzymes have been studied as comprehensively as horseradish
peroxidase and yet continue to stimulate research across a wide range of
scientific disciplines. This review describes our present state of knowl-
edge of the enzyme, with particular emphasis on recent data obtained
from both X-ray crystallography and site-directed mutagenesis. The
contributions made by these techniques to our understanding of per-
oxidase structure and function are highlighted. Paradoxically, many
questions still remain unanswered about the true in vivo function of
horseradish peroxidase and its physiological significance, although new
information has become available for peroxidases from other plant spe-
cies. The enzyme from horseradish is significant commercially, with
a wide variety of uses, particularly as a component of medical diag-
nostic kits. It seems likely that most applications will benefit from
the potential to improve desirable qualities of the enzyme using both
knowledge-based site-directed mutagenesis and more recent directed-
evolution selection techniques. Progress in these areas will depend to
some extent on the success of current studies of this important enzyme.

The source of the enzyme is the root of the horseradish, Armoracia
rusticana P.Gaertn., B.Mey. & Scherb., a hardy perennial herb native to
Europe and parts of Asia that is also cultivated in north-temperate re-
gions of North America. This plant is a member of the Cruciferae, a fam-
ily of considerable economic importance. Strictly speaking, horseradish
peroxidase is not one enzyme, but a group of enzymes, or isoenzymes
as they are more commonly referred to. The most abundant of these,
the C isoenzyme (HRP C), is the subject of the majority of studies on
horseradish peroxidase and also the isoenzyme used in most applica-
tions. The remaining isoenzymes are introduced in Section II. It is for-
tuitous that HRP C has acquired the status of a model peroxidase,
probably for no other reason than its relative abundance in the plant,
which assisted early attempts to purify it. The presence of peroxidase
enzymes in the horseradish plant was detected as long ago as 1810 by
Louis Antoine Planche, who reported that when a fresh piece of root
tissue was soaked in a tincture of guaiacum (the heartwood of Gua-
iacum officinale L. and G. Sanctum L., which contains a number of
phenolic compounds), an intense blue color appeared (1). The enzymes
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themselves were first purified by Willstätter more than a century later
(2, 3), although material of sufficient purity for crystallization was not
obtained until 1942, using a procedure designed by Theorell (4). Two ex-
cellent accounts have appeared that summarize the historical literature
on horseradish peroxidase and describe the major developments from
1810 to 1960 (5, 6). These are also of interest because of the contribution
made by peroxidase research to the development of ideas on biological
oxidation and reduction during the early decades of the twentieth cen-
tury. A monograph on peroxidase was published in 1964 by Saunders,
Holmes-Siedle, and Stark, containing some 1500 references (5). Several
reviews have appeared in the literature subsequently (7–22), as well as
a second monograph on heme-containing peroxidases published in 1999
(23). It should be noted that although most of these works contain some
material on horseradish peroxidase, their primary objective has been
to describe peroxidases in a wider context. One exception is a review
devoted solely to the structure and kinetic properties of horseradish per-
oxidase, published in 1991 (24). There are also valuable printed sources
of references compiled for plant peroxidases. Two volumes have been
published that cover the periods 1970–1980 and 1980–1990, with ap-
proximately 5000 references cited (25, 26), and a diskette of references
is available that at present covers the period 1980–1998. The most re-
cent compilations are issued in a biannual newsletter published by the
International Working Group on Plant Peroxidases at the University of
Geneva (27). This resource and the reference database can be accessed
through the Internet (28).

II. Biochemistry and Molecular Biology

A. ISOLATION

The development of techniques to purify peroxidases from horse-
radish root has been well documented (5, 6). Most methods involve am-
monium sulfate fractionation of the initial root extract followed by a
series of column chromatography steps based on ion-exchange and size-
exclusion media. One practical hazard is that volatile and intensely
pungent isothiocyanates are released from the crushed root because of
the hydrolytic action of the enzyme myrosinase on glucosinolates such
as sinigrin (allylglucosinolate). It is perhaps fortunate that high-quality
enzyme preparations have been available from commercial sources for
several decades. This material is used in most investigations of the en-
zyme, although additional purification steps are sometimes undertaken.
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A convenient measure of peroxidase purity is given by the RZ or rein-
heitszahl number, which is the ratio of the absorbances at 403 and
280 nm recorded using UV-VIS spectrophotometry. In the case of HRP
C, RZ values of between 3.0 and 3.4 are optimal.

The existence of peroxidase isoenzymes in horseradish root was noted
first by Theorell (4), and confirmed by later workers (29, 30). Seven
isoenzymes, denoted A1, A2, A3, B, C, D, and E, were isolated and
purified to homogeneity by Shannon et al. (31). The isoenzyme nomen-
clature reflects the variation in the value of the isoelectric point (pI)
from acidic (A group), through neutral (B and C), to basic (D and E).
Six basic E isoenzymes are now known (E1 to E6), all of which are
characterized by a pI value of 10.6 or greater (32). The number of neu-
tral isoenzymes isolated has increased to five (B1, B2, B3, C1, and
C2), all with pI values of 5–10 (33). These results indicate that the
horseradish root contains at least 15 peroxidase isoenzymes. Although
their existence is not in dispute, the number of isoenzymes has been
a matter for debate, particularly as up to 42 enzyme isoforms can be
detected by isoelectric focusing (34). Whether these are all true gene
products or in some instances artifacts of the detection method remains
to be confirmed. Crosslinking with phenols and deamidation of surface
residues are two modifications that could take place under some exper-
imental conditions (35). Posttranslational modification of gene prod-
ucts by C-terminal processing may also occur, one example being the
nonspecific proteolytic cleavage of HRP C to give a variant lacking
one C-terminal residue (36). It should be stressed that there is now
good evidence from the results of a systematic survey of the “model”
plant Arabidopsis thaliana (L.) Heyhn (common name; thale cress)
that a single plant species contains many true peroxidase isoenzymes
(37–40).

An improved method for isolation of HRP C based on affinity chroma-
tography has been developed (41). This exploits the differential affinity
of horseradish peroxidase isoenzymes for the aromatic donor molecule
benzhydroxamic acid (Section IV,F). In a single step, HRP C can be
separated effectively from both the acidic A isoenzymes and other com-
ponents of the root extract, a process that normally requires three or
four stages of ion-exchange chromatography. A homogenous product
with a RZ value of 3.25± 0.1 can be obtained under optimal condi-
tions. Sepharose-bound concanavalin A has also been investigated as
an affinity matrix for HRP purification (42), but in general is less ef-
fective. Other purification methods explored recently include the use
of reversed micelles (43, 44) and aqueous two-phase partition (45). A
useful comparative survey of the purity, activity, and susceptibility to
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inactivation of commercially available A and C isoenzymes of horseradish
peroxidase has been published (46).

B. SEQUENCES AND GENES

The complete amino acid sequence of HRP C was determined using
classical methods and published by Welinder in 1976 (47). There are
308 amino acid residues in a single polypeptide chain with a molecular
mass of 33,890. The N-terminus is blocked by a pyroglutamate residue,
and C-terminal peptides are obtained with and without the C-terminal
Ser residue, as mentioned previously (36). Disulfide bridges occur be-
tween Cys residues 11–91, 44–49, 97–301, and 177–209. The enzyme
also comprises a prosthetic group (heme) that is iron protoporphyrin IX
(Section III,A), eight carbohydrate side chains (Section III,B) and two
calcium ions (Section IV,D), so that the overall molecular mass is close
to 44,000 (36). Two other HRP isoenzymes have been sequenced using
similar procedures, the acidic HRP A2 (305 residues) (15) and the basic
HRP E5 (306 residues) (48). The amino acid sequence identity between
HRP C and these isoenzymes is 54 and 70%, respectively. HRP A1 has
been sequenced partially and is reported to be approximately 80% iden-
tical to HRP A2 (15). In general, amino acid sequence identities among
plant peroxidases range from 30 to 95% (15, 39).

Estimates for the number of peroxidase genes in a given plant species
have increased dramatically with the knowledge that at least 28 dif-
ferent peroxidase genes are present in Arabidopsis thaliana (37–40).
These were identified from approximately 200 peroxidase-encoding ex-
pressed sequence tags (ESTs). It is likely that this number of peroxidase
genes is an underestimate of the total present. Less is known about the
number of peroxidase genes in horseradish (49). Three cDNAs and two
genomic DNAs corresponding to the mRNAs and genes for HRP C were
cloned and characterized initially (50). The genomic clones are located
in tandem on the chromosome and consist of four exons and three in-
trons. The positions of the splice sites are identical, in agreement with
a general trend observed in peroxidase genes that the positions of splice
sites in mature sequences are well conserved, a feature of probable evo-
lutionary significance (51, 52). The three cDNAs are remarkably ho-
mologous (91–94%) and all contain both a hydrophobic leader sequence
of 30 amino acid residues and a C-terminal extension of 15 amino acid
residues (50). The latter may be required for vacuolar targeting (53).

Two peroxidase-encoding genes have been found in addition to the
gene family described above, and named prxC2 and prxC3 (54). The orig-
inal genes designated prxC1, prxC2, and prxC3 were renamed prxC1a,
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prxC1b, and prxC1c, respectively, owing to the high sequence homology
of their cDNAs. The amino acid sequence deduced from the nucleotide
sequence of prxC1a is identical to that of HRP C. Organ specific expres-
sion of prxC1a, prxC1b, prxC2, and prxC3 in horseradish plants has
been examined using Northern blot analysis (55). According to these
studies, the family of prxC1 genes is expressed mainly in stems (and
to a lesser extent in roots), whereas prxC2 and prxC3 are expressed
predominantly in roots. Peroxidase enzyme activity can be induced by
wounding of horseradish leaves (56). Gene-specific probes have shown
that the mRNA for prxC2 accumulates after wounding, but not that of
other peroxidases (56). Regulation of prxC2 has been investigated at the
genetic level in transgenic tobacco by deletion analysis of the upstream
region from promoter-GUS (b-glucuronidase) gene fusions (56). Two cis-
acting elements are necessary for a full response to wounding, both of
which appear to recognize specific nuclear transcription factors (56). A
cDNA encoding a trans-acting factor that is actively transcribed in root
and stem and that can bind to one of the upstream regulatory regions
of prxC2 has been isolated (57, 58). The putative trans-acting factor
protein contains a basic region, a leucine zipper, and a helix–turn–
helix motif. Only one other HRP cDNA has been cloned and sequenced,
corresponding to a neutral isoenzyme designated HRP N (59). Catalyt-
ically active recombinant HRP N has been produced in an insect-cell
baculovirus system (60), but the plant enzyme has still to be isolated
from horseradish root. Genes encoding other HRP isoenzymes have not
yet been cloned, although in some cases similar counterparts have been
identified in A. thaliana (61, 62). A cDNA clone corresponding to the
major peroxidase of an A. thaliana cell suspension culture has been iso-
lated from an Arabidopsis cell suspension cDNA library and sequenced
(62). The protein encoded, ATP A2, consists of 305 amino acid residues
and shows 95% amino acid sequence identity with HRP A2. The ex-
pression of the atpA2 gene in the plant appears to be developmentally
regulated and is specific to the roots (62).

C. EXPRESSION

The successful expression of recombinant plant peroxidases such as
HRP C has been a major focus of research in a number of laboratories.
Three synthetic HRP C genes based on the amino acid sequence deter-
mined by Welinder (36, 47) were synthesized independently in order to
initiate this work (63–65). A number of different expression systems
have been evaluated (64, 66–73), a summary of which is presented
in Table I. Refolding of recombinant HRP C isolated from inclusion



P1: FXS/FOO P2: FKH
Advances in Inorganic Chemistry PS006-03 August 14, 2000 14:24 Stylefile version:April 24, 2000

HORSERADISH PEROXIDASE 113

TABLE I

SUMMARY OF EXPRESSION SYSTEMS USED TO PRODUCE RECOMBINANT HORSERADISH PEROXIDASE

Expression Comments and
Host organism Construct and gene level references

Aspergillus oryzae Various fusions between the Low Recombinant HRP C
synthetic HRP C gene and CIP detected on Western
at both N- and C-termini. blots (66).

Baculovirus Synthetic HRP C gene with Medium Active glycosylated
the signal sequence of the enzyme produced;
plant enzyme. yield 5–10 mg

liter−1 (67).

Escherichia coli Synthetic HRP C gene under High In vitro refolding
control of the tac promoter. required to obtain

active enzyme; yield
2–4 mg liter−1 (64, 68).
Higher yields reported
(69, 70).

Saccharomyces Synthetic HRP C gene fused Low Low levels of
cerevisiae in-frame to pre-pro a-mating hyperglycosylated

factor. Constitutive and enzyme secreted; yield
inducible promoters tried. approx. 50 mg liter−1

(71, 72).

Transgenic tobacco Synthetic HRP C sequence Low/medium Some active enzyme
(Nicotiana tabacum) with the signal sequence of produced (73).

the plant enzyme and both
with and without the
C-terminal extension.

bodies of Escherichia coli has proved popular as a relatively low-cost
method (64, 74, 75), which, however, is rather inefficient. The procedure
requires the controlled reoxidation of reduced denatured HRP C solubi-
lized from the inclusion bodies isolated from E. coli. Refolding exhibits
a dependence on both Ca2+ and urea concentration; some of the param-
eters have been investigated in detail (64), and several protocols exist
(64, 68–70). Highly purified recombinant HRP C (which is nonglycosy-
lated) has been crystallized successfully (76) and provides good-quality
diffraction data in contrast to that obtained previously from crystals of
the plant enzyme (77). The baculovirus system leads to the production
of active but highly glycosylated recombinant HRP C (67). Nevertheless,
both expression systems have been used for production of site-directed
mutants. In a recent development, directed evolution techniques have
been used to identify a mutant of HRP C that exhibits some activity in
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E. coli without the need for refolding (78). The mutant corresponds to
the substitution of Asn255 by Asp at one of the N-linked glycosylation
sites of the enzyme.

D. RELATIONSHIP TO OTHER PEROXIDASES

Peroxidases are distributed widely among living organisms, and
many examples have been isolated and characterized. Although most
incorporate a prosthetic group based on iron protoporphyrin IX (the
heme-containing peroxidases), additional classes of peroxidase contain-
ing vanadium (79, 80) and selenium (81) have also been identified. One
further group, known as peroxiredoxins, require no cofactors and in-
stead generate peroxidaselike activity by means of an active site cys-
teine residue (82). Two relatively well-defined enzyme groups have been
recognized among the heme-containing peroxidases, the mammalian
peroxidase superfamily and the plant peroxidase superfamily. Impor-
tant structural and functional differences between these two super-
families have been reviewed previously (19). It should be noted that
these superfamilies do not include either the di-heme cytochrome c
peroxidases (83) or chloroperoxidase, an enzyme with some attributes
characteristic of cytochrome P450 (84). The plant peroxidase super-
family comprises enzymes of bacterial, fungal, and plant origin and is
divided into three classes. This arrangement was primarily the result
of detailed comparisons of amino acid sequence data (51), but gained
additional support as crystal structure data became available for rep-
resentative enzymes from each class. A structure-based alignment of
peroxidase amino acid sequences is shown in Fig. 1. These sequences

→
FIG. 1. A structure-based alignment of peroxidase amino acid sequences. The se-

quences included represent all members of the plant peroxidase superfamily for which
crystal structures are available, with the exception of manganese peroxidase. Coordinate
files were obtained from the Protein Data Bank at Brookhaven for cytochrome c per-
oxidase (CCP) (85), ascorbate peroxidase (APX) (86), Arthromyces ramosus peroxidase
(ARP/CIP) (87), lignin peroxidase (LIP) (88), peanut peroxidase (PNP) (89), barley per-
oxidase (BP1) (90), and HRP C (91). The alignment was made using the programmes
STAMP (92), AMPS (93), and ALSCRIPT (94). Key: Uppercase bold boxed regions, Ca

coordinates superimpose with less than 2.5 Å rms deviation; shaded residues, those im-
portant in either the distal or proximal heme pocket; reverse font, cysteine residues;
HRPC 2D line, secondary structure; “&,” N-linked glycan attachment site; “+,” calcium
ligand; numbers in 2D line, disulfide pairings. Note that the amino acid sequence num-
bering for each peroxidase should be read from the far right-hand column. This structural
alignment was kindly provided by David J. Schuller, University of California — Irvine.



P1: FXS/FOO P2: FKH
Advances in Inorganic Chemistry PS006-03 August 14, 2000 14:24 Stylefile version:April 24, 2000

HORSERADISH PEROXIDASE 115

50
40
54
45
40
47
40

88
77
99
90
76
84
76

131
120
142
133
124
133
124

177
165
186
178
171
181
172

191
179
201
193
214
225
222

239
212
250
242
243
254
252

287
250
298
290
291
302
302

294

344
340
294
309
306

343

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

1 & helix A helix B
. . . . . . . q l t p t f y d n s c P N V S N I V R D T I V n e l . . . r s d p R I A A S I L R L H
a e p p v a p g l s f d f y w q t c P R A E S I V R E F V Q e a v . . . r k d i G L A A G L L R L H
. . . . . . . z l s s n f y a t k c P N A L S T I K S A V N s a v . . . a k e a R M G A S L L R L H
. . . . . a t c a n g k t v g d a s C C A W F D V L D D I Q a n m f h g g q c g A E A H E S I R L V
. . . . s v t c p g g q s t s n s q C C V W F D V L D D L Q t n f y q g s k c e S P V R K I L R I V
. . . g k s y p t v s p d y q k a i E K A K R K L R G F I A e . . . . . . . . k K C A P L I L R L A
t p l v h v a s v e k g r s y e d f Q K V Y N A I A L K L R e d d e . y d n y i G Y G P V L V R L A
1 10 20 30 40 50

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

+ 2 + + 2 + + & +
F H D C F v . . . . . . . . . . . . . n g C D A S I l l d n t t s f r t . e k d a f g n a n s a R G
F H D C F v . . . . . . . . . . . . . q g C D A S V l l d g s a t g p g e q q a p p n l t l r p S A
F H D C F v . . . . . . . . . . . . . q g C D A S V l l d d t s n f t g . e k t a g p n a n s i R G
F H D S I a i s p a m e a k g k f g g g g A D G S I m i f d t i e t . . . . . a f h p n i g l d E V
F H D A I g f s p a l t a a g q f g g g g A D G S I i a h s n i e l . . . . . a f p a n g g l t D T
W H S A G t f d s k . . . . . . t k t g g P F G T I k h q a e l a . . . . . . . h g a n n g l d I A
W H T S G t w d k h . . . . . d n t g g s Y G G T Y r f k k e f n . . . . . . . d p s n a g l q N G

60 70 80 90 100

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

helix C 1 3 helix D
F P V I D R M K A A v e s . a c p r T V S C A D L L T I A A Q Q S V T L A . G G P S W R V P L G R R
F K A V N D I R D R l e r e c r g a V V S C S D I L A L A A R D S V V V S . G G P D Y R V P L G R R
F E V I D T I K S Q v e s . l c p g V V S C A D I L A V A A R D S V V A L . G G A S W N V L L G R R
V A M Q K P F V Q K . . . . . . . h G V T P G D F I A F A G A V A L S N C p G A P Q M N F F T G R K
I E A L R A V G I N . . . . . . . h G V S F G D L I Q F A T A V G M S N C p G S P R L E F L T G R S
V R L L E P I K E Q f . . . . . . p I V S Y A D F Y Q L A G V V A V E I T . G G P E V P F H P G R E
F K F L E P I H K E f . . . . . . p W I S S G D L F S L G G V T A V Q E M . Q G P K I P W R C G R V

110 120 130 140 150

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

helix D’ helix E & helix F +
d s l q a . f l d l a n A N L P A P F F T L P Q L K D s . f R N V g l N R S S D L V A L S G G H T F
d s r s f a s t q d v l S D L P G P S S N V Q S L L A l . l G R L . g L D A T D L V T I S G G H T I
d s t t a . s l s s a n S D L P A P F F N L S G L I S a . f S N K . g F T T K E L V T L S G A H T I
p a t q . . . . p a p d G L V P E P F H T V D Q I I A r . v N D A g e F D E L E L V W M L S A H S V
n s s q . . . . p s p p S L I P G P G N T V T A I L D r . m G D A . g F S P D E V V D L L A A H S L
d k p e . . . . p p p e G R L P D A T K G S D H L R D v f g K A M . g L S D Q D I V A L S G G H T I
d t p e d . . t t p d n G R L P D A D K D A D Y V R T f . f Q R L . n M N D R E V V A L M G A H A L

160 170 180 190 200

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

str. 1 4 helix F’ & & helix F’’ 4 & str. 2 +
G K N Q c r f i m d r l y n f s n t g l p d p t l n t t y l q t l r g l c p l n g n l s a L V D f d
G L A H c s s f e d r l f p r p d p t i s . . . . . . p t f l s r l k r t c p a k g t d r R T V l d
G Q A Q c t a f r t r i y n e s n i d p t . . . . . . . y a k s l q a n c p s v g g d t n L S P f d
A A V N d v d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . p t v q G L P . f
A S Q E g l n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s a i f R S P . l
G A A H k e r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s g f E G P . w
G K T H l k n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s g y E G P . w

210 220 230 240 250

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

+ + + helix G helix H
L R T P T I F D N K Y Y V N l e . . . . . . . . . . . . . . . . . . . . e q K G L I Q S D Q e l f s
V R T P N V F D N K Y Y I D l v . . . . . . . . . . . . . . . . . . . . n r E G L F V S D Q d l f .
V T T P N K F D N A Y Y I N l r . . . . . . . . . . . . . . . . . . . . n k K G L L H S D Q q l f .
D S T P G I F D S Q F F V E t q f r g t l f p g s g g n q g e v e s g m a g E I R I Q T D H t l a .
D S T P Q V F D T Q F Y I E t l l k g t t q p g p s l g f a e e l s p f p g E F R M R S D A l l a .
T S N P L I F D N S Y F T E l l t g . . . . . . . . . . . . . . . . e k d g L L Q L P S D K a l l .
G A A N N V F T N E F Y L N l l n e d w k l e k n . d a n n e q w d s k s g Y M M L P T D Y s l i .

260 270 280 290 300

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

& helix I & helix J 3
s p n a t D T I P L V R S F A N S T Q T F F N A F V E A M D R M G N I t p l t g t q g q i r l n c r
. . t n a I T R P I V E R F A Q S Q Q D F F E Q F G V S I G K M G Q M r v r t s d q g e v r r n c s
. . n g v S T D S Q V T A Y S N N A A T F N T D F G N A M I K M G N L s p l t g t s g q i r t n c r
. . r d s R T A C E W Q S F V G N Q S K L V D D F Q F I F L A L T Q L g q d p n a m t d c s d v i p
. . r d s R T A C R W Q S M T S S N E V M G Q R Y R A A M A K M S V L g f d r n a l t d c s d v i p
. . t d s V F R P L V E K Y A A D E D V F F A D Y A E A H L K L S E L g f a e a . . . . . . . . . .
. . q d p K Y L S I V K E Y A N D Q D K F F K D F S K A F E K L L E N g i t f p k d a p s p f i f k

310 320 330 340 350

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

v v n s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
v r n p g p g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
k t n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
l s k p i p g n g p f s f f p p g k s h s d i e q a c a e t p f p s l v t l p g p a t s v a r i p p
s a v s n n a a p v i p g g l t v d d i e v s c p s e p f p e i a t a s g p l p s l a p a p . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
t l e e q g l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

360 370 380 390 400

HRPC 2D
HRPC 
BP1 
PNP 
LIP 
ARP 
APX 
CCP 

. . .

. . .

. . .
h k a
. . .
. . .
. . .



P1: FXS/FOO P2: FKH
Advances in Inorganic Chemistry PS006-03 August 14, 2000 14:24 Stylefile version:April 24, 2000

116 VEITCH AND SMITH

represent peroxidases of the plant peroxidase superfamily for which
crystal structures have been determined (85–91), although manganese
peroxidase has been omitted from this analysis. The overall conclu-
sion is that structural topology is conserved more highly among the
three classes than amino acid sequence identity. Yeast cytochrome c
peroxidase, cytosol, and chloroplast ascorbate peroxidases (APX), and
gene-duplicated bacterial peroxidases comprise class I, while class II
contains fungal peroxidases, the most well-known examples being the
inkcap peroxidase from Coprinus cinereus (CIP; this enzyme is es-
sentially identical to that known as Arthromyces ramosus peroxidase
or ARP), and lignin and manganese peroxidases from Phanerochaete
chrysosporium. Peroxidases from plants are placed in class III (“classi-
cal” secretory plant peroxidases) or class I (ascorbate peroxidases only).
One general point of difference is that class I peroxidases do not con-
tain disulfide linkages, unlike peroxidases of classes II and III. Never-
theless, much can be learned about the role of individual amino acid
residues in peroxidases of one class if careful comparison is made with
the corresponding residues in the others. This approach is useful in
structure:function studies of HRP C, as complementary data are often
available for the enzymes CCP (class I) and CIP (class II).

III. General Features of the Enzyme

A. HEME PROSTHETIC GROUP

All HRP isoenzymes contain iron(III) protoporphyrin IX (ferriproto-
porphyrin IX), the structure of which is shown in Fig. 2. The nomen-
clature of this prosthetic group is somewhat confusing, as two different
schemes are still in current use, one introduced originally by Fischer,
and the second by the IUB/IUPAC. It is the latter system that is used
throughout this review. It is customary to refer to iron protoporphyrin
IX simply as the “heme group.” In HRP there are two axial coordination
sites (the fifth and sixth positions) where ligand binding can occur. A
coordinate bond between the iron atom and the Ne2 atom of His170 at
the fifth (or proximal) coordination site links the prosthetic group to the
apoenzyme. There is no additional crosslinking between the side chains
of the heme group and the apoenzyme as observed for some mammalian
peroxidases (95, and references therein).

The resting state of HRP C is high-spin Fe(III) (d5) with a magnetic
susceptibility of 5.23 Bohr magnetons (96). However, it cannot be de-
scribed adequately by the spin quantum number S= 5

2, which would
correspond to a high-spin species with five unpaired d electrons and a
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FIG. 2. Nomenclature of the heme group of horseradish peroxidase according to the
IUB/IUPAC system. Proton-bearing carbon atoms are numbered on the structure and
can be cross-referenced with the Fischer system as follows:

IUB/IUPAC 2 3 5 7 8 10 12 13 15 17 18 20
Fischer 1 2 a 3 4 b 5 6 g 7 8 d

magnetic susceptibility of 5.92 Bohr magnetons. Analysis of experimen-
tal data, including recent results from resonance Raman (97, 98) and
1H NMR spectroscopy (99), favors a quantum mechanically mixed spin
state arising from an admixture of high-spin (S= 5

2) and intermediate-
spin (S= 3

2) states. This quantum-mixed spin state has also been ob-
served spectroscopically as a component of the resting states of other
class III plant peroxidases such as that from barley grain (BP1) (100),
and in low-temperature studies of HRP A2 and C (97, 101). The domi-
nant species in both solution and solid states of HRP C is five-coordinate
high-spin (5-c HS), although a small amount of a 6-c HS species can be
detected using resonance Raman spectroscopy. It is reasonable to main-
tain, however, that the resting state is essentially five-coordinate, and
that the sixth (or distal) coordination site is vacant. The frequencies
of the core size marker bands in resonance Raman spectra of resting
state HRP C are anomalous when compared to those of other heme
peroxidases (102, 103), and may reflect a characteristic heme distor-
tion.

The coordination- and spin state of HRP C are dependent on pH, al-
though little change occurs between pH 4 and pH 10. At pH 3.1, the
resting state enzyme is a 5-c HS form in which His170 has been re-
placed as ligand by a water molecule (104). The scission of the Fe–His
bond occurs from a 6-c intermediate with a water molecule bound at the
distal site. At high pH values, a transition to an alkaline form occurs
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with a pKa value of approximately 11.0 (4, 105–107). The controversy
surrounding its identity was resolved using resonance Raman spec-
troscopy and isotopic labeling (106, 107). This revealed a 6-c LS species
with hydroxide bound to heme iron at the vacant distal site. The R38G,
R38L, and R38K mutants of HRP C do not show an alkaline transition,
presumably because of the loss of the stabilization afforded by a critical
hydrogen bond between the positively charged Arg38 side chain and
the hydroxide ligand (103). A second important interaction is hydrogen
bond donation to the side chain of distal His42. The pH dependence
of two His42 mutants of the enzyme has been documented, including
the interesting observation of an Fe–OH bond formed at neutral pH by
H42R HRP C (103).

The resting states of other HRP isoenzymes have not been character-
ized in great detail, although some information is available for A1 and
A2 (98, 99). These acidic isoenzymes differ from HRP C with respect to
the degree of quantum mechanical mixing of high- and intermediate-
spin states, which increases in the order HRP C < HRP A1 < HRP
A2 (99). A detailed analysis of the resonance Raman spectra of resting
state HRP A2 has been presented (98). The alkaline transition of acidic
HRP isoenzymes occurs at lower pH than for the neutral isoenzymes,
according to results obtained in deuterated solutions using 1H NMR
spectroscopy (108). This method gave pD values of 9.3 ± 0.1, 9.4 ± 0.1,
and 9.8 ± 0.1 for HRP A1, A2, and A3, respectively, compared to 10.9
for both HRP B and C.

B. CARBOHYDRATE

The recognition that carbohydrate residues are an integral part of
horseradish peroxidase has its origin in the studies of Theorell and
Åkesson on protein composition by elemental analysis (109). They de-
termined that the enzyme (HRP C) comprised 18.4% carbohydrate.
Once the amino acid sequence of the enzyme became available (36, 47),
nine potential N-glycosylation sites represented by the motif Asn-X-
Ser/Thr (where X can be any amino acid residue) were identified. Eight
of these Asn residues have carbohydrate chains attached (the exception
being the site at residues 286–288) (36). The major N-linked glycan is
the branched heptasaccharide Mana3(Mana6)(Xylb2)Manb4GlcNAcb4
(Fuca3)GlcNAc (110, 111), which accounts for 75 to 80% of the total
carbohydrate. A number of minor glycan structures have also been de-
termined (112, 113), principally of the type (Xyl)xManm(Fuc) f GlcNAc2

(m= 2, 4, 5, 6; f = 0 or 1;x = 0 or 1) or less commonly, ManmGlcNAc2
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(m= 4 to 7). The carbohydrate profile of HRP C is heterogeneous, to the
extent that the type of glycan structure found at any of the eight attach-
ment sites can vary. In addition, the total carbohydrate depends on the
source of the enzyme, although percentage composition remains within
the range 18 to 22% (36, 109, 114, 115). The high carbohydrate content
and heterogeneity of HRP C are no doubt responsible for the lack of
success in obtaining good-quality X-ray diffraction data for crystals of
the plant enzyme (77). Attempts to remove the glycans by enzymatic
hydrolysis have proved to be unsuccessful (116). Mild chemical deglyco-
sylation using anhydrous trifluoromethanesulfonic acid in the presence
of 90 mM phenol for 5 min at −5◦C removes all carbohydrate except for
the two GlcNAc residues at each site (116). Fully active, homogeneous
deglycosylated enzyme can then be recovered after ion-exchange chro-
matography, but shows greatly reduced solubility compared to native
HRP C. The glycans of HRP C are located in loop regions on the surface
of the molecule (91) and are relatively mobile, according to 1H NMR
data obtained in a comparison of the wild-type plant and recombinant
enzymes (the recombinant enzyme expressed in E. coli is nonglycosy-
lated) (117).

HRP A2 has seven potential N-glycosylation sites and a carbohydrate
content of approximately 20%. The carbohydrate profile is heteroge-
neous and the major glycan is identical to that of HRP C (118). An an-
ionic peroxidase of molecular mass 55,000 isolated from cell cultures of
horseradish was found to have 11 potential N-glycosylation sites and a
carbohydrate content of 26% (119). The corresponding glycan structures
are less highly processed analogs of the major glycan from HRP A2 and
contain an additional GlcNAc residue. In contrast, the basic peroxidase
isoenzymes of horseradish root contain significantly less carbohydrate
than the acidic and neutral isoenzymes, particularly HRP E3 to E6 (32).
Low-resolution X-ray diffraction data have been obtained for HRP E5,
which has only two N-linked carbohydrate attachment sites (48, 120).
These are located at Asn188 and Asn214 and are analogous to those of
HRP C at Asn186 and Asn214, respectively. The glycosylation of plant
peroxidases has been reviewed (118), although comparative data on gly-
can structures are only available for enzymes from barley (53), peanut
(121), and soybean (122).

C. FUNCTION AND BIOLOGICAL ROLES

The majority of reactions catalyzed by horseradish peroxidase can be
summarized by Eq. (1), in which AH2 represents a reducing substrate,
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and AH?a free radical product:

H2O2 + 2AH2 −→ 2AH?+ 2H2O (1)

Consideration of this equation indicates that two major functions
can be assigned to the enzyme: either to catalyze the conversion of hy-
drogen peroxide to water, or to catalyze the oxidation of a substrate
molecule to a free radical product. There is little doubt that protec-
tion from peroxide is one role that can be carried out by horseradish
peroxidase, but it should be noted that plants also contain ascorbate
peroxidases (class I) that perform the same function. It is more difficult
to state with certainty what other biological roles can be definitively
associated with HRP, as most have been demonstrated only in vitro.
Neither is it known as yet whether each isoenzyme has a specific role
or roles, although this seems plausible. The following comments apply
to the enzyme in general, unless reference is made to specific isoen-
zymes.

Several examples of crosslinking reactions catalyzed by HRP are
known, such as the formation of diferulate (123) and dityrosine link-
ages (124, 125) from the corresponding monomers. The crosslinking of
tyrosine-containing peptides has also been reported (126). The matrix of
the plant cell wall contains structural polymers such as polysaccharides
and pectins to which ferulic acid monomers are attached as acylating
groups (127). Crosslinking reactions can therefore result in tightening
of the cell wall. The alteration of the physical properties of cell walls in
response to external stimuli is one process that could be mediated by
peroxidases. The oxidative coupling of phenolic monomers such as p-
coumaryl, coniferyl, and sinapyl alcohols can also be catalyzed by HRP
(128). These reactions are essential in the biosynthesis of lignin, a com-
plex and highly branched phenylpropanoid polymer that constitutes
20–30% of plant cell walls (128). Crosslinking of phenolic monomers
is also important for the formation of suberin, a polymeric lignin-like
material consisting of phenylpropanoid, esterified fatty acid, and al-
cohol components. The process of suberization is initiated when plant
tissue is wounded, and provides in suberin a natural barrier that pre-
vents moisture loss and affords some protection against subsequent
pathogenic invasion. One element that is often overlooked in these im-
portant peroxidase-catalyzed reactions is the origin of the hydrogen
peroxide. Experiments with the vascular tissue of spinach (Spinacea
oleracea) hypocotyls indicate that one possible mechanism for H2O2

generation involves both a NAD(P)H oxidase and a CuZn superoxide
dismutase, as illustrated in Eqs. (2) and (3) (129). A scheme similar to
this was proposed previously based on results obtained with isolated
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cell walls of horseradish root (130, 131).

2O2 + NAD(P)H −→ 2O2
− + NAD(P)+ (2)

2O2
− + 2H+ −→ H2O2 +O2 (3)

Expression of peroxidases that catalyze crosslinking reactions can be in-
duced by wounding or infection. Well-documented examples include the
production of acidic peroxidase isoenzymes in wounded tissue of tobacco
(132), potato (133), and tomato (134), and also in wheat plants infected
with the powdery mildew fungus, Erysiphe graminis (135). It is known
that peroxidase activity can be induced on wounding of horseradish
leaves (56), but other mechanisms of defense in horseradish remain to
be demonstrated.

The ability of HRP to degrade the plant hormone indole-3-acetic acid
(IAA) in the absence of hydrogen peroxide was noted as early as 1955
(136). Plant peroxidases are now known to be of major importance in
the metabolism of IAA (137) (note that they are often referred to as
indole acetic acid oxidases in the older literature). The mechanism
of IAA oxidation by HRP C is complex and has been studied experi-
mentally in great detail by several groups (23, 137). Reaction products
include indole-3-methanol, indole-3-aldehyde, and 3-methylene oxin-
dole, which is probably a nonenzymatic conversion product of indole-3-
methylhydroperoxide. The most important developments in this area
have been reviewed (23).

D. REACTIVITY

The catalytic cycle of HRP can be represented by the sequence of re-
actions shown in Eqs. (4)–(7). This applies to most, but not all, reactions
catalyzed by the enzyme, irrespective of the specific isoenzyme involved.
Exceptions include the oxidations of iodide (138) and bisulfite ions (139,
140), both of which can involve a single two-electron reduction step.

E(FeIII ,R)+ H2O2
k1−→ E(FeIV O,R?+)

compound I
+ H2O (4)

E(FeIV O,R?+)+ AH2
k2−→ E(FeIV O,R)

compound II
+ AH? (5)

E(FeIV O,R)+ AH2
k3−→ E(FeIII ,R)+ AH?+ H2O (6)

2AH? −→ A2H2 (7)

In this scheme, E, R, AH2, and AH? represent the enzyme, site of ca-
tion radical, reducing substrate, and the one-electron oxidation product
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of AH2, respectively. k1, k2, and k3 are the rate constants for compound
I formation, compound I reduction, and compound II reduction, respec-
tively. The first step shown in Eq. (4) involves reaction of the Fe(III)
resting state of the enzyme with hydrogen peroxide to yield a high
oxidation state intermediate known as compound I. In formal terms
this is two oxidation state equivalents above the Fe(III) resting state.
Comprehensive spectroscopic studies have shown that compound I is
an oxoferryl species with a p-cation radical located on the heme group
(reviewed in 24). A short Fe–O bond length of 1.64 Å measured by ex-
tended X-ray absorption fine structure spectroscopy (EXAFS) is consis-
tent with the assignment of compound I to an oxoferryl species (141,
142). One electron reduction of compound I gives a second high oxida-
tion state intermediate known as compound II. This is also a low-spin
(S = 1) oxoferryl species, but only one oxidation state equivalent above
the Fe(III) resting state. The catalytic activity of compound II is linked
to the ionization of a heme pocket group with a pKa value of 8.6 (143).
Above pH 8.6 the activity decreases markedly. The active protonated
form of this titrating group is hydrogen bonded to the oxygen atom of
the Fe(IV) O center (144–146). This hydrogen-bonded interaction may
explain the apparent pH dependence of the Fe–O bond length deter-
mined from EXAFS data, where a longer bond length is observed at
neutral (1.90 ± 0.02 Å at pH 7) than at alkaline pH (1.72 ± 0.02 Å at
pH 10) (147). The identity of the crucial heme pocket group remains
unknown, although the distal histidine residue (His42) has been sug-
gested (24). Mechanisms of compound I and II formation are discussed
in Section IV,B.

HRP C is able to oxidize a wide variety of substrates, but the most
common classes of compound are aromatic amines, indoles, phenols,
and sulfonates. The final products of aromatic amine and phenol oxi-
dation are often oligomers and polymers (5), as the primary products
(for example, dimers) can also act as peroxidase substrates, thereby
producing additional radical species that are able to participate in fur-
ther coupling reactions (148). The redox potentials of the compound
I/compound II and compound II/resting-state couples of HRP A2 and
C have been estimated to be of the order of +1 V with reference to
the standard hydrogen electrode. The pH dependence of these redox
couples is complex, and there are also subtle differences between the
behavior of the two isoenzymes (149). HRP isoenzymes are not able to
oxidize every type of aromatic compound, one example being a series of
substituted methoxybenzenes studied by Kersten et al. (150). These are,
however, good substrates for lignin peroxidase, an enzyme that appears
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to have greater oxidizing power than HRP (150, 151). The structural
reasons for the superior oxidizing power of LIP are not fully understood
at present.

The site of substrate oxidation by HRP C has been explored through
enzyme inactivation studies, principally with cyclopropanol hydrate
(152), nitromethane (153), alkylhydrazines (154), phenylhydrazine
(155), and sodium azide (156). The free radical species so generated
react with the heme group to give adducts that can be identified; for ex-
ample, incubation of HRP C with phenylhydrazine and H2O2 gives both
C18-hydroxymethyl and C20-meso-phenyl heme derivatives (155). The
conclusion is that substrates interact with an “exposed” heme edge com-
prising the C18 methyl and C20 meso protons (Fig. 2). This contrasts
with results from comparable studies on hemoglobin, myoglobin, cata-
lase, and cytochrome P450, where alkyl- and arylhydrazines modify
either the iron atom or the nitrogen atoms of the heme group (157–
160). The oxoferryl center in HRP C appears to be inaccessible to most
substrates due to the presence of a so-called “protein-imposed barrier.”

A number of attempts have been made to rationalize the rates of
reaction of HRP C substrates with compounds I and II, including the
use of Hammett correlations (161, 162) and frontier orbital methods
(163). Assuming that a common heme-edge electron transfer site is ac-
cessed, the rates of reaction of phenol or indole-3-acetic acid derivatives
with compound I correlate well with the reduction potentials of their
cation radical products (164). Second-order rate constants for reduction
of compounds I and II by phenols have been interpreted in the context
of the Marcus theory of electron transfer (165). In simple terms, the
lower reactivity of compound II can be ascribed to the longer electron
transfer distance between the iron atom of the heme group and the
substrate in this intermediate, compared to the corresponding distance
from the porphyrin p-cation radical to the substrate in compound I.
Similar trends have been reported for the oxidation of substituted fer-
rocene derivatives by compound II of HRP C (166). Those derivatives
with bulkier cyclopentadienyl ring substituents showed lower reacti-
vity. In these examples the effective electron transfer distance between
the substrate and the iron atom of the heme group is increased as a re-
sult of steric hindrance, thus limiting access to the substrate interaction
site. Substrate ionization potentials for a series of phenol derivatives
have been calculated using computational methods (167). These were
used to analyze the rates of phenol oxidation by HRP C in terms of ther-
modynamic driving force, and to investigate possible structure–activity
relationships.
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IV. Structure and Function

A. CRYSTAL STRUCTURES AND MODELING

Early attempts to crystallize plant HRP C for X-ray diffraction ex-
periments were made by Braithwaite (77). The crystals obtained were
tetragonal and contained approximately 32 molecules in the unit cell.
Detailed analysis of the diffraction data was not pursued owing to its
complexity. The inability to obtain good crystals can be attributed in
part to the microheterogeneity of preparations of the plant enzyme,
some of which have been analyzed by electrospray mass spectroscopy
and found to contain up to 21 components, mainly consisting of gly-
coforms (168). The first X-ray crystal structure of a heme-containing
peroxidase (cytochrome c peroxidase) was solved in 1980 (169), and a
high-resolution refinement appeared subsequently (85), allowing the
first comparisons of amino acid sequence and structure to be made be-
tween this enzyme and HRP C (170). Despite an amino acid sequence
identity of only 20%, the similarity between the hydrophobicity pro-
files and heme-linked regions suggested that both enzymes shared a
similar fold (170, 171). This prompted low-resolution modeling of the
core a-helices and deduction of some of the helical connectivities of
HRP C (170). Cytochrome c peroxidase contains no structural Ca sites,
in contrast to class II fungal and class III plant peroxidases. Thus,
solution of the crystal structures of the class II lignin (88, 172) and
Coprinus cinereus peroxidases (87, 173) allowed more detailed homol-
ogy modeling studies of HRP C to be undertaken. The first attempt
failed to include Ca binding sites in the model (174), although this was
later corrected (175). A different approach was taken by Loew and col-
leagues, who used structurally derived sequence alignments to identify
10 structurally conserved regions. Coordinates for these were used to
construct a core peroxidase fold onto which a full protein model of HRP
C was built (176, 177). The two Ca sites and heme-linked regions were
reasonably well predicted, but a large untemplated insertion contain-
ing two additional a-helices unique to plant peroxidases was not. The
publication of the first crystal structure of a class III plant peroxidase
(from peanut) (89) led to a molecular replacement solution for recombi-
nant HRP C (91), for which both crystals and heavy atom derivatives
had been obtained previously (76). This structure has been solved to
2.15 Å resolution, and is illustrated in Fig. 3 (see color insert).

The three-dimensional structure of HRP C is characterized by 10
prominent a-helices denoted A–J. These occupy similar three-dimen-
sional positions in all the peroxidase structures described to date for
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members of the plant peroxidase superfamily. There are also 13 struc-
turally conserved regions that have a root mean square deviation of
2.5 Å with respect to the Ca backbone atom positions of the other
known structures. A pairwise comparison of six representative peroxi-
dase structures shows that ascorbate peroxidase (class I) has the most
average core fold (91). HRP C, in common with peanut peroxidase, con-
tains three helices termed D′, F′, and F′′ that are additional to the core
peroxidase fold and not found within classes I and II of the superfamily.
HRP C contains a long insertion between helices F and G in which the
F′ and F′′ helices are situated. The local structure in this region is main-
tained overall by a disulfide bridge between Cys177 and Cys209. The
insertion is hypervariable among class III peroxidases, displaying con-
siderable variation in both number of residues and amino acid sequence
(15). It is still unclear how this additional structural feature relates to
the function of this class of peroxidases. What is known, however, is
that helix F′ provides additional contacts to the substrate access chan-
nel, some of which modulate the binding of aromatic donor molecules
(178). As many reactions thought to be catalyzed by plant peroxidases
in vivo involve the formation of radicals, it is tempting to speculate that
this region of the structure is involved in their retention or stabilization
(91, 179). Other aspects of the structure are examined in detail in the
following sections.

B. DISTAL REGION

1. Formation of Compound I

The distal region of HRP C (considered to be that region of the enzyme
lying above the plane of the heme when viewed in the usual orientation)
contains a number of amino acid residues with an essential role in
catalysis. Two of the most important are the distal arginine, Arg38, and
the distal histidine, His42, as highlighted in Fig. 4 (see color insert). It
was Poulos and Kraut who first proposed a mechanism for the formation
of compound I where the functions of these residues were defined (180).
Their ideas developed from a detailed analysis of the three-dimensional
structure of yeast cytochrome c peroxidase (169). Two critical premises
are that distal histidine accepts a proton from hydrogen peroxide, and
distal arginine helps to stabilize a charged intermediate (Fig. 5). It
has always been supposed that a similar mechanism should operate in
HRP C, given that the distal His and Arg residues are conserved in
all members of the plant peroxidase superfamily (24). Establishing the
mechanism of compound I formation in HRP C has been a major focus of
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FIG. 5. The role of distal heme pocket residues of HRP C in compound I formation.
A mechanism based on the original proposals of Poulos and Kraut (180), together with
results from site-directed mutagenesis studies at Arg38, His42 and Asn70 (Section IV,B).
The proximal heme ligand (His170) is omitted for clarity, but is shown in Fig. 4. There
is some evidence to suggest that a neutral Fe(III)–HOOH complex may be formed prior
to the Fe(III)–OOH complex shown in the scheme (192, 194). Note that the a-proton of
H2O2 is abstracted by His42, and the positively charged side chain of Arg38 assists in
stabilizing the transition state (‡).

site-directed mutagenesis studies. The relative contributions of heme
pocket residues to the rate of compound I formation can be assessed
from the data summarized in Table II.

The rate of compound I formation in HRP C is decreased by five
orders of magnitude when His42 is substituted by Leu (181), and by
six orders of magnitude when His42 is substituted by Ala (182). The
catalytic activity can be recovered in part by addition of 2-substituted
imidazoles (182), or by provision of a “surrogate” His residue, as with
the H42A:F41H HRP C double mutant (183). These results support the
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TABLE II

SUMMARY OF RATE CONSTANTS ASSOCIATED WITH THE FORMATION OF

COMPOUND I IN WILD-TYPE HRP C AND SELECTED SITE-DIRECTED

MUTANTSa, ACCORDING TO THE FOLLOWING SCHEME:

E+H2O2

k1
⇀↽

k−1

[E (H)OOH]
kc−→ compound I+H2O

HRP C k1(M−1 s−1) k−1 (s−1) kc (s−1) Refs.

WT 1.7 × 107 ≈3.0 × 10−1 ≈1.0 × 103 181
R38A 8.0 × 104 190
R38H 1.3 × 106 190
R38K 4.0 × 104 ≈2.0 × 10−1 >5.0 × 102 191
R38L 1.1 × 104 ≈1.4 × 102 181
F41V 2.1 × 106 68
H42A 1.9 × 101 182
H42A:F41H 3.0 × 104 183
H42A:N70D 3.7 × 101 186
H42D 1.3 × 103 b
H42E 4.9 × 103 184
H42E:R38S 3.2 × 101 b
H42L 1.4 × 102 ≈8.0 × 10−2 ≈7.0 × 10−2 181
H42Q 9.6 × 101 185
H42V:R38H 1.6 × 103 190
E64G 4.3 × 105 211
E64P 4.4 × 105 211
E64S 4.3 × 105 211
N70D 1.5 × 106 187
N70V 6.0 × 105 75
H170A 1.6 × 101 199
F172Y 1.6 × 107 203
F221W 1.5 × 107 204

a The location of the amino acid residues is shown in Fig. 4.
Single letter amino acid codes are used for the mutants.

b S. P. Jennings and A. T. Smith, unpublished data.

hypothesis that His42 functions by accepting a proton from hydrogen
peroxide, although a precise structural location for this site relative
to heme iron is not essential to achieve an intermediate rate of com-
pound I formation. An interesting series of studies considers the effect
of replacing His42 by Glu to give an enzyme that mimics in part the
distal pocket of chloroperoxidase (184, 185). An intermediate rate of
compound I formation can still be achieved with either H42E or H42D
HRP C, suggesting that these residues act as alternative proton accep-
tors but are only weakly basic. However, introduction of a weakly basic
residue at Asn70 to give H42A:N70D HRP C does not improve the rate
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of compound I formation in comparison to H42A HRP C (186). What is
also fascinating is that Arg38 is essential in order to retain an interme-
diate rate of compound I formation in the H42E HRP C mutant, but has
no obvious structural counterpart in chloroperoxidase. This is evident
from the two orders of magnitude decrease in the rate of compound I
formation for the H42E:R38S HRP C double mutant. The greater ac-
cessibility of the distal cavity of the H42E HRP C mutant gives rise to
improved peroxygenase activity compared to wild-type enzyme (185).
An important hydrogen bonding network extends from His42 to the
distal calcium binding site through Asn70 and Glu64 (Fig. 4), a struc-
tural feature conserved in all class III peroxidase structures solved to
date with the exception of barley (89–91). Asn70 assists in maintaining
the basicity of the His42 side chain through the Asn–His couple (Fig.
5) (75, 187–189). If the basicity of His42 is decreased, as in N70D and
N70V HRP C, this has implications not only for the rate of compound
I formation, but also for the rates of reduction of compounds I and II
(187).

Arg38 is not absolutely essential for compound I formation, but pro-
motes proton transfer to the side chain of His42, and stabilizes the
transition state for the heterolytic cleavage of the peroxide O–O bond
(Fig. 5) (181, 192). Stopped-flow kinetic studies of the reaction between
R38L HRP C and high concentrations of hydrogen peroxide at 10◦C have
revealed the presence of an intermediate formed prior to compound I
(192). In this case it appears that the absence of an arginine residue
at position 38 slows the rate of O–O bond cleavage sufficiently for an
intermediate to accumulate. Baek and Van Wart also observed a tran-
sient intermediate (denoted compound 0) formed prior to compound I
when studying the reaction between HRP C and hydrogen peroxide at
low temperatures (193). The UV-VIS spectra of these two intermedi-
ates are not the same. Harris and Loew used theoretical calculations
of electronic structure and spectra to predict that compound 0 was an
Fe(III)–OOH complex, and that the intermediate obtained in the case
of R38L HRP C was a neutral Fe(III)–HOOH complex (194).

2. Reduction of Compounds I and II

The mechanisms for the reduction of compounds I and II are less well
understood than the mechanism of compound I formation, although a
number of suggestions have been presented in the literature (24). It is
clear from site-directed mutagenesis studies that Arg38 and His42 are
also important in the reduction steps, although their precise role has
been difficult to define. A detailed mechanism for substrate oxidation
by plant peroxidases has been proposed, based on data from the crystal
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structure of a ternary complex of cyanide-ligated HRP C and ferulic acid
(195) (Section IV,F). Here it is assumed, with some justification, that
the orientation of ferulic acid in the pre-electron transfer complexes
formed transiently with compounds I and II is likely to be identical
to that in the ternary complex with cyanide-ligated HRP C. A second
assumption is that the position of Arg38 remains the same in both
compounds I and II and is unaffected by the binding of either ligands
or substrates. This is supported by the fact that its position is invariant
in crystal structures of HRP C (91), the complex of benzhydroxamic acid
and HRP C (196), the complex of ferulic acid and HRP C (195), and the
complex of ferulic acid with cyanide-ligated HRP C (195). Mechanisms
for the reduction of compounds I and II are illustrated schematically
in Fig. 6. One interesting feature is the participation of a Pro residue
(Pro139) that is conserved throughout the plant peroxidase superfam-
ily (see Fig. 1). The carbonyl group of Pro139 acts as a hydrogen bond
acceptor for a structurally conserved water molecule, which also acts
as a conduit for proton transfer from the hydroxyl group of ferulic acid
to the Ne2 atom of His42. The process of proton transfer is coupled to
electron transfer from ferulate to the exposed heme edge (the region
comprising C18H3 and C20H). A similar mechanism operates in com-
pound II reduction, except that an additional proton is transferred to
the ferryl oxygen from the protonated side chain of His42 (Fig. 6).

C. PROXIMAL REGION

The most important residue in the proximal region (considered to
be that region of the enzyme lying below the plane of the heme when
viewed in the usual orientation) is His170, which, as noted previously,
makes a covalent bond to the heme iron atom. In most publications it is
referred to as the proximal histidine residue. Other residues of interest
in this region are indicated in Fig. 4, including the conserved aspartic
acid residue, Asp247, the carboxylate side chain of which is hydrogen
bonded to His170 Nd1H. The strength of this interaction controls the
degree of imidazolate character imparted to the proximal histidine ring,
a feature that appears to be common among peroxidases of the plant
peroxidase superfamily (197). A useful experimental parameter corre-
lated directly to this Fe–His–Asp couple is the frequency of the Fe(II)–
imidazole stretching mode observed in resonance Raman spectra of the
ferrous enzyme. This is observed typically as a strong band (or bands)
between 200 and 250 cm−1 and can be correlated with the charge sta-
tus of the histidine ring from neutral imidazole to imidazolate, respec-
tively (198). In Fe(II) HRP C, the 54Fe isotopic shift was used to assign
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FIG. 6. Mechanisms for the reduction of compounds I and II of HRP C by ferulic
acid, after Henriksen et al. (195). This scheme is based on new information from the
1.45 Å resolution crystal structure of the ternary complex of ferulic acid and cyanide-
ligated HRP C (195). The direction of proton transfer is indicated by the dotted arrows.
The mechanism is discussed in Section IV,B,2, and the crystal structure data in Section
IV,F,4. Note that a distal site water molecule makes an important hydrogen bond with
the backbone carbonyl group of Pro139 (a residue conserved in all members of the plant
peroxidase superfamily).
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an intense band at 244 cm−1 to the Fe(II)–imidazole stretching mode
(199). The same mode has been assigned in a number of site-directed
mutants of HRP C, including R38G (241 cm−1), R38K (240 cm−1), R38L
(238 cm−1), F41V (242 cm−1), H42E (239 cm−1), H42L (238 cm−1), H42R
(242 cm−1 ), H42Q (239 cm−1) (103), N70D (238 cm−1), and N70V (238
cm−1) (187), indicating that substitution of a distal residue can lead to
a small decrease in the imidazolate character of the proximal His170
ring.

The reaction between H170A HRP C and H2O2 results in heme degra-
dation, rather than the formation of high oxidation state intermedi-
ates (compounds I and II were not detected by spectroscopic methods)
(200). Not surprisingly, the spin and coordination states of heme iron
are altered, in this case to 6-c LS and a small amount of 5-c HS. The
6-c LS state is achieved through His42 ligation at the distal site, and
aqua/hydroxo ligation at the vacant proximal site. Sufficient space ex-
ists in the cavity created by the His→Ala substitution for exogenous im-
idazole to bind and form a coordinate bond to heme iron. This improves
the catalytic activity of the mutant 1500-fold, but does not restore it to
that of the wild-type, the rate of compound I formation remaining 180-
fold lower (Table II). The restoration of full catalytic activity is compro-
mised by the inability of the H170A–imidazole complex to maintain a
fully 5-c state. This indicates that one major function of His170 is to
“tether” the heme iron atom and prevent formation of 6-c states (200).
The conserved proximal His–Asp hydrogen bond is an additional struc-
tural restraint in this respect, a role that may be as significant as the
modulation of the imidazolate character of the His ring. The properties
of the proximal His175→Gly mutant of CCP have been described in a
related study (201).

Relatively little has been published on other proximal site-directed
mutants of HRP C, the only residues to receive attention being Phe172
(202, 203), Tyr185 (202), and Phe221 (204). The kinetic and spectro-
scopic properties of F172Y HRP C are similar to those of wild-type
enzyme (202, 203). What is more interesting in this case is that two
compound I species can be detected. The first is formed at the same
rate as for wild-type enzyme, but decays rapidly to give the second,
presumably by electron transfer from the porphyrin radical cation to
the Tyr172 side chain. Thus, if amino acid side chains that are suscep-
tible to oxidation are located close to the heme, then the formation of
protein-based radicals may be promoted. Compound I of cytochrome c
peroxidase has a protein radical located on Trp191 (205, 206). The cor-
responding residue in HRP C is Phe221, which has been substituted by
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Trp in one investigation (204). On reaction of resting state F221W HRP
C with hydrogen peroxide the following reaction series was observed.

Fe(III)
k1−→ IA

kET−→ IB
k2−→ IC

k3−→ Fe(III) (8)

The intermediates IA and IC are equivalent to compounds I and II of
wild-type HRP C, whereas IB has a compound II-type UV-VIS absorp-
tion spectrum and an EPR spectrum characteristic of a Trp radical.
The rate of formation of compound I (k1) is similar to that of wild-
type enzyme, while the rate of electron transfer (kET) leading to the
formation of the Trp221 radical is 65 s−1. This reaction sequence is
comparable to that described for F172Y HRP C (203). The W191F CCP
mutant has also been studied and forms a transient porphyrin p-cation
radical on reaction with hydrogen peroxide (207, 208). This undergoes
an electron transfer step to yield a protein-based radical at Tyr236,
with kET = 54 s−1. A limited study of Y185F HRP C has been reported,
but no significant differences to the wild-type enzyme were observed
(202).

D. CALCIUM BINDING SITES

There are two calcium binding sites in HRP C, one distal and one
proximal to the heme plane, as illustrated in Figs. 3 and 7 (91). It is sig-
nificant that the spatial relationship between these sites and the heme
group is conserved (Fig. 1), at least among those class II and class III per-
oxidases for which crystal structure data are available (note that barley
peroxidase, BP1, is an exception). The donor ligands to calcium in each
site are shown in detail in Fig. 7. Distal calcium is seven-coordinate with
an O-donor ligand set provided by the side-chain carboxylates of Asp43
and Asp50, the side-chain hydroxyl of Ser52, the backbone carbonyl
atoms of Asp43, Val46, and Gly48, and a structural water molecule,
Wat15. Several of these calcium ligands originate from the loop region
delineated by the disulfide bridge from Cys44 to Cys49. Proximal cal-
cium is also seven-coordinate, with an O-donor ligand set provided by
the side-chain carboxylates of Asp222 and Asp230, the side-chain hy-
droxyls of Thr171 and Thr225, and the backbone carbonyls of Thr171,
Thr225, and Ile228. These calcium sites are identical in structure to
those of peanut peroxidase (PNP), the only exception being that the
residue equivalent to Ile228 of HRP C is Lys220 in PNP (89). The ex-
istence of two calcium binding sites may be a consequence of an early
gene duplication event during the evolution of both plant and fungal
peroxidases (51, 52).
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FIG. 7. The calcium binding sites of HRP C (detail). Ligands to the distal (A) and
proximal (B) calcium atoms are shown. The O-donor ligand sets are listed in Section
IV,D.

The presence of calcium in horseradish peroxidase was demonstrated
originally by Haschke and Friedhoff, working with the C and A (unspec-
ified, but likely to have been predominantly A2) isoenzymes (209). HRP
C and HRP A contain 2.0 ± 0.13 and 1.4 ± 0.19 moles calcium per mole
enzyme, respectively, as determined by atomic absorption spectroscopy.
Incubation in 6 M guanidinium hydrochloride and 10 mM EDTA for
4 hours at neutral pH and room temperature gave calcium-depleted en-
zymes with specific activities decreased by 40% and 15%, respectively.
The thermal stability of calcium-depleted HRP C was also reduced
compared to native enzyme. Reconstitution was successful only with
calcium-depleted HRP C (209). It remains to be established whether
this reflects true structural differences between the calcium binding
sites of the two isoenzymes, or is a consequence of the relatively harsh
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depletion protocols used. The fact that HRP C undergoes exchange with
45Ca2+, and HRP A does not, adds weight to the former hypothesis (209).
Comparison between the amino acid sequences of HRP C and HRP A2
indicates that all the residues involved in calcium binding are con-
served, with the exception of Ile228, which is replaced by Ala (15). The
calcium content of five neutral isoenzymes of horseradish peroxidase
(B1, B2, B3, C1, and C2) has been determined by atomic absorption
spectroscopy at 2 mol calcium per mol enzyme, as expected (33). Sub-
stitution of the calcium atoms of HRP C by either divalent metal cations
(Ba2+, Cd2+, and Sr2+) or lanthanides (Ln3+) can be achieved readily in
solution without compromising the structural and functional integrity
of the enzyme (210). Analysis of the paramagnetically shifted hyper-
fine resonances in the 1H NMR spectra of lanthanide-substituted HRP
C indicated that tyrosyl hydroxyl, glutamate carboxyl, and aspartate
carboxyl groups were involved in metal ion binding (210). Some evi-
dence for structural differentiation between the two calcium binding
sites has been obtained from a 113Cd2+ titration of calcium-depleted
HRP C monitored using 113Cd NMR spectroscopy (210).

Removal of calcium from HRP C has a significant effect not only on
enzyme activity and thermal stability, but also on the environment of
the heme group. The calcium-depleted enzyme has optical, EPR, and
1H NMR spectra that are different from those of the native enzyme
(211). Temperature dependence studies indicate that the heme iron
exists as a thermal admixture of high- and low-spin states. Kinetic
measurements at pH 7 show that k1, the rate constant for compound
I formation, is only reduced marginally from 1.6 ± 0.1 × 107 to 1.4×
107 M−1s−1, whereas k3, the rate constant for compound II reduction,
is reduced from 8.1± 1.6× 102 to 3.6× 102 M−1s−1 (reducing substrate;
p-aminobenzoic acid), 44% of its initial value (211). There can be little
doubt that this is the main reason for the loss of enzyme activity on
calcium removal.

Crystallographic work has confirmed the existence of structural con-
nections between the calcium binding sites and the heme group in HRP
C (Fig. 4) (91). One of the ligands to distal calcium, Wat15, is also hydro-
gen bonded to Glu64 Oe1, which shares an additional hydrogen bond
with another structural water molecule, Wat14. This water molecule
and the backbone carbonyl of Glu64 are hydrogen bonded to Asp70
Nd2H2, whereas Asp70 Od1 is hydrogen bonded to Nd1H of the distal
histidine, His42. It is noteworthy that Glu64 and Asp70, residues that
facilitate this connecting network of hydrogen bonds, are highly con-
served among plant peroxidases (15). Three site-directed mutants of
HRP C with Glu64 substituted by Gly (E64G), Pro (E64P), or Ser (E64S)
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have been studied in order to assess the importance of this residue for
calcium stabilization and enzyme activity (212). Their calcium content
is only 1 mol calcium per enzyme molecule, according to the results of in-
ductively coupled plasma emission spectroscopy. The kinetic properties
of the three mutants are significantly different from those of the wild-
type enzyme, but show little variation among themselves. A 20-fold re-
duction in the value of Vmaxwas recorded for hydroquinone oxidation un-
der steady-state conditions. Elementary reaction rates obtained using
stopped-flow techniques indicate that k1 is decreased from 1.4 ± 0.1×
107 (wild-type HRP C) to 4.3± 0.2× 105 M−1s−1 (all Glu64 mutants; see
Table II), a 33-fold reduction, whereas more moderate decreases were
noted for k2 (fivefold reduction) and k3 (twofold reduction). The main
contributions to the large decrease in k1 appear to be the increase in
the redox potential (Fe2+/Fe3+) of the mutants, and the reorientation
and decrease in basicity of His42. 1H NMR (resting and cyanide-ligated
states) and resonance Raman (resting and ferrous states) spectra have
been recorded for this series of mutants (212). The NMR spectra are
remarkably similar, indicating that replacement of Glu64 results in a
change to the electronic structure of the heme group that is indepen-
dent of the nature of the substitution. The perturbations to the chemical
shift values of the four heme methyl resonances of the resting states of
the Glu64 mutants are smaller than those reported for calcium-depleted
HRP C (211), which is consistent with the loss of only one calcium atom.

The proximal calcium binding site is coupled to the heme group by
virtue of the fact that one of its ligands, Thr171, is adjacent to the
proximal histidine residue, His170 (Fig. 4). The results of site-directed
mutagenesis studies at this position are awaited with interest. An il-
lustration of the importance of both calcium sites to the structure and
function of HRP C is afforded by the need to incorporate calcium as
a component of in vitro folding mixtures to obtain active recombinant
enzyme from solubilized inclusion bodies (64).

E. LIGAND BINDING SITES

Interactions between small molecules and HRP are an important
source of information about structure and reactivity at the heme group
and its immediate environment. Several reviews are available in which
ligand binding, and kinetic and spectroscopic characterization of the
complexes are described (predominantly for HRP C rather than for
other isoenzymes) (8, 23, 24). HRP ligands can be broadly classified
into two groups on the basis of whether they bind to the vacant sixth
coordination site of heme iron or not. Certain species such as iodide and
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thiocyanate bind at a site equidistant from heme methyls C2 and C18,
according to 1H and 15N NMR studies (213, 214). There is no coordina-
tion to the heme iron atom and binding is relatively weak; at pH 4.0
the Kd for thiocyanate binding to HRP C is 158 ± 19 mM (214). The
second group of ligands coordinate directly to heme iron and include
species such as azide, carbon monoxide, cyanide, and fluoride. It is im-
portant to emphasize the fact that azide, cyanide, and fluoride bind to
HRP C in their protonated forms (215, 216). Carbon monoxide (and also
dioxygen) binds only to reduced HRP C, that is, to the ferrous or Fe(II)
form (217). One of the most characteristic features of ligand binding
to resting state HRP C is a change in the spin state of heme iron. The
fluoride and cyanide complexes are 6-c HS (S = 5

2) and 6-c LS species
(S = 1

2), respectively, whereas the azide complex can best be described
as having an intermediate spin state. The Fe(II)–CO complex of HRP
C is diamagnetic (S = 0).

Ligands bound at the sixth coordination site of peroxidases engage
in hydrogen bonded interactions with the side chains of amino acid
residues in the distal pocket. Crystal structure data obtained for the
ferulic acid complex of cyanide-ligated HRP C (Section IV,F,4) indicates
potential hydrogen bonds from Arg38 NeH and His42 Ne2H (note that
the proton from HCN is accepted by the His42 Ne2 atom on binding)
to the cyanide nitrogen (195). Evidence that the protonated His42 side
chain can form two types of hydrogen bond to bound cyanide has been
obtained using resonance Raman spectroscopy (218). A crystal struc-
ture for the fluoride complex of CCP has been determined by difference
Fourier techniques and partially refined to 2.5 Å (219). In this com-
plex the distal Arg residue was displaced by 2.0 Å in order to optimize
hydrogen-bonded interactions with the bound fluoride ligand, whereas
a smaller adjustment of 0.5 Å was reported for the distal His side chain.
A survey of the fluoride complexes of class I, II, and III peroxidases (and
selected site-directed mutants) has been made using resonance Raman
spectroscopy (220) and confirms the important contribution made by
the distal Arg and His residues to ligand stabilization. It seems likely
that the distal His residue accepts a proton from HF and establishes
hydrogen-bonded contact with the fluoride anion through a bound water
molecule.

The role of Arg38 and His42 in the stabilization of Fe(II)–CO com-
plexes of HRP C has been investigated using site-directed mutagenesis
(221–223). CO recombination rates after photolysis of the reduced en-
zymes increase in the order wild-type < H42R < H42L < R38L (221).
The overall increase in CO affinity on replacing Arg38 by Leu is three
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orders of magnitude relative to wild-type enzyme (221). Recombination
of CO to Fe(II) HRP A2 and HRP C isoenzymes has been compared
(224). Two conformers of the CO complex with Fe(II) HRP C can be de-
tected at neutral pH. These result from differences in the nature of hy-
drogen bonded interactions between the ligand and the distal residues
Arg38 and His42 (222, 223). Formation of ternary complexes between
aromatic donor molecules of the type Ar–CONHX (X = H, OH, NH2,
CH3) and Fe(II)–CO HRP C removes the conformational heterogeneity
of the CO unit (225). Arg38 and His42 impede the binding of dioxygen
to Fe(II) HRP C, according to the analysis of association and dissocia-
tion rate constants obtained for wild-type enzyme and the site-directed
mutants, R38G, R38K, R38L, R38S, H42L, and H42R (226). This oxy-
ferrous complex is also known as compound III and may be written in
formal terms as either Fe(II)–O2 or Fe(III)–O2

−. A transient interme-
diate has been detected by rapid-scan stopped-flow spectrophotometry
when oxyferrous R38S HRP C decays to the ferric form (i.e., during the
reaction Fe(II) O2 −→ Fe(III) + O2

−). The Fe(II) form of R38S HRP
C shows the greatest affinity for dioxygen of all the mutants studied
(226).

F. AROMATIC DONOR MOLECULE BINDING SITES

The observation that HRP C forms stable, reversible 1 : 1 complexes
with a variety of aromatic donor molecules in the absence of hydrogen
peroxide (227, 228) has prompted an extensive research effort into the
structure and location of possible binding sites (21, 229). Almost ev-
ery spectroscopic technique has been exploited in this endeavor, and it
is worth noting that the first crystal structure data for a horseradish
peroxidase:aromatic donor molecule complex only became available as
late as 1998 (196), approximately quarter of a century after the first re-
search papers on this subject appeared in the literature (227, 228). An
overview of the application of spectroscopic techniques to horseradish
peroxidase has been published (23). There are many reasons for the
high level of interest in these complexes, among them the fundamental
insights sought into the interaction of horseradish peroxidase with sub-
strates (whether physiological or nonphysiological), and the extensive
applications of the enzyme in which aromatic donor molecules are an in-
tegral part. The advent of site-directed mutagenesis in HRP C offers the
opportunity, in principle, to “design” substrate binding sites for small
organic molecules, and although specific applications have yet to be
realised, many useful data have been obtained for future exploitation.
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FIG. 8. Selected examples of aromatic donor molecules that form complexes with HRP
C. The apparent dissociation constant for complex formation with the resting state plant
enzyme is given (original references should be consulted for details of solution condi-
tions and error estimations). (1) 2-Naphthohydroxamic acid (228); (2) benzhydroxamic
acid (228); (3) 2-hydroxybenzhydroxamic acid (salicylhydroxamic acid) (228); (4) benzhy-
drazide (228); (5) cyclohexylhydroxamic acid (228); (6) 4-methylphenol (p-cresol) (192);
(7) 2-methoxyphenol (guaiacol) (192); (8) indole-3-propionic acid (241); (9) p-coumaric acid
(238); (10) aniline (243).

1. Donor Molecule Complexes of HRP C

A representative selection of aromatic donor molecules that bind to
HRP C is shown in Fig. 8. The complexes can be formed with either
the resting state of the enzyme, or with one of the ligand-bound forms,
most commonly the cyanide-ligated state. In general little selectivity
is shown by the enzyme, with most aromatic amines, indoles, phenols,
and cinnamic acid derivatives exhibiting dissociation constants in the
millimolar range (typically from 3 to 25 mM). However, aromatic hy-
droxamic acids, such as benzhydroxamic or naphthohydroxamic acids
bind more strongly, with Kd values in the micromolar range (228).
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Benzhydroxamic acid has become the donor molecule most favored by
spectroscopists and crystallographers as a probe of the binding site. It
has no known physiological role, although naturally occurring hydrox-
amic acids based on the 4-hydroxy-1,4-benzoxazin-3-one skeleton are
common in the Gramineae (the grass family), where they are involved
in plant defense (230), or as inhibitors of the binding of 1-naphthylacetic
acid to auxin receptors (231, 232). Benzhydroxamic acid is also struc-
turally similar to and isoelectronic with perbenzoic acid, an efficient
oxidant of the enzyme (233). In a comprehensive study of the interac-
tions between HRP C and a series of hydroxamic acids, hydrazides, and
amides, Schonbaum concluded that there was no direct coordination
between the hydroxamic acid side chain and heme iron, and noted that
hydroxamate anions and hydrazide cations do not bind to the enzyme
(228). His prediction that the aromatic donor molecule binding site must
be “a heme-linked, extended, largely apolar region of horseradish per-
oxidase” has been substantiated by later work.

Structural information on aromatic donor molecule binding was ob-
tained initially by using 1H NMR relaxation measurements to give dis-
tances from the heme iron atom to protons of the bound molecule. For
example, indole-3-propionic acid, a structural homologue of the plant
hormone indole-3-acetic acid, was found to bind approximately 9–10 Å
from the heme iron atom and at a particular angle to the heme plane
(234). The disadvantage of this method is that the orientation with re-
spect to the polypeptide chain cannot be defined. Other donor molecules
examined include 4-methylphenol (p-cresol) (235), 3-hydroxyphenol (re-
sorcinol), 2-methoxy-4-methylphenol and benzhydroxamic acid (236),
methyl 2-pyridyl sulfide and methyl p-tolyl sulfide (237), and L-tyrosine
and D-tyrosine (238). Distance constraints of between 8.4 and 12.0 Å
have been reported (235–238). Aromatic donor proton to heme iron dis-
tances of 6 Å reported earlier for aminotriazole and 3-hydroxyphenol
(resorcinol) are too short because of an inappropriate estimate of the
molecular correlation time (239), a parameter required for the calcula-
tions. Distance information for a series of aromatic phenols and amines
bound to Mn(III)-substituted HRP C has been published (240).

The relationship between the aromatic donor molecule binding site
and the heme group has been explored further using 1D and 2D 1H
NMR, and enzyme inactivation studies (see Section III, D). Nuclear
Overhauser enhancement data obtained in 1D NOE and 2D NOESY
experiments (these provide information on proton–proton distances in
a structure, with an upper limit of 5 Å) indicate that binding occurs
relatively close to heme methyl C18H3 (229), in agreement with the
conclusion from inactivation work that substrates interact with the
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“exposed” heme edge comprising heme methyl C18H3 and the heme
meso proton C20H. Early models of the binding site are not in agree-
ment, however (236, 241). In the case of 4-methylphenol (p-cresol) and
indole-3-propionic acid, Morishima and Ogawa proposed a sterically
restricted region on the distal side of the heme plane close to a wa-
ter molecule bound at the vacant sixth coordination site of heme iron
(241). They considered that the side chain of benzhydroxamic acid coor-
dinated directly to heme iron in the complex formed with resting state
HRP C, contrary to the earlier work of Schonbaum (228). Sakurada
and co-workers described a site for benzhydroxamic acid on the prox-
imal side of the heme plane, with the donor molecule bound between
heme methyl C18H3 and the aromatic ring of Tyr185 (236). The partici-
pation of aromatic amino acid side chains as components of the binding
site was anticipated previously (242), and supported by the observa-
tion of Paul and Ohlsson that HRP C is retained by phenyl-Sepharose
and not octyl-Sepharose in column chromatography (243). However, a
tyrosine side chain in close proximity to the heme group would be sus-
ceptible to oxidation by one of the high oxidation state intermediates
of HRP C. For example, Tyr103 of metmyoglobin (situated 3.3 Å from
the terminal carbon of one of the heme vinyl groups) is readily oxi-
dized by the ferryl species generated on addition of H2O2 to the protein
(244). This high oxidation state intermediate is similar to compound
II of plant peroxidases. It is in fact the side chains of phenylalanine,
and not tyrosine residues, that contribute to aromatic donor molecule
binding in HRP C, as demonstrated subsequently by 1H NMR analysis
of complexes with indole-3-propionic (245) and ferulic acids (229, 246)
in which NOE connectivities between enzyme and donor molecule were
recorded. The sequence-specific identification of these phenylalanine
residues has been achieved using a combination of site-directed muta-
genesis, 1H NMR, and X-ray crystallography. The principal subjects for
these investigations have been the complexes formed between either
resting or cyanide-ligated HRP C, and benzhydroxamic acid.

2. The Benzhydroxamic Acid Complex of Resting-State HRP C

The X-ray crystal structure of the benzhydroxamic acid complex of
resting state HRP C has been solved to 2.0 Å resolution (196). Impor-
tant structural elements of the binding site are illustrated in Fig. 9 (see
color insert). The donor molecule is located on the distal side of the heme
plane and makes both hydrogen-bonded and hydrophobic interactions
with the enzyme. Arg38, His42, Pro139, and a distal water molecule lo-
cated 2.6 Å above heme iron contribute to an extensive hydrogen bond



P1: FXS/FOO P2: FKH
Advances in Inorganic Chemistry PS006-03 August 18, 2000 10:37 Stylefile version:April 24, 2000

HORSERADISH PEROXIDASE 141

TABLE III

SUMMARY OF DISSOCIATION CONSTANTS DETERMINED

FOR COMPLEXES BETWEEN BENZHYDROXAMIC ACID (2)
AND RESTING STATE HORSERADISH PEROXIDASE a

Enzyme Kd(mM) Reference

Plant HRP A2 2480 41
Plant HRP C 2.4 228
WT HRP C 2.1 ± 0.2 251
R38L 12100 ± 700 181
F41A 1.3 ± 0.3 249
F41V 1.2 ± 0.1 68
H42L 2900 ± 500 181
F68A 11.4 ± 0.3 249
N70D 970 ± 80 189
F142A 8.7 ± 0.2 251
F143A 2.8 ± 0.1 251
F179A 72.4 ± 2.5 178
F179H 13.9 ± 0.4 178
F179S 42.5 ± 1.1 178

a The Kd values determined for wild-type plant
enzymes are given at the head of the table, followed
by data obtained for wild-type recombinant HRP
C and site-directed mutants of HRP C. Solution
conditions typically 10–50 mM sodium phosphate
or 10 mM sodium MOPS, pH 7.0, 25◦C.

network with the hydroxamic acid side chain. Comparison of the amino
acid sequences available for class III peroxidases indicates that Arg38,
His42, and Pro139 are invariant (15). Substitution of Arg38 by Lys (191)
or Leu (181), or His42 by Leu (181), leads to a dramatic decrease in the
affinity of the enzyme for benzhydroxamic acid (Table III). The coordi-
nation state of heme iron in the complex has been disputed. Although
the distance between heme iron and the distal water molecule in the
complex (2.6–2.7 Å) is shorter than that in the enzyme alone (3.2 Å),
analogous Fe–ligand distances determined from crystal structure data
available for six-coordinate peroxidase complexes fall within the range
of 1.8 to 2.2 Å (247). Resonance Raman data obtained both for single
crystals and in solution demonstrates clearly that the benzhydroxamic
acid complex with resting state HRP C is six-coordinate (248). These
results disagree with the assignment of heme iron as five-coordinate
based on an analysis of hyperfine-shifted resonances in 1H NMR spec-
tra of the complex (99). What cannot be denied, however, is the fact that
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the distal water molecule exerts a powerful influence on the electronic
structure of heme iron. It may be that in these systems an Fe–H2O
distance of 2.6 Å effectively represents a six-coordinate state.

The aromatic ring of benzhydroxamic acid makes hydrophobic con-
tacts with the side chains of Phe68, Gly69, Ala140, Pro141, Phe179,
heme methyl C18H3, and the heme meso proton C20H. Substitution of
Phe68 by Ala leads to a relatively small decrease in affinity for benzhy-
droxamic acid (×5) (249) whereas the corresponding decrease for the
F179A HRP C mutant is more significant (×35) (178) (Table III). One of
the most intriguing features of the crystal structure data is the reori-
entation observed for the side chain of Phe68 in the complex compared
to native enzyme, raising the possibility that it might operate as a “lid”
for the donor molecule binding site (196). It may be that crystal packing
forces are responsible in part for this phenomenon, but corroborative
evidence that the binding site is a relatively mobile region exists from
NMR studies (178, 249–251). Henriksen and co-workers noted that ro-
tation of the Phe68 side chain would be necessary to accomodate the
larger 2-naphthohydroxamic acid (Fig. 8) in the binding site (as de-
fined crystallographically). This would allow the aromatic ring system
to make additional hydrophobic contacts with Phe142 and Phe143 at
the periphery of the binding site, and affords an explanation for the 10-
fold greater affinity of this molecule for HRP C (Kd = 0.2mM), compared
to benzhydroxamic acid (228), assuming that the hydrogen bonded in-
teractions made by the two hydroxamic acid side chains are the same.
What is clear, however, is that both hydrogen bonded and hydrophobic
interactions are necessary for “high” affinity binding of aromatic donor
molecules to HRP C. Where hydrogen bonded interactions are absent or
limited, as with donor molecules other than the aromatic hydroxamic
acids, Kd values fall in the millimolar range (Fig. 8). In this case, substi-
tution of Arg38 (critical to aromatic hydroxamic acid binding) has little
effect; for example, the Kd values for guaiacol and p-cresol binding to
R38L HRP C, 22.5 ± 1.0 and 7.4 ± 1.2 mM, respectively, represent no
more than a twofold loss of binding affinity compared to wild-type re-
combinant HRP C (9.6± 0.1 and 2.9± 0.1 mM, respectively) (192). The
1.6 Å resolution crystal structure of the benzhydroxamic acid complex
formed by resting state Arthromyces ramosus peroxidase affords an ex-
ample of a binding site where hydrophobic contacts to the aromatic ring
of the donor molecule are lacking (252). Although the hydroxamic acid
side chain makes productive hydrogen bonds with Arg, His, and Pro
residues equivalent to those of HRP C, the Kd value for the interaction
is only 3.7 mM (253).
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3. Benzhydroxamic Acid Complexes of Cyanide-ligated HRP C

Cyanide-ligated HRP C binds benzhydroxamic acid more weakly than
the resting state enzyme, with Kd values of 0.15 mM (50 mM potassium
phosphate, pH 6.0, 25◦C) and 0.095 ± 0.005 mM (20 mM potassium
phosphate, D2O, pD 7.6, 30◦C) reported for the ternary complex (228,
250). It has been argued that complexes formed with this six-coordinate
low-spin form of the enzyme are a better model for any transient pre–
electron transfer complexes formed between donor molecules and com-
pounds I or II than complexes formed with the resting-state enzyme.
The perturbation of the heme pocket due to the presence of ferryl oxy-
gen in compounds I and II may be similar to that introduced by cyanide,
which binds at the same coordination site. It must also be noted that
the ternary complex is more amenable to NMR analysis, because of the
superior spectral resolution and narrower linewidths in the 1H spec-
trum of the low-spin cyanide-ligated enzyme (254). This has permitted
the specific assignment of many heme and heme-linked proton reso-
nances (255, 256, and references therein) that are relevant to donor
molecule binding, most of which cannot be located with certainty in the
corresponding spectra of the resting state enzyme (99). NOE connec-
tivities can be detected in 2D NOESY spectra of the ternary complex
between the aromatic protons of benzhydroxamic acid and heme methyl
C18H3, heme propionate C171aH, His42 Ce1H, Phe68 ArH, Ala140
CbH3, Phe179 ArH, and Ile244 CdH3 (246, 250, 256). A number of ad-
ditional NOE constraints were obtained using the methyl group of a
series of monomethyl-substituted benzhydroxamic acids as a probe of
the binding site environment (250). These results agree well with crys-
tal structure data for the benzhydroxamic acid complex of resting state
HRP C (196), but there is no independent structure for the ternary com-
plex available for comparison as yet. Chang and colleagues used NOE
distance constraints derived from NMR experiments as verification for
a theoretical model of benzhydroxamic acid bound to cyanide-ligated
HRP C (179). This model was constructed using a computer-aided ap-
proach based on the crystal structure of the resting state enzyme and
the programs, AUTODOCK and AMBER. The most favorable mode of
benzhydroxamic acid binding selected using these procedures was in
good agreement with the experimental NOE data. In this model, the
hydroxamic acid side chain engages in hydrogen bonds with Arg38,
His42, Pro139, and the nitrogen atom of the cyanide ligand.

The ternary complex of benzhydroxamic acid and cyanide-ligated
HRP C is heterogenous to the extent that two binding “modes” can be
detected by NMR (250, 257). Their relative proportions are determined
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by integration of the two components (termed “Y” and “Z”) of the heme
methyl C18H3 resonance at saturation, which represent the ternary
complexes formed. The dynamics of the interrelationship between the
two bound complexes of benzhydroxamic acid and free benzhydroxamic
acid have been analyzed in detail (257). The Y and Z complexes are in
fast to intermediate, and slow exchange, respectively, on the NMR time
scale. They interconvert at a rate of approximately 2× 102 s−1 (25◦C),
which falls in the slow exchange regime. Measurement of benzhydrox-
amic acid on and off rates indicates that the Y complex is 10 times
more labile than the Z complex. At 25◦C, the ratio of the two complexes
(Y : Z) is approximately 2 : 1, with the proportion of the Z complex in-
creasing to approximately 50% as the temperature is decreased to 5◦C.
There appear to be no differences between the NOE connectivities ob-
served from either the Y or the Z component of the C18H3 resonance,
indicating that the two complexes are not the result of two alternative
orientations of benzhydroxamic acid when bound to the enzyme (257).
The chemical shift profile of the C18H3 resonance of the ternary com-
plex of F142A HRP C indicates a marked decrease in the proportion
of the Z component (to less than 10%) (251). Furthermore, this compo-
nent is absent from the corresponding C18H3 resonance profiles of the
ternary complexes of F68A and F179A HRP C (178, 249). It seems likely
that the heterogeneity observed for the complexes of the cyanide-ligated
enzyme is due to alternative orientations of one or more of the pheny-
lalanine side chains that participate in aromatic donor binding. This is
supported by the observation from crystal structure data that Phe68
adopts an alternative orientation when benzhydroxamic acid is bound
to resting-state enzyme (196). Furthermore, the side chain of Phe142
experienced substantial movement when the model ternary complex
was subjected to an 180-ps molecular dynamics simulation (179). The
relative contributions of Phe68, Phe142, and Phe179 to the affinity of
cyanide-ligated HRP C for benzhydroxamic acid have been assessed
using site-directed mutagenesis (178). Substitution by Ala results in a
decrease in binding affinity in the order Phe179 > Phe 68 > Phe142.

4. Ferulic Acid Complexes of HRP C

The crystal structures of two ferulic acid complexes of HRP C have
been solved, one with resting state enzyme (to 2.0 Å resolution) and
the other with the cyanide-ligated enzyme (to 1.45 Å resolution) (195).
These represent a major achievement for the crystallography of per-
oxidase complexes. The binary complex is heterogenous, according to
the 2Fo–Fc omit difference electron density map of the active site. The
disordered density observed has been interpreted in terms of three
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possible ferulic acid binding modes, only two of which can represent
in vivo interaction with compounds I and II. In contrast, the ternary
complex is well defined, with a single unambiguous binding mode for
ferulic acid (Fig. 10; see color insert). The structure of the binding site
is similar to that described for benzhydroxamic acid; thus, there are
hydrogen-bonded and hydrophobic interactions between donor molecule
and enzyme, but an important difference is that ferulic acid is located
further from the heme group than benzhydroxamic acid. Hydrogen
bonds are found between the phenolic oxygen and both Arg38 NhH2

and an active site water molecule, as well as between the same N atom
and the methoxyl oxygen of ferulic acid. The active site water molecule
is also hydrogen-bonded to Pro139 CO and the N atom of the cyanide
ligand. Principal hydrophobic interactions are those with Phe68, Gly69,
Pro139, Ala140, Phe142, Phe179, heme methyl C18H3, and heme meso
proton C20H. The orientation and location of ferulic acid in the binding
site is in good agreement with the results of earlier NMR studies of the
ternary complex (229, 246).

5. Rational Design of Substrate Binding Sites

One of the many important applications of HRP C is in chemilumines-
cent reactions, the most widely used of which involves the peroxidase-
catalysed oxidation of luminol to yield 3-aminophthalate and light
(Section V, B). However, the luminol oxidation activity of the fungal
peroxidase from Arthromyces ramosus (ARP, CIP) is 500-fold greater
than that of HRP C, and the luminescence produced per unit of peroxi-
dase at least 100 times as strong (258). Three site-directed mutants of
HRP C have been constructed in order to mimic the putative binding
site for luminol in ARP, namely S35K, Q176E, and the double mutant
S35K:Q176E (259). The rationale employed here is the introduction of
charged residues to maximize electrostatic interactions with the po-
lar groups of luminol (the equivalent residues in ARP are Lys49 and
Glu190). S35A and Q176A HRP C were also produced as controls. The
catalytic efficiency for luminol oxidation was increased slightly by the
mutations S35K (Vmax/Km = 71.9) and S35K:Q176E (Vmax/Km = 105),
compared to that of wild-type HRP C (Vmax/Km = 55.4). It is clear that
the introduction of these charged residues into HRP C alone is insuf-
ficient to recreate the luminol oxidation activity of ARP, for which a
Vmax/Km value of 23,400 has been recorded. Improvement of the lumi-
nol binding affinity of HRP C by engineering additional electrostatic
interactions is likely to be compromised by the negative impact of the
hydrophobic side chains that constitute the donor molecule binding
site. It should also be emphasized that the nature of the relationship
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between substrate binding affinity and activity remains unclear at
present.

6. Donor Molecule Complexes of HRP A2

Much less is known about the structural basis for the interaction
of aromatic donor molecules with HRP A2, and no crystal structure
data are available as yet. In fact, HRP A2, with only 54% amino acid
sequence identity to HRP C, can be considered as a distinctive enzyme
with closer affinities to the acidic peroxidase isoenzyme from the tobacco
plant, Nicotiana tabacum (132). The affinity of resting-state HRP A2
for benzhydroxamic acid is reduced greatly compared to HRP C (41),
and a similar situation exists for the ternary complexes formed with the
cyanide-ligated enzymes (229, 251). In dynamic terms, the binding of
benzhydroxamic acid to cyanide-ligated HRP A2 falls in the moderately
fast regime on the NMR time scale, and the complex is homogeneous
(229). It is interesting to note that the ternary complex of F179A HRP
C is similar to HRP A2 in terms of both binding affinity and dynamics
(178). HRP A2 has a valine residue at this position (Val179), rather
than the phenylalanine of HRP C (15). No doubt this is one of several
factors that contribute to its reduced affinity for benzhydroxamic acid.

V. Applications

A. CHEMICAL TRANSFORMATIONS

The uses and applications of horseradish peroxidase in organic syn-
thesis have been reviewed (260, 261). As a reagent it offers several ad-
vantages, including wide commercial availability, good stability under
a range of conditions, and broad substrate specificity. Future develop-
ments are likely to focus on the increased use of site-directed mutants of
HRP C to improve stereo- and enantiospecificity in reactions of interest.
As yet these enzymes are not available commercially.

Oxidation of phenols and aromatic amines using HRP is generally
of little synthetic value, as oligomers and polymers are the main prod-
ucts (5, 260). Under certain conditions oxidative coupling of phenols
or naphthols to give biaryls can be achieved, but with low selectivity
(262). In contrast, HRP can catalyze a number of useful oxidative N-
and O-dealkylation reactions that are relatively difficult to carry out
synthetically. This area has been described in detail by Meunier (263).
A method for the preparation of optically active hydroperoxides using
HRP C has been developed (264). Optically pure (S)-hydroperoxides
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and (R)-alcohols are obtained from reaction of racemic secondary alkyl
aryl hydroperoxides with HRP C in the presence of guaiacol (2-meth-
oxyphenol). Catalytic efficiency is reduced significantly if HRP A isoen-
zymes are used in place of HRP C. Enantioselective reduction of racemic
hydroperoxy homoallylic alcohols to optically active hydroperoxy alco-
hols and unsaturated diols can also be achieved using HRP (265).

The catalysis of oxygen-transfer reactions by peroxidases is of inter-
est synthetically, as high selectivity can be achieved under relatively
mild conditions (260, 261). Site-directed mutagenesis has been used
to improve the enantioselectivity of HRP-catalyzed oxidation of aryl
methyl sulfides. F41L HRP C shows both increased rates of sulfoxida-
tion and better enantioselectivity than wild-type enzyme; for example,
the rate of sulfoxidation of phenyl ethyl sulfide is increased 4-fold and
the enantioselectivity improved from 35 to 94 enantiomeric excess (%)
(266). In contrast, F41T HRP C shows increased rates of sulfoxidation
but lower enantioselectvity than wild-type enzyme (266). F41A, H42A,
and H42V HRP C oxidize thioanisole at rates greater than those of the
wild-type enzyme, but there is no significant change in enantioselecti-
vity. These mutants are also able to catalyze the epoxidation of styrene,
in marked contrast to wild-type enzyme, where only trace amounts of
styrene oxide can be produced under the same conditions (267). Epoxi-
dation of styrene can be achieved using HRP if the enzyme is incubated
with H2O2 in the presence of a mediator such as 4-methylphenol, al-
though styrene oxide is not the sole product of the reaction (268). The
site-directed mutagenesis studies indicate that Phe41 and His42 hinder
the approach of substrates to the oxoferryl iron of compound I. Improv-
ing access to this site by making substitutions with smaller amino acid
residues offers the potential to develop oxygen transfer chemistry com-
parable to that achieved using cytochrome P450. Mechanisms of sul-
foxidation by HRP, the H64S mutant of sperm whale myoglobin, and a
synthetic model porphyrin have been compared in one communication
(269).

Selective hydroxylation of some aromatic compounds can be achieved
using HRP C in the presence of oxygen and dihydroxyfumaric acid (270).
This process afforded L-DOPA from L-tyrosine, D-(−)-3,4-dihydroxy-
phenylglycine from D-(−)-4-hydroxyphenylglycine, and L-epinephrine
(adrenalin) from L-(−)-phenylephrine in yields of up to 70%.

B. BIOTECHNOLOGY

Horseradish peroxidase is one of the most versatile biocatalysts avail-
able to the biotechnology industry, with applications that continue to be
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refined as our knowledge about the enzyme increases. HRP is relatively
stable, shows a wide substrate specificity, and is easily coupled to other
molecules such as antibodies or oligonucleotide probes. It may also be
immobilized on solid media such as the surface of electrodes. Tradi-
tionally its main use has been in the analytical field, where molecules
of interest can be detected and quantitated through the measurement
of peroxidase activity. The literature available on HRP applications is
extensive, and patent databases should not be overlooked as a source
of information. Many of the most important uses have been described
in a review (271).

Coupled enzyme assays have been developed for the determination of
substances as diverse as glucose, uric acid, and cholesterol, the principal
application being quantitation in biological fluids such as blood, plasma,
and urine. Typical examples are illustrated by Eqs. (9)–(12).

D-Glucose+O2 + H2O
glucose oxidase−→ D-Gluconolactone+ H+ + H2O2 (9)

H2O2 + Sred
HRP −→ H2O+ Sox (10)

Uric acid+O2 + 2H2O
uricase−→ Allantoin+H2O2 + CO2 (11)

H2O2 + Sred
HRP −→ H2O+ Sox (12)

HRP substrates (Sred) can be selected to give products that can be
monitored easily by colorimetric, fluorometric or chemiluminescent
methods. A popular choice in colorimetric assays is 3,3′,5,5′-tetrameth-
ylbenzidine (TMB), a colorless substance that gives a blue product
(Sox) on oxidation. Important considerations when choosing suitable
substrates are cost, safety, sensitivity, solubility, and stability. It is
sometimes necessary to use a substrate that gives an insoluble colored
product, for example, in histochemical staining or membrane-bound
immunoassays.

Chemiluminescent assays, which most commonly involve the oxida-
tion of luminol or its derivatives to yield 3-aminophthalate and light,
are particularly sensitive and widely used (272). The sensitivity can be
increased further by addition of enhancers (273), an example of which
is 4-iodophenylboronic acid (274). One advantage of using HRP in clin-
ical assays is that few inhibitors of the enzyme are found in biological
fluids, thus reducing the possibility of errors in quantitative work. It
is important to ensure that the amount of enzyme available is suffi-
cient to convert hydrogen peroxide stoichiometrically in the peroxidase-
catalyzed reaction step. Most diagnostic test kits contain an excess of
HRP, which also allows for any decrease in activity on storage (275). In
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the case of “dry” kits, which are commonly used in clinical applications,
the enzymes may be immobilized on thin films or electrodes. Conjuga-
tion of HRP to antibodies, immunoglobulins, DNA probes, and other
biomolecules using bifunctional crosslinking reagents is employed rou-
tinely for use in immunoassays and immunodiagnostic kits (276–279).
In these systems it is usually convenient to detect peroxidase activity
colorimetrically.

Environmental applications of HRP include immunoassays for pesti-
cide detection and the development of methods for waste water treat-
ment and detoxification. Examples of the latter include removal of aro-
matic amines and phenols from waste water (280–282), and phenols
from coal-conversion waters (283). A method for the removal of chlo-
rinated phenols from waste water using immobilised HRP has been
reported (284). Additives such as polyethylene glycol can increase the
efficiency of peroxidase-catalyzed polymerization and precipitation of
substituted phenols and amines in waste or drinking water (285). The
enzyme can also be used in biobleaching reactions, for example, in the
decolorization of bleach plant effluent (286).

New applications for HRP are likely to develop from current re-
search into biocatalytic reactions in nonaqueous solvents (287). Well-
established patterns of reactivity can change dramatically outside of
the aqueous environment. One example is the hydroxylation of aro-
matic hydrocarbons in aqueous solution, a reaction catalyzed by cy-
tochrome P450 but not by HRP. Hydroxylation of benzene can be car-
ried out efficiently by polyethylene-glycolated HRP if benzene is used
as the solvent for the reaction (288). The structural reasons for this
surprising change in reactivity have been examined by resonance Ra-
man spectroscopy (289). A contributory factor is improved substrate
access to heme iron, the result of disruption to hydrogen bonding net-
works in the heme pocket. The oxidation of o-phenylenediamine in an-
hydrous benzene can be catalyzed by a surfactant-HRP complex (290),
a new application with implications for the treatment of carcinogens in
waste organic solvents. A biosensor for the detection of compounds in
organic solvents has also been developed by immobilization of HRP on
a dimethylformamide–polyhydroxyl cellulose organohydrogel (291).

C. FOLDING AND STABILITY

The stability of peroxidases under nonequilibrium conditions (which
apply in most applications) is related in part to their affinity for calcium.
It is known that addition of calcium can increase the shelf-life of stored
HRP and maintain the activity of the enzyme. It is also an essential
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requirement for successful refolding of recombinant HRP C (64). The
heme group contributes to thermodynamic stability and resistance to
proteolysis, but is not essential for refolding of the enzyme, in contrast
to other heme-containing enzymes such as cytochrome P450.

A detailed study of tryptophan fluorescence during guanidinium
chloride-induced denaturation and renaturation of plant HRP C (the
enzyme has a single Trp residue, Trp117) has identified a distinct equi-
librium intermediate of the apoenzyme in 0.5 M guanidinium chlo-
ride (292). CD studies have shown that this has native-like secondary
structure but poorly defined tertiary structure (292). The secondary
structure is lost between 1.2 and 2.7 M guanidinium chloride, and a
fluorescence-detectable conformational transition involving the D–D′

loop (which includes Trp117) occurs above 4 M guanidinium chloride.
The half-life for unfolding of plant HRP C in 6 M guanidinium chloride
is relatively slow (519 s), in contrast to CCP (14.3 s), emphasizing the
remarkable kinetic stability of the plant peroxidase (293). Denaturation
of the holoenzyme occurs in two distinct steps, unfolding of the backbone
followed by loss of the heme group. Similarly, refolding of HRP involves
formation of secondary structure prior to heme capture. The influence of
the N-linked glycans of HRP C on folding has been investigated through
studies of the chemically deglycosylated enzyme, which retains only the
two terminal GlcNAc residues at each of the eight glycosylation sites
(116, 294). Unfolding in guanidinium chloride was found to be 2–3 times
faster for deglycosylated HRP C than for the fully glycosylated plant
enzyme (294). This suggests that the presence of glycans decreases or
“dampens” the dynamic fluctuations of the polypeptide chain. Thermal
denaturation of HRP C can be monitored by FT-IR techniques (295). A
slow alteration of secondary structure is observed on heating, and the
polypeptide is completely unfolded at 90◦C.

Chemical modification of surface residues of HRP is one method
which may offer some improvement in thermal or long-term stability
of the enzyme. The e-amino groups of the six surface Lys residues can
be modified by reaction with carboxylic anhydrides and picryl sulfonic
acid (296). In this example the number of sites modified was found to be
more significant than the chemical nature of the modification, at least
as a criterion for improved stability. Other methods explored include the
use of bifunctional crosslinking reagents to couple surface sites on the
enzyme (297). Future developments are likely to be concerned with the
selection of site-directed mutants of HRP C that show enhanced ther-
mal stability. Dramatic increases in thermal stability of up to 190-fold
have been reported recently for mutants of Coprinus cinereus peroxi-
dase (CIP) generated using a directed evolution approach (298).
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D. INACTIVATION BY PEROXIDES

One limiting factor that must be considered in applications using
HRP is the susceptibility of the enzyme to inactivation by peroxides.
This process takes place when reducing substrates (Sred) are absent
(or their source becomes exhausted), and excess peroxide reacts with
compound I (299–302). The outcome of reactions undergone by the com-
pound I–peroxide complex depends on the nature of the peroxide itself.
In the case of hydrogen peroxide, there are three subsequent pathways
to consider. The catalytic pathways comprise either a two-electron re-
duction step (catalase-like) that returns the complex to resting-state
enzyme with the generation of molecular oxygen, or two single-electron
transfer steps that result in the generation of compound II, compound
III, and the superoxide radical anion. A competing inactivation pathway
results in the eventual formation of an inactive verdohemeperoxidase
called P-670. Compound III can also be formed by reaction of ferrous
HRP with dioxygen (Section IV,E), or by reaction of the resting state fer-
ric enzyme with superoxide (O?−

2 ) or the hydroperoxyl radical (HO?
2). The

reaction of compound II with H2O2, which is part of the second catalytic
pathway mentioned above, is a complex process where two mechanisms
operate concurrently (303). The combined catalytic pathways (catalase-
like and compound III generating) protect against inactivation.

An experimental model constructed for HRP inactivation by perox-
ides allows the calculation of a partition ratio, r, defined as the number
of turnovers of H2O2 by the enzyme before inactivation (299, 304). The
acidic isoenzyme HRP A2 (r = 1360) is more resistant to inactivation
than HRP C (r= 625), whereas recombinant wild-type HRP C (the non-
glycosylated enzyme produced in E. coli) is less resistant (r= 335) than
plant HRP C (302). Substitution of Phe143 by Ala in HRP C has little
effect on susceptibility to H2O2 inactivation (r = 385) (305), whereas
site-directed mutagenesis of the distal residues Arg38 and His42 has a
dramatic effect. The partition ratios for R38K, R38L and H42L HRP C
are 20, 27, and 32, respectively (302, 305), indicating that these residues
help to limit inactivation by H2O2, in addition to their catalytic func-
tions (Section IV,B). A useful series of complementary studies has been
carried out using m-chloroperbenzoic acid instead of hydrogen peroxide
(305–307). In this case the partition ratio is reduced dramatically (typ-
ical values are 2 or 3) as the catalase-like pathway is inoperative (305).
The extent of inactivation is determined by the reactivity of the com-
plex formed between compound I and m-chloroperbenzoic acid. Com-
petition between the subsequent catalytic and inactivation pathways
gives compound II (67%) and the inactive P-670 (33%) (307). A detailed
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mechanism for this process has been developed using data from conven-
tional and stopped-flow kinetics (307). Site-directed mutants of HRP C
showing increased resistance to peroxide inactivation have yet to be
developed. However, directed evolution techniques have been used to
generate site-directed mutants of CIP with oxidative stability up to 100
times greater than that of wild-type enzyme (298). This is an important
achievement with implications for the direction of future research on
HRP C, where similar techniques are beginning to be applied (78).
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59. Bartonek-Roxå, E.; Eriksson, H.; Mattiasson, B. Biochim. Biophys. Acta 1991, 1088,
245–250.
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I. Introduction

The membranes of most species of bacteria contain an electron trans-
port system. This serves to carry electrons energetically downhill from
reductants—which can include not only intracellular molecules such
as NADH but also extracellular sources of electrons such as hydrogen
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gas, sulfide, or methanol (to list just three)—to an oxidant. The last can
include oxygen, as in higher cells, but also a range of other molecules
and ions, including nitrate, nitrite, nitric oxide, nitrous oxide, sulfate,
and dimethyl sulfoxide (again to list just a small selection). The reader
is referred to Richardson (1) for more complete lists of reductants and
oxidants that can be used by bacteria. Individual species of bacteria can
use subsets of these reductants and oxidants, but in all cases the pur-
pose of the oxidoreduction reaction is to generate a proton electrochem-
ical gradient across the membrane that in turn can drive endergonic
processes such as ATP synthesis. This requirement to generate a pro-
ton electrochemical gradient means that at least some of the electron
transport components must be integral membrane components. How-
ever, very often the enzymes catalyzing the final step in an electron
transport process are water soluble and are not directly involved in the
electron transport processes that drive proton translocation across the
membrane. In this article we wish to discuss the properties of two such
enzymes, a nitrite reductase and a cytochrome c peroxidase. These two
enzymes are both found in the bacterial periplasm, each contain two
heme groups per polypeptide chain, and are frequently found in the
same species of bacteria.

The nitrite reductase of concern here is cytochrome cd1, a name that
recognizes the content of one c-type cytochrome center and one d1 heme
per polypeptide chain. The former center is defined by the covalent
attachment of Fe protoporphyrin IX to the polypeptide chain as a con-
sequence of thioether bond formation between the vinyl groups of the
porphyrin and two thiols of cysteine residues in a CXXCH motif (Fig. 1)
The d1 heme is unique to this type of enzyme and is characterised by par-
tial saturation of two of the rings and the presence of carbonyl groups
(Fig. 1). As explained above, the enzyme receives electrons from the
electron transport system of a bacterium; these are used to reduce ni-
trite to nitric oxide. The exact electron donor molecules are not known
for certain, but broadly speaking are either relatively low molecular
weight c-type cytochromes or type 1 blue Cu proteins (i.e., cupredox-
ins). These in turn are reduced by the cytochrome bc1 complex (Fig. 2).
This process of nitrite reduction is one step in the overall process of den-
itrification that entails the sequential reduction of nitrate, via nitrite,
nitric oxide, and nitrous oxide to nitrogen gas. This series of reduction
reactions is part of the biogeochemical nitrogen cycle and generally oc-
curs only when oxygen is not available to the bacteria. The physiological
significance of denitrification is clear.

In contrast, the physiological significance of the reaction catalyzed
by bacterial cytochrome c peroxidase is not so clear. The reaction is
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FIG. 1. (a) The heme group in a c-type cytochrome showing the covalent attachment.
(b) The d1 heme group.

reduction of hydrogen peroxide to water. In common with the nitrite re-
ductase discussed earlier, this peroxidase receives its electrons from the
electron transfer chain via c-type cytochromes and cupredoxins (Fig. 2).
The enzyme seems to be expressed under conditions of restricted oxy-
gen concentration, but the source of the hydrogen peroxide is not always
clear, and in contrast to the situation with nitrite reductase, there are



P1: FKH
Advances in Inorganic Chemistry PS006-04 August 14, 2000 17:49 Stylefile version:April 24, 2000
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FIG. 2. The periplasmic location in Gram-negative bacteria of the two diheme enzymes,
cytochrome cd1 nitrite reductase and cytochrome c peroxidase. The diagram shows a
grossly oversimplified version of a typical bacterial electron transport system. For exam-
ple, the cytochrome oxidases that catalyze reduction of oxygen to water as an energetically
favorable alternative to reduction of nitirite or peroxide are not shown. Distinct primary
dehydrogenases catalyse electron abstraction from a variety of electron donors, such as
NADH or succinate. Cyt c and Cu represent a c-type cytochrome and a cupredoxin re-
spectively, each of which is currently considered to be an electron donor to the peroxidase
and nitrite reductase, at least in some organisms.

few reports of the functioning of this enzyme in cells. Cytochrome c
peroxidase is commonly found in denitrifying bacteria, but is not re-
stricted to this type of organism. This peroxidase contains two c-type
cytochrome centers per polypeptide chain, one of which provides the cat-
alytic center. The other c-type center receives electrons from electron
donors. Thus, the environment provided by the folding of the polypep-
tide chain drastically alters the properties of the two chemically identi-
cal heme groups. Many heme proteins have noncovalently bound heme,
for example, hemoglobin. At the outset of this article we note that the
advantages of covalent attachment via two thioether bonds in c-type
cytochromes are not entirely apparent (2).

High-resolution crystal structures are known for both the diheme en-
zymes to be discussed in this article. We describe these structures and
relate them to the mechanisms of the two enzymes before trying to com-
pare the common features of these two types of enzyme. For example,
they are both able to interact, at least in vitro, with c-type cytochromes
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and cupredoxins; they both have a receiver c center for electrons coming
from a donor; and apparently they both have catalytically inert resting
states. In addition, both enzymes provide examples of reactions that
can also be catalyzed by a different type of enzyme. Thus, copper nitrite
reductase and yeast cytochrome c peroxidase each catalyze one of two
reactions discussed here.

II. Cytochromes cd1

A. PROPERTIES OF CYTOCHROMES cd1

The physiological reaction catalyzed by cytochrome cd1 is the one-
electron reduction of nitrite to nitric oxide. For this reaction a source of
electrons, discussed in the Introduction, as well as protons is needed;
water is the other reaction product. In addition, this enzyme also cat-
alyzes the reduction of oxygen to water. The ability to catalyze this
four-electron reduction is the reason why the enzyme is known as solu-
ble cytochrome oxidase in some of the older literature. However, today
this reaction is not thought to be physiologically relevant, although it is
of mechanistic interest, as we discuss later. A third reaction catalyzed
by a cytochrome cd1 is the two-electron reduction of hydroxylamine to
ammonia. Again, this is not thought to be physiologically significant.

The reduction of nitrite to nitric oxide poses a particular problem
in that the reaction product, nitric oxide, generally has a very high
affinity for heme Fe, especially when the latter is in the ferrous state.
Before discussing further aspects of the enzymology of cytochrome cd1
we will review what is known of the three-dimensional structure of the
enzyme. Unusually, the structure differs depending on the particular
bacterial source of the enzyme. Here, we describe first the structure of
the enzyme from Paracoccus pantotrophus and subsequently that from
Pseudomonas aeruginosa.

B. STRUCTURE OF PARACOCCUS PANTOTROPHUS CYTOCHROME cd1

The structure of P. pantotrophus (fomerly Thiospharea pantotropha,
(3)) cytochrome cd1, the first of this type to have its crystal structure
solved (4), shows that the enzyme is a homodimer of 567 aminoacid
residues and each subunit contains both a c-type cytochrome center
and a d1 heme center (Fig. 3). The d1 heme (Fig. 1) is unique to this
class of enzyme and on that basis alone might be expected to be the
catalytic site. The c-type cytochrome centers, which are defined by the
covalent attachment of the heme to the polypeptide are usually, but
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FIG. 3. The X-ray crystal structure of the oxidized state of cytochrome cd1 nitrite
reductase from P. pantotrophus (drawn from PDB entry 1 qks using MolScript (98, 99)).

not always, involved in electron transfer. Thus, if nothing functional
was known about the enzyme, one might reasonably surmise that the
c-type cytochrome center was the point of entry of electrons into the
enzyme from which they would transfer to the d1 heme. That electron
transfer takes place only within a single monomer is expected, but not
strictly proven, because the interheme distances across the dimer in-
terface are on the order of 30 Å or more (Fig. 3). Such a distance is
generally thought to be incompatible with biological activity, because
predicted rates of electron transfer over such distances are of the order
of one or two events per hour or more (5), scarcely compatible with en-
zyme turnover on the millisecond or second time scale. This conclusion
leaves unanswered, of course, the question as to why the enzyme is a
dimer. The crystallographic asymmetric unit contains the whole dimer,
and there is some evidence that the two subunits, A and B, are not in-
dependent of one another because they always have a slightly different
structure (4, 6). For example, in the oxidized enzyme, Nδ1 of His 17 is
hydrogen bonded to the main-chain carbonyl of Ala 101 and to a water,
whereas in the B subunit the corresponding histidine residue makes
only a hydrogen bond only to a water molecule (6). More differences
between the two subunits are described later.

The atomic resolution (1.28 Å) structure of oxidized P. pantotrophus
cytochrome cd1 “as isolated” revealed unexpected ligation of the heme
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Fe atoms. It had been anticipated that the c-type cytochrome center
would have His/Met coordination, but His/His is observed. The former
is the more usual coordination, especially at the high potential end
(Eo′ > +200 mV) of the typical bacterial electron transfer chain to which
the nitrite reductase is connected (Fig. 2) (7). The second curious feature
is that the d1 heme iron is also six-coordinate; thus, the enzyme does not
offer a substrate-binding site at either heme. In addition to an expected
axial histidine ligand there was an axial tyrosine (residue 25) ligand
to the d1 heme (Fig. 4a). Each monomer is organized into two domains,

FIG. 4. The environment of the d1 heme in various states of the P. pantotrophus cy-
tochrome cd1. (a) The oxidized enzyme. (b) The reduced enzyme. (c) The reduced enzyme
to which nitrite has been added. (d) The reduced enzyme that has converted bound nitrite
to nitric oxide. Tyr25 provides an axial oxygen ligand to the d1 heme iron in the oxidized
enzyme (a). This Tyr25 is displaced in the reduced enzyme (b) but can be seen returning
to the d1 heme in the structures with nitrite (c) or nitric oxide (d) bound. His 345 and His
388 are proposed proton donors to the substrate. In (b) the d1 heme iron is five-coordinate.
The water molecule (Wat) that is seen above the heme ring is not coordinated to the iron.
Dashed lines represent potential hydrogen bonds. (Drawn from PDB entries 1 qks, 1 aof,
1 aom and 1 aoq.)
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with the c heme being in a mainly α-helical domain and the d1 heme
being in an eight-bladed β-propeller domain (Fig. 3). A notable point is
that the Tyr 25 ligand is provided by the α-helical cytochrome c domain,
and only a few residues away is the His 17 ligand to the c heme iron.
Positioned above the d1 heme ring are two histidine residues (Fig. 4a)
that can be envisaged as proton donors to one oxygen of the nitrite, thus
generating water as one of the reaction products (4). This would be in
agreement with previous mechanistic proposals that envisaged loss of
water as a first step, leaving an NO bound to Fe, which is formally in
the Fe(III) state (reviewed in 8).

As mentioned earlier, the electron donor proteins to cd1 are thought to
include c-type cytochromes and cupredoxins. In the case of P. pantotro-
phus, two obvious molecules that could fulfil this role are cytochrome
c550 and pseudoazurin. Although both these molecules will act as in
vitro electron donors to the cytochrome cd1, there is as yet no direct
proof that they act in this way in vivo. Whole cells of Paracoccus deni-
trificans show no significant attenuation of the rate of nitrite reduction
when the expression of cytochrome c550 is not possible as a result of
disruption of its gene (9). Thus, either cytochrome c550 is not in vivo
an electron donor to the nitrite reductase, or its role can be fulfilled by
another protein(s). The latter might be pseudoazurin (10). The prop-
erties of mutants specifically deleted in both of cytochrome c550 and
pseudoazurin are awaited with interest. However, the in vitro experi-
ments alone raise the interesting question as to how proteins of such
different structures as cytochrome c550 and pseudoazurin could inter-
act with cytochrome cd1. It has been recognized that each of these pu-
tative donor proteins has a surface hydrophobic patch that is studded
with positively charged residues. In principle, these can contribute to
pseudospecific docking interaction with a complementary hydrophobic
patch, studded with negative residues, on the surface of the cytochrome
c domain of cytochrome cd1 (11). This proposal remains to be tested by
experiment. To summarize, the structure of the oxidized enzyme does
not show an obvious catalytic site and suggests that electron transfer
between the c and d1 hemes could be fast. It also provides a proposal as
to where the donor electron transport proteins might bind or dock.

Fortunately, the structure of the fully reduced P. pantotrophus cy-
tochrome cd1 could be obtained, and this has provided important clues
as to how the enzyme functions, as well as raising unexpected ques-
tions (12). First of all, the structure of the reduced enzyme reveals an
unprecedented switch of one axial ligand at the c heme from His to
Met (Figs. 5a,b). The second important feature revealed by this struc-
ture was that the Tyr 25 had vacated the d1 heme iron coordination
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FIG. 5. The c-heme domain in cytochromes cd1 from P. pantotrophus and P. aeruginosa.
(a) Oxidised form of P. pantotrophus cytochrome cd1 showing bis-histidine ligation of the
heme iron. Tyr 25 that is a ligand to the d1 heme can be seen at the bottom of the figure
adjacent to Met 106. (b) Reduced form of P. pantotrophus cytochrome cd1 showing the
movement of Met106, which replaces His17 as a ligand. (c) Oxidized form of P. aeruginosa
cytochrome cd1 showing His/Met ligation coordination of the heme iron. To the left of the
figure can be seen Tyr10, which is adjacent to the d1 heme in the other subunit of the
dimer. (Drawn from PDB entries 1 qks, 1 aof, and 1 nir.)
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sphere, thus generating a five-coordinate site that could be anticipated
as providing the nitrite binding site (Fig. 4b). The latter proposition
was quickly supported by the observation that if nitrite was diffused
into the reduced crystals, and followed by rapid freezing, then several
different structures could be obtained with either nitrite or nitric oxide
bound (Figs. 4c,d). In one of these structures, one of the oxygens in ni-
trite was clearly within hydrogen bonding distance of both histidines,
already mentioned as putative proton-donor residues (Fig. 4c). The po-
sition of the Tyr 25 residue varies depending on whether the ligand
bound is nitrite or nitric oxide. With the latter, the tyrosine is in a po-
sition as if poised to enter the active site and displace the bound nitric
oxide (Fig. 4d). The X-ray structures naturally do not tell us if the heme
centers are in the oxidized or reduced states, but we can evaluate some
possibilities. In the structure with nitrite bound to the d1 heme iron it
seems very likely that the d1 heme iron must be in the reduced state.
This is because there is no evidence that nitrite will readily bind to
the oxidized form of the enzyme. If the d1 heme is in the reduced state,
then the next question to be addressed is that of the oxidation state
of the c heme center on the same polypeptide chain. This could be either
oxidized or reduced, because the d1 heme might already have carried
out one reductive turnover of a nitrite ion to nitric oxide, received an
electron from the c heme, and bound a second nitrite, in which case
the c heme would be oxidized. Alternatively, the c heme might still be
reduced if the structure is of an enzyme that has bound nitrite, but
not brought about any catalysis at this point. When the cytochrome c
domain is inspected for this nitrite-bound structure, it is found that
the ligation is His/His, suggesting that it is in the oxidized state. This
observation is important because it shows that the His/His liganded
state does not need tyrosine anchored to the Fe of d1 heme. The same
issue, of course, pertains to the c heme domain when nitric oxide is
bound to the d1 heme iron. Again all polypeptides observed with nitric
oxide bound also have His/His ligation of the c-type heme center. Also,
it is not possible to deduce the oxidation state of the d1 heme from the
structure, although ruffling of the heme varies depending upon which
ligand is bound.

The question of the oxidation state of the heme iron with NO bound
might in principle thought to be accessible by consideration of the Fe–N
distance and bond angles. However, with respect to distance it is im-
portant to realize that X-ray structures do not in themselves determine
distances such as that from Fe to N to sub-angstrom resolution. The
procedure is to fit electron density using restraints frequently obtained
from small molecule studies. Thus, unless the resolution of a protein
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crystal structure is remarkably high, close to 1 Å, it is not possible to
state definitively whether the Fe–N distance is in fact 1.8 or 2.0 Å.
There are two reasons for this. First, the resolution of the electron den-
sity map (i.e., interpretable interatomic distances) is approximately the
higher resolution limit of the diffraction data used for map calculation
and/or structure refinement (13). Second, the electron density is sub-
ject to ripples around atomic positions due to Fourier series termination
error. Not only do these ripples limit resolution, but they also affect the
atomic positions in the electron density map (13). The principal cause
of the series termination error is the incompleteness of the observed
data set, and it is usually described by the low- and high-resolution
limits. If the high-resolution limit is caused by the weak diffraction of
the crystal, this limit would not cause significant artifacts in the map.
But in practical terms, the Fourier series is always truncated, because
diffraction data sets are never 100% complete. This is typically due to
the limited data available using the common oscillation method around
a single axis, overloaded strong reflections on the detector, and the low-
resolution limit caused by the beam stop. The amplitude of the ripple
around an atom is proportional to its atomic number, and the wave-
length of the ripple is approximately the resolution limit of the data.
For example, a 2.5 Å high-resolution limit will cause features of the
electron density map to be surrounded by ripples with a wavelength of
about 2.5 Å (13). The positions of “strong scatterers,” such as atoms in
an iron–sulfur cluster, are usually well determined in a typical protein
structure. The problem typically arises when a relatively “weak scat-
terer” (NO, OH−, etc.) is riding on the big waves around the metal cen-
ter because of limited resolution effects. Partial occupancy of the bound
ligand and mixed oxidation or spin states of the metal can further com-
plicate deduction of metal to ligand bond lengths. There are statements
in the literature that a metal to ligand bond is, say, 1.7 Å in length, when
the diffraction data were only collected to, say, 2.4 Å. In such circum-
stances the assignment of such a bond length is not accurate. Thus, the
temptation to deduce too much about the metal–ligand distances needs
to be resisted. This limitation on low- and medium-resolution X-ray
diffraction data illustrates why EXAFS can be a valuable complemen-
tary technique for probing metal-to-ligand interactions.

Nevertheless, in the case of cytochrome cd1, the data do fit better to
2.0 Å (using 1.8 Å resolution close to complete data sets) for the Fe–N
distance, and this might be taken as tentative evidence for the Fe(III)
oxidation state. The bond angle for Fe–N–O cannot automatically be
used as diagnostic of the oxidation state. Whereas such bond angles
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can be diagnostic for small molecules, other factors such as the pres-
ence of amino acid side chains can seriously affect the geometry of a
heme ligand inside a protein. Thus, although small molecule studies
on heme–NO complexes show that the Fe(III) derivatives have an es-
sentially linear Fe–N–O group and a very short bond Fe–N of 1.63 to
1.65 Å in either five- or six-coordinate species (14), the deviation from
this pattern seen in nitrite reductase cannot be taken as definite evi-
dence against the Fe–NO species being in the (III) state. Small-molecule
Fe(II)–NO complexes have an Fe–N–O bond angle of 140–150◦ and a
short Fe–N bond distance of 1.72 to 1.74 Å (14). A further feature of
the Fe(II)–NO state is that the bond trans to the NO is very long in the
six-coordinate Fe(II) species; this bond lengthening is not present in the
structures of cytochrome cd1 with NO bound. In fact, notwithstanding
the earlier caveats about metal–ligand bond distances, the Fe–histidine
bond distance in this complex shortens slightly to 1.96 Å, compared with
1.98–2.00 Å in other ligand states, with everything restrained to 2.00 Å.
Thus, although the Fe–N–O angle suggests that the NO-bound form is a
ferrous state (formally at least), not all the evidence supports this view.

The observations made by X-ray crystallography would clearly be
consistent with a reaction mechanism for cytochrome cd1 nitrite reduc-
tase in which heme ligand switching occurred at the c heme and at the
d1 heme each time a nitric oxide molecule was produced. It is notable
that microspectrophotometry of crystals has shown that, following re-
duction and exposure to nitrite, the crystals regain the characteristic
spectrum of the fully oxidized enzyme (12). This means that in the crys-
talline state, the nitrite reductase does not get trapped in a dead-end
state but rather performs rounds of catalysis before regaining the initial
structural state. The observation of the Tyr 25 residue poised to return
to the d1 heme iron is also consistent with such a conclusion. This ty-
rosine residue could play a key role in ensuring that the nitric oxide
is displaced from a Fe(III)–d1 heme before the arrival of an electron
generates the Fe(II) oxidation state.

Such an involvement of an amino acid side-chain ligand switch within
each catalytic cycle was a novel proposal and as such needs to be scru-
tinized by a variety of experimental procedures as well as analysis in
the context of information known for cytochrome cd1 nitrite reductase
from another source (see later discussion). However, it is interesting
to note that something similar has been proposed for the protocate-
chuate 3,4-dioxygenase enzyme from Pseudomonas putida (15). On the
other hand, bacterial cytochrome c peroxidase offers an example where
ligand switching seemingly relates only to an activation phenomenon.
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It is interesting, as has been proposed, that the peroxidase from
P. denitrificans may undergo a Met/His ligand switching at center (II)
(N-terminal domain) (16, 17). This proposal, which remains to be tested
experimentally, is discussed further in Section III,E.

C. STRUCTURE OF PSEUDOMONAS AERUGINOSA CYTOCHROME cd1

Over the years the cytochrome cd1 that has received most attention
is from P. aeruginosa. Although cytochrome cd1 is a specialized enzyme,
it is remarkable that the structure of the P. aeruginosa enzyme is not
identical in several critical respects to the enzyme from P. pantotrophus,
most notably in terms of the coordination of the c heme and d1 heme
iron centers. In the oxidized structure of the P. aeruginosa enzyme, one
sees that the overall structure of the dimer is the same in the sense that
the c-type cytochrome domain is helical and separated from the eight-
bladed β-propeller domain that binds the d1 heme center (18). How-
ever, there are intriguing differences. First, the fold of the cytochrome
c domain of the oxidized P. aeruginosa (Fig. 5c) enzyme is essentially
the same as in the reduced P. pantotrophus (Fig. 5b) enzyme, and the
heme iron coordination is His/Met. The iron of the d1 heme does not
have a tyrosine ligand; in contrast to the enzyme from P. pantotrophus
the sixth ligand is hydroxide (Fig. 6), but this in turn is bonded to Tyr 10.

FIG. 6. Structural changes at the d1 heme of P. aeruginosa cytochrome cd1 upon reduc-
tion and binding of nitric oxide. There are no significant changes in the c heme domain.
The residue positions shown by thin lines are those of the oxidized protein with hydroxide
ion; those in bold represent the reduced enzyme with nitric oxide bound to the d1 heme
iron. Changes in the d1 conformation can also be seen. The figure shows the d1 heme from
the A subunit; note that Tyr10 is provided from the B subunit. Dashed lines represent
potential hydrogen bonds. (Drawn from PDB entries 1 nir and 1 nno.)
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However, the latter residue is in no sense equivalent to the Tyr 25 of the
P. pantotrophus enzyme. The Tyr 10, which is not an essential residue
(19), is provided by the other subunit to that in which it is positioned
close to the d1 heme iron (Fig. 6). In other words, there is a crossing over
of the domains. A reduced state structure of the P. aeruginosa enzyme
has only been obtained with nitric oxide bound to the d1 heme iron (20)
(Fig. 6). As expected, the heme c domain is unaltered by the reduction,
but the Tyr 10 has moved away from the heme d1 iron, and clearly the
hydroxide ligand to the d1 heme has dissociated so as to allow the bind-
ing of the nitric oxide (Fig. 6). This form of the enzyme was prepared
by first reducing with ascorbate and then adding nitrite.

Although the conformational changes in the P. aeruginosa enzyme
are clearly less pronounced than those in the P. pantotrophus enzyme,
the driving forces for the changes still require to be understood. It had
been postulated (20) that reduction of the c-type cytochrome domain
might lead to conformational changes leading to the release of the hy-
droxide from the d1 heme Fe. However, a recent study contradicts this
view. It has been possible to obtain crystals of the P. aeruginosa enzyme
in which the c heme is reduced but the d1 heme is oxidized, and this
condition persists for sufficient time for the structure to be obtained.
This shows that hydroxide is still bound to the d1 heme, and that re-
duction of the d1 heme, either alone or in combination with reduction of
the c type heme, is therefore responsible for the conformational change
at the d1 heme iron (21). Reduction of the d1 heme iron alone seems
likely to be the essential factor, not least because no major change in
the c heme domain conformation occurs upon reduction, and therefore
it is difficult to see how there could be any effect of reduction of the
c heme center relayed to the d1 heme. Pulse radiolysis work with the
P. aeruginosa enzyme has shown that the electron transfer from the c
heme to the d1 heme is very slow (on the order of seconds) (K. Kobayashi
et al., unpublished observations). This would be consistent with the idea
that it is arrival of an electron at the d1 heme that triggers the confor-
mational change. This change could easily limit the electron transfer
rate. There is clearly a parallel here with the P. pantotrophus enzyme,
where the reduction of the d1 heme, it has been argued, triggers the
conformational change (see earlier discussion).

It has long been known that, under some conditions at least, electron
transfer between the c and d1 hemes of the P. aeruginosa enzyme is slow
and requires times of the order of seconds (22). What does this mean? It
is not necessarily related to the loss of the hydroxide ligand from the d1
heme iron, because under some experimental conditions used, azurin
(a cupredoxin) was present and the enzyme was reduced at the outset,
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and it is the movement of an electron from the c to the d1 heme that is
slow despite the presence of nitric oxide as a ligand on the d1 heme. This
raises a problem because the nitric oxide gets trapped, and thus what
seems to be a dead-end ferrous d1 heme nitric oxide complex is formed.
An expected gating mechanism that might be anticipated to prevent
the formation of an Fe(II)–d1 heme nitric oxide complex appears not
to operate. However, it is clear that under some conditions the rate of
interheme electron transfer can be much faster. An example is provided
by the work of Wilson et al. (23). They were able to trigger electron
transfer by photodissociation of carbon monoxide from a mixed valence
form of the enzyme. Electrons moved from the d1 to the c heme at a
rate of thousands per second. The dissociation of carbon monoxide and
study of the kinetics of its rebinding also gave insight into the dynamics
of the d1 heme pocket. Again the meaning of these observations in the
wider context of enzyme function is not clear.

It has long been assumed that azurin is an in vivo electron donor
to cytochrome cd1 of P. aeruginosa. The construction of mutants of
P. aeruginosa in which one or both of the genes for azurin and cy-
tochrome c551 have been deleted has led to the conclusion that in vivo
cytochrome c551 is essential for the donation of electrons to the nitrite
reductase and that azurin is ineffective (24). The discrepancy between
in vivo and in vitro observations either could be reconciled if it is the
failure of azurin to accept electrons from the cytochrome bc1 complex
or another donor that is responsible for its ineffectiveness in vivo.

D. SOLUTION SPECTROSCOPY OF P. PANTOTROPHUS CYTOCHROME cd1

One expects structures of specialized proteins such as cytochrome cd1
to be independent of the source of the enzyme. Thus, the two different
structures seen for the enzymes from P. pantotrophus and P. aeruginosa
naturally raise the question as to whether crystallization has generated
a structure for one of the two enzymes that does not reflect the solution
structure. However, the oxidized P. pantotrophus protein, as isolated,
has in solution the same His/His coordination of the c-type heme as is
observed in the oxidized state of the crystallized enzyme. This was de-
termined from magnetic circular dichroism (MCD) spectroscopy. Other
solution spectroscopic measurements have shown that ligation of the d1
heme is very likely the same as in the crystalline state. These studies
also showed that the d1 heme iron appeared to be in an unusual room
temperature high/low equillibrium (26). Comparable studies on the en-
zymes from P. aeruginosa and Pseudomonas stutzeri have indicated that
in solution, as in the crystal of P. aeruginosa, the c heme ligands are



P1: FKH
Advances in Inorganic Chemistry PS006-04 August 14, 2000 17:49 Stylefile version:April 24, 2000

178 FÜLÖP, WATMOUGH, AND FERGUSON

His/Met and the d1 heme ligation is probably hydroxide rather that ty-
rosine. Thus, solution studies, as well as analyses of primary sequences,
confirm that cytochrome cd1 from different sources can have different
ligands to the heme irons.

An important question about cytochrome cd1 is why the d1 heme has
been uniquely recruited to this enzyme. Detailed spectroscopic anal-
ysis of the d1 heme center suggests that the relative energy levels of
the d orbitals associated with the d1 heme iron differ from the usual
pattern in that for the low-spin ferric state the four-electron reduced
heme d1 macrocycle stabilizes (dxz, dyz)4(dxy)1 relative to the more usual
(dxy)2(dxz, dyz)3 electronic configuration (25, 26). This “inverted” ground
state represents a relocation of unpaired spin density from orbitals ex-
tending above and below the heme plane to an orbital lying in that
plane, and this will have important consequences for the binding of
π -unsaturated ligands such as nitric oxide, in this case the product
molecule. Specifically, NO would be less strongly bound to the d1 heme
then to the usual b-type heme. This would be a desirable property of cy-
tochrome cd1; for further discussion the reader is referred to Watmough
et al. (27), and references therein.

E. MECHANISTIC STUDIES ON P. PANTOTROPHUS CYTOCHROME cd1

1. Electron Transfer Studied by Pulse Radiolysis

Information about the kinetics of electron transfer between the hemes
and of chemical events at the hemes is sparse for the enzyme from
P. pantrotrophus, or even for that from the better-known related or-
ganism P. denitrificans, which has been studied for many years. The
first reported kinetic study on the P. pantotrophus enzyme is that of
Kobayashi et al. (28), in which pulse radiolysis methodology was used.
In this work exceedingly rapid reduction of the c-type cytochrome cen-
ter in the enzyme was followed by electron transfer to the d1 heme on
the millisecond time scale. This method involves one-electron processes
only, and so the c heme, once reoxidized by the d1 heme, remains oxi-
dized. Interpretation of this millisecond rate of electron transfer is not
straightforward because we do not know the driving force, that is, the
redox potentials of the c- and d1-type hemes. However, under the condi-
tions of the pulse radiolysis experiment the electron transfer from the
c-type center to the d1 heme occurs essentially to completion. This im-
plies that, under these conditions at least, the redox potential difference
is on the order of at least 100 mV. A difference of 100 mV and an edge-to-
edge heme distance of 11 Å would suggest that electron transfer might
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be faster than is observed, as judged by current theories (5). However,
these theories suppose that no chemical bond rearrangements accom-
pany the electron transfer event. In the case of cytochrome cd1 from
P. pantotrophus, at least two chemical bond rearrangements might ac-
company the oxidation/reduction processes. These are the ligand switch-
ing at the c heme and the dissociation of Tyr 25 from the d1 heme iron.
For the following reasons it is likely in the pulse radiolysis experiment
that the ligands do not change at the c-type center, but do so at the d1
heme:

1. The spectrum in the Soret region, indicative of the c-type cen-
ter of the enzyme, immediately following the reduction is not identi-
cal to that obtained when the enzyme is fully reduced under steady-
state/equilibrium conditions. This suggests that the reduced c-type
cytochrome center formed under the conditions of the pulse radiolysis
experiment retained the His/His coordination.

2. The speed of the reduction by the solution radical generated in
the pulse radiolysis experiment is also consistent with this proposal;
conformational rearrangements are highly unlikely on the microsecond
time scale.

3. The midpoint redox potential of a His/His coordinated heme is
likely to be less than +100 mV. Given that the d1 heme is catalyzing a
reaction with a midpoint potential of approximately+350 mV, it can be
expected to have a potential considerably more positive than +100 mV.
This would account for the stoichiometric transfer of electrons from
the c heme to the d1 heme under the conditions of the pulse radiolysis
experiment.

4. The d1 heme probably loses its Tyr 25 ligand under these condi-
tions, because if nitrite is present during the pulse radiolysis experi-
ment, then although the rate of electron transfer between the hemes
is essentially unaltered, there is evidence for a chemical process tak-
ing place at the d1 heme center (28). This suggests that, at least in the
presence of nitrite, the arrival of an electron at the d1 heme triggers the
dissociation of the Tyr 25 ligand.

All these observations prompt the question as to what the redox po-
tentials are for the c and d1 hemes under equilibrium conditions. This
issue is currently under study, and all that can be said here is that the
enzyme does not give a straightforward redox titration. In particular,
and in contrast to the observations made under pulse radiolysis condi-
tions, the c and d1 hemes titrate together, suggesting a cooperativity of
behavior between them (see note added in proof). It remains to elucidate
the molecular basis for this effect.
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2. Mechanism of Nitrite Reduction

It is generally accepted that the reaction catalyzed by cytochrome
cd1 begins by nitrite binding through its nitrogen atom to the ferrous d1
heme iron. As discussed earlier for P. pantotrophus, this is supported by
crystallographic data (12). However, strictly speaking, it is not possible
to exclude that during steady-state turnover nitrite might bind to the
ferric state of the d1 heme. When in rapid reaction studies nitrite binds
to the reduced d1 heme, there is evidence for protonation and rapid de-
hydration of nitrite and oxidation of the d1 heme iron, resulting in a
species that can formally be regarded as Fe3+–NO or Fe2+–NO+. Under
some conditions the latter species must be relatively long-lived, because
it can undergo rehydration in 18O-containing water to give 18O-labeled
nitrite, which eventually yields 18O-labeled nitric oxide. The Fe3+–NO
species can also be trapped by nucleophiles such as azide, hydroxy-
lamine, or aniline. This species has not so far been directly detected by
a spectroscopic method during steady-state catalysis. However, it has
been detected by adding nitric oxide to the oxidized form of P. stutzeri
cytochrome cd1 (29). The method used was FTIR. In due course it will
be of interest to discover whether stopped-flow FTIR can detect this
species during catalyzic turnover.

It is expected that the Fe3+–NO species will decompose to release
product nitric oxide and generate a ferric form of the d1 heme iron cen-
ter. The iron atom may then be five- or six-coordinated. Six-coordination
would arise in the mechanism proposed by Fülöp et al. (4), in which the
Tyr 25 ligand was predicted to become a d1 heme iron ligand following
the departure of nitric oxide. In principle, an alternative mechanism
would be that the ferric d1 heme–NO complex might become reduced
before releasing nitric oxide. Such reduction might be relatively facile
because an electron can be available on the c heme which is only ap-
proximately 11 Å away, and ferrous heme–NO complexes are usually
much more stabile then their ferric counterparts, which would provide
a driving force for electron transfer from the c heme center. However,
the greater stability of ferrous heme–NO complexes suggests that for-
mation of such a species during catalysis would lead to an inhibited en-
zyme from which NO release would be very slow. Thus we might expect
cytochrome cd1 to have important design features for avoiding forma-
tion of the ferrous d1 heme–NO complex. The slow rate of interheme
electron transfer has suggested such a mechanism. However, the often
observed formation of the ferrous d1 heme–NO complex suggests that
experimental conditions that would promote the release of NO have not
yet been identified.
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In a stopped-flow study on cytochrome cd1 from P. aeruginosa, the
ferrous d1 heme–NO species was formed despite electron transfer from
the c to the d1 heme being relatively slow, rate constant approximately
1 s−1, for the relatively short distance between the two hemes (32).
Such a distance would normally predict much faster electron transfer.
The relatively slow interheme electron transfer rate has been observed
on a number of occasions, and before the structure of the protein was
known was thought to reflect the relatively large interheme separation
distance and/or relative orientation of the two hemes (30). The crystal
structures provide no evidence for either of these proposals; there is
nothing unusual about the relative orientation of the c and d1 heme
groups.

In summary, there is still much to understand about the nitrite reduc-
tion reaction. The crystal structures have shown how nitrite can bind
to the d1 heme iron and protons can be provided to one of its oxygen
atoms from two histidine residues. However, as yet no rapid reaction
study has detected the release of product nitric oxide rather than the
formation of the inhibitory dead-end ferrous d1 heme–NO complex. It
is also not clear why the rate of interheme electron transfer is so slow
over 11 Å when nitrite or nitric oxide is the ligand to the d1 heme.

3. The Oxidase Reaction of Cytochrome cd1

There are several demonstrations that cytochrome cd1 catalyzes the
reduction of molecular oxygen to water. Exactly how the enzyme cat-
alyzes this reaction is of some interest, because the crystal structure
shows that the catalytic center is mononuclear and expected to han-
dle one electron at a time. If we assume that electron transfer between
subunits cannot occur, then only two of the four electrons required for
reduction of one oxygen atom can obviously be stored on one subunit of
the enzyme before reduction of oxygen commences. Thus, it might be
anticipated that some intermediates of oxygen reduction are relatively
long-lived.

The oxidase reaction was first studied some years ago for the P. aerug-
inosa enzyme, but the most recent study, made in the knowledge of the
crystal structure, has been on the enzyme from P. pantotrophus. In ad-
dition to providing some intriguing insights as to the oxidase reaction,
this study has also provided valuable new information about the gen-
eral properties of cytochrome cd1.

Studies on the reaction of P. pantotrophus cytochrome cd1 with oxygen
required that the enzyme be initially in the reduced state. Although the
latter can be obtained using dithionite as reductant, this is best avoided
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because oxidation products, such as SO2, can perturb the system. Con-
sequently, the enzyme was reduced with ascorbate. A feature of this re-
action was the slow time course, even when a mediator such as a ruthe-
nium complex was included. Complete reduction took more than 2 hours
(31). When the reduced enzyme was mixed with oxygen, visible absorp-
tion spectroscopy showed that oxidation at the d1 center was substantial
after 25 ms. The c heme center was substantially oxidized after 50 ms.
Thus, interheme electron transfer took place on the millisecond time
scale (31). This contrasts with studies on the nitrite reductase activity
of the P. aeruginosa enzyme, when the corresponding process occurs on
the seconds time scale (32). However, it should be noted that there is an
old report of much faster interheme electron transfer in the P. aerugi-
nosa enzyme, when oxygen was the substrate (33). For the present one
must conclude that the interheme electron transfer rate is significantly
affected by the nature of the chemical events occurring at the d1 heme.

The initial oxidation of the d1 heme by oxygen is followed by chemi-
cal events, the interpretation of which was assisted by parallel freeze-
quenched EPR measurements. There was one unexpected process
detected by optical spectroscopy. This was rereduction of the c heme
center by ascorbate on the seconds time scale. This was surprising be-
cause the initial reduction by ascorbate took more than 2 hours.

Freeze-quenched EPR studies were done at various time points fol-
lowing mixing of ascorbate reduced enzyme with oxygen (31). Infor-
mation about ligands and oxidation states of both the c and d1 heme
centers was obtained. As expected, after 25 ms a signal from the ferric
c-type heme was observed. Importantly, this signal was not the same
as that obtained from the “as prepared” oxidized enzyme used in both
crystallographic and previous spectroscopic studies (4, 26). The latter
was clearly diagnostic of bis-histidine iron coordination with a single
g-value at 3.05. This contrasted with signals at g = 2.93 and g = 2.26,
which were observed following exposure of the ascorbate-reduced en-
zyme to oxygen. Thus, the ferric c-type cytochrome center can access
at least two different coordination states. There are two main possi-
ble interpretations. The first is that the g = 2.93 and g = 2.26 signals
reflect a different geometry of the bis-hitidinyl coordinated heme iron.
The second is that these two g values indicate that the ligation of the
heme iron is His/Met. Two lines of evidence support this interpretation.
First, g = 2.92 and g = 2.26 are seen for the oxidized form of “semi-apo”
cytochrome cd1; the latter retains the c-type heme but has lost the d1
heme. This “semi-apo” form of the enzyme is known to have His/Met co-
ordination of the c heme for two reasons: first because of a characteristic
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absorption band at 695 nm (31), and second because of an upfield shifted
of the methyl resonance, characteristic of an axial methyl ligand, in the
nuclear magnetic resonance spectrum (34). In addition, similar g values
are observed for the c-type heme center in the oxidized P. aeruginosa
enzyme, which is known to have His/Met ligation (35).

Although the matter cannot be regarded as completely settled, it
seems likely that during the oxidase reaction a His/Met ferric c heme
occurs. This might be expected to be more readily reduced by ascor-
bate than the His/His form, thus explaining the more rapid reduction
of the enzyme by ascorbate after an initial oxidation by oxygen. Sup-
port for this view comes from the finding that the semi-apo enzyme is
much more rapidly reduced by ascorbate than the “as prepared” oxi-
dized holoenzyme.

Until 77 ms after mixing reduced enzyme with oxygen, no EPR signal
attributable to the d1 heme could be detected. However, unexpectedly,
a signal characteristic of an organic radical species was identified. The
g-values suggest that this radical resides on an amino acid side chain,
tentatively assigned as tyrosine. The decay of this radical species cor-
related with the appearance of an EPR signal that could be assigned to
a hydroxide ligand on low-spin ferric d1 heme.

The combined results from rapid visible absorption and EPR spec-
troscopies on cytochrome cd1 from P. pantotrophus suggest the follow-
ing sequence of events (31). First, the fully reduced enzyme with five-
coordinate d1 heme iron binds oxygen, an event that is followed by very
rapid electron transfer from the d1 heme to the bound oxygen. This is fol-
lowed almost immediately by the arrival of electrons from the c heme
and a tyrosine side chain. This results in the cleavage of the oxygen
molecule, release of water, and generation of an EPR silent Fe(IV)–oxo
species; three electrons are required for this process. In parallel, the c
heme center, which has retained His/Met coordination, can be reduced
by ascorbate. Electrons derived in this way by ascorbate are used to re-
duce the amino acid side chain and to generate a ferric hydroxyl species
at the d1 heme active site. This mechanism clearly needs to be tested
by further work. It is of general interest because the Fe(IV)–oxo species
with attendant amino acid radical species appears to accumulate on
this enzyme, but not in others, such as yeast cytochrome c peroxidase
or mitochondrial cytochrome oxidase, where it has been proposed. The
reason for the difference is probably related to the small kcat value for
the oxidase reaction of cytochrome cd1, which may, therefore, provide
an important model system for characterizing the role of amino acid
radicals in other oxygen-dependent enzymic reactions.
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Unfortunately there are not as yet any reports of rapid reaction stud-
ies on the P. pantotrophus enzyme when it is catalyzing nitrite reduc-
tion. The oxidase reaction and the properties of the “semi-apo” enzyme
suggests that the His/His ligation of the c-type cytochrome center in
the P. pantotrophus enzyme would only be observed when Tyr 25 is
anchored to the d1 heme iron. Given the close proximity of Tyr 25 to
His 17 in the sequence, such a connection between the binding of these
amino acid side chains to the two heme irons is reasonable. However,
it should be recalled that in the crystal structures of the enzyme with
nitrite or nitric oxide bound, His 17 is still a ligand to the heme c cen-
ter. Hence, although work on the oxidase reaction may suggest that the
His/His coordinated state of the c heme is not catalytically relevant,
this may not be true of the physiological reduction of nitrite to nitric
oxide.

F. RELATIONSHIP OF CYTOCHROMES cd1 TO THE COPPER NITRITE REDUCTASES

The copper-containing nitrite reductase is a trimer of identical sub-
units. In each subunit there is a type 1 copper, which acts analogously
to the c-type heme in cytochrome cd1, and thus is the point of entry of
electrons into the enzyme. The three catalyzic sites have type 2 copper
and are located on interfaces between two subunits. The type 2 copper
ligands are provided by amino acid side chains; there is no organic cofac-
tor. Current mechanisms for the copper-type nitrite reductase envisage
that nitrite binds in bidentate fashion, via its two oxygen atoms, to cop-
per(II) with concomitant displacement of a hydroxide ion. Subsequently
it is proposed that an electron is received from the type 1 copper center.
The reduction of the type 2 copper, together with protonation and loss
of hydroxide, generates nitric oxide bound via its oxygen to copper (22,
27). There is therefore a debate as to whether there is rearrangement
of the bound nitric oxide so as to give a copper–nitrogen bond before
product release (36–38). In any event, it is clear that the mechanism of
nitrite reduction catalyzed by the copper enzyme is distinct from that
of cytochrome cd1.

G. OUTSTANDING ISSUES

It is remarkable that the oxidized states of the cytochromes cd1 from
P. pantotrophus and P. aeruginosa have different structures. It is not
clear at present whether one of these structures is superior for cat-
alyzing nitrite reduction. Certainly in the P. pantotrophus enzyme the
ligand switching at both ligand centers upon changing oxidation state is
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novel. The X-ray structures of enzyme with bound substrate and prod-
uct would suggest that these switches occur during catalysis, but this
is not definitely demonstrated. If these switches do not relate to catal-
ysis, then their role is not clear. Arguably, the oxidized structure of the
enzyme may represent a resting or protected state and that it is the
reduced conformer, which is similar in both enzymes, and is important
in catalysis (39). If this is the case, then why is a similar protected state
seemingly not needed for the P. aeruginosa enzyme?

It is interesting that copper or iron can often be used to catalyze the
same reaction in biology, and nitrite reduction is one of many examples.
In the case of the cytochromes cd1, the chemical rational for the adop-
tion of the d1 heme ring has not been rigorously determined, but it is
striking that no organic cofactor is needed for the copper enzyme. It is
also unclear why in both cytochrome cd1 and copper nitrite reductase
there is a requirement for a metal center to act as a receiver from an
electron donor protein. Since a one-electron reaction is catalyzed, a sin-
gle metal center might have been expected to be sufficient. In the case
of cytochrome cd1, regulation of the electron transfer from the c to the
d1 heme may be necessary in order to avoid the formation of a dead-end
Fe(II)–d1 heme nitric oxide complex.

Finally, this may not yet be the end of the story concerning structural
variation in cytochromes cd1. The sequence of cytochrome cd1 from
P. stutzeri shows no counterpart of either Tyr 10 or Tyr 25, and thus
the c heme domain may be quite distinct from those observed to date.

III. Diheme Cytochrome c Peroxidases

A. PROPERTIES OF BACTERIAL DIHEME CYTOCHROME c PEROXIDASES

It is nearly 50 years since a c-type cytochrome was shown to catalyze
peroxidase activity in crude extracts of Pseudomonas fluorescens (40).
The enzyme responsible was first purified some 20 years later by Ell-
folk and Soninen from the closely related P. aeruginosa and shown to
be a diheme cytochrome c peroxidase (CCP) (41). These bacterial di-
heme CCPs are quite distinct from the superfamily of plant and yeast
peroxidases (42) and are widely distributed among the Gram-negative
bacteria (41, 43–46). Diheme CCPs are located in the periplasm (Fig. 2),
where they catalyze the two-electron reduction of H2O2 to H2O by sol-
uble one-electron donors such as cytochromes c and cupredoxins.

The physiological function of bacterial cytochrome c peroxidase is
not completely clear, but usually the enzyme seems to be expressed at
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the highest levels following growth under microaerobic conditions. In
P. denitrificans expression of CCP is controlled by the FNR system of
global regulation (47), suggesting that CCP is an enzyme of microaer-
obic metabolism linking an essential detoxification pathway to respi-
ration. This may reflect the availability of hydrogen peroxide in soils
and aquatic environments under some conditions (48). Richardson and
Ferguson (49) have suggested that hydrogen peroxide respiration
(via CCP) occurs in anaerobically grown cells of P. pantrotrophus and
Rhodobacter capsulatus. This was deduced from an inhibitory effect of
hydrogen peroxide, but not of oxygen, on nitrate respiration via the
periplasamic nitrate reductase (49). This differential effect of hydrogen
peroxide and oxygen excludes a role for catalase in converting added hy-
drogen peroxide to oxygen. It would, therefore, appear that in a number
of important human pathogens, including P. aeruginosa, Helicobacter
pylori, and Vibrio cholera, CCP may be an essential element of the
organisms’s response to toxic oxygen species, and as such a potential
target for antibacterial agents. Note, however, that Koutny et al. (50),
using biosensor methodology, concluded that exogenous hydrogen per-
oxide was not acted upon by cytochrome c peroxidase, despite being
present in high levels, in anaerobically grown cells of P. denitrificans.
Instead it was converted by catalase to oxygen, which in turn acted as
a terminal electron acceptor.

In contrast to the extensively studied superfamily of plant peroxi-
dases, diheme CCPs contain two heme c moieties covalently attached
to a single polypeptide chain. Thus far, the two best characterized CCPs
are the enzymes isolated from P. aeruginosa and from P. denitrificans.
A number of early studies of both enzymes have demonstrated the in-
equivalence of the two hemes, in particular their midpoint redox poten-
tials. These have been determined to be about +320 and −320 mV (51,
52). The similarity of the latter value to the reduction potentials re-
ported for heme b in the active sites of plant peroxidases (53, 54), led to
the assumption that this low-potential heme is the catalytic center. The
high-potential heme would then serve to receive electrons from exter-
nal donors and mediate subsequent electron transfer to the active site.
Thus, there are similarities to the cytochromes cd1 described earlier in
terms of the strategy used to accept electrons from their redox partners.
Also, both types of enzyme need to become part reduced before they can
function as catalysts — reduction initiating a change in the coordina-
tion number of the active site heme to allow substrate binding. It must
be stressed that in the CCPs it is reduction of electron accepting heme
that precipitates change at the active site heme, whereas in cytochrome
cd1 the active site itself must be reduced (21).
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FIG. 7. The structure of the oxidized state of cytochrome c peroxidase from P. aerugi-
nosa (only a monomer is shown here). The small sphere between the low-potential heme
(top) and the high-potential heme (bottom) domains shows the position of the Ca2+ ion.

B. STRUCTURE OF CYTOCHROME c PEROXIDASE FROM

PSEUDOMONAS AERUGINOSA

Protein molecules of P. aeruginosa CCP form dimers both in solution
and in the crystal, and the crystallographic asymmetric unit contains a
monomer. The three-dimensional structure of P. aeruginosa CCP at 2.4
Å resolution (55) shows that the 34-kDa monomer is organized into two
structurally distinct domains around the two covalent c heme centers
(Fig. 7). The structures of both domains resemble the structure of class
1 c-type cytochromes (56). However, both domains are somewhat larger
than is usual for cytochromes because of additional α-helices, β-strands,
and loops (Fig. 8). The crystallized enzyme is in the fully oxidized state
and shows, in agreement with numerous spectroscopic measurements
(57–59), that the low-potential heme iron at the N-terminal domain
has two axial ligands (Fig. 8a). Both ligands are histidines (His 55 and
His 71), as in the c domain of P. pantotrophus cytochrome cd1 nitrite
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FIG. 8. (a) The high-potential heme domain of P. aeruginosa CCP. (b) The low-potential
heme domain of P. aeruginosa CCP.

reductase (55). The immediate environment of this heme is predomi-
nantly hydrophobic. This structure is of the catalyzically inert “rest-
ing” form of the enzyme in which both hemes are Fe(III) six-coordinate
and unable to bind substrate. Numerous studies of both P. aeruginosa
CCP and P. denitrificans CCP have demonstrated that for catalysis to
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take place, the enzyme must be activated by accepting an electron at
the high-potential heme (52, 57, 60–63). This event must be accompa-
nied by the dissociation of one of the histidine ligands from the low-
potential heme. His 55 is unlikely to leave because it is buried and
positioned next to Cys 54, which covalently links the heme to the pro-
tein in a rigid structural unit. His 71, on the other hand, sits on the
tip of a flexible loop (Figs. 7, 8a). This arrangement suggests that His
71 is the more likely ligand to leave the heme prior to catalysis. The
activation of the enzyme might be coupled to domain movement con-
trolled by changes in the spin and oxidation state of the two hemes,
as was found in cytochrome cd1 (12). However, these subsequent struc-
tural changes at the heme iron are not well understood. The His/Met
(residues 201 and 275) ligated C-terminal domain contains the high-
potential heme (Fig. 8b), which is site of electron entry from donors
(60, 61, 64, 65). Residues 223–228 are disordered in the structure and
these residues are often the target for proteolytic cleavage by P. aerug-
inosa elastase (66, 67). The two heme groups are perpendicular to each
other and separated by an iron–iron distance of 20.9 Å. One of the
propionates of one heme points toward the a propionate of the second.
The shortest distance between the two hemes is via these propionates
(9.6 Å).

The two domains in each P. aeruginosa CCP monomer are connected
by three strands of chain and an antiparallel β-sheet (Fig. 7). The do-
main interface is hydrophobic and provides a Ca2+ ion site with un-
usual ligation (Fig. 9). A detailed biochemical study of P. denitrificans
CCP has suggested an essential role for Ca2+ ions in catalysis. This
enzyme appears to bind two Ca2+ ions, the first with high affinity in

FIG. 9. The calcium binding site in P. aeruginosa CCP. One of the propionates of the
high-potential (HP) heme is hydrogen bonded to two bound water (OW) molecules.



P1: FKH
Advances in Inorganic Chemistry PS006-04 August 14, 2000 17:49 Stylefile version:April 24, 2000
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both the resting and mixed valence (MV) states and the second with
lower affinity (52, 63, 68). The second site appears to promote dimer-
ization of the active, MV form of the enzyme and stabilizes the high-spin
(five-coordinate) form of the low-potential peroxidatic (where hydrogen
peroxide is reduced) heme (see Section III,D). However, reexamination
of the dimeric interface region did not reveal any putative metal binding
site in the P. aeruginosa CCP enzyme. The high-affinity site is almost
certainly that seen in the crystal structure of the P. aeruginosa CCP
(Fig. 9) (55). Although all these ligands are oxygen atoms and there
are seven of them in a pentagonal bipyramidal arrangement, reminis-
cent of calcium sites in other proteins, what is rather unusual, but
not completely unprecedented, is that there is no negatively charged
residue coordinated to the calcium (55). The ligands are the amide oxy-
gen of Asn 79, the main chain carbonyls of Thr 256 and Pro 258 and
four molecules of water (Fig. 9). The nearest carboxylate to the cal-
cium ion is one of the propionates of the high-potential heme center
whose oxygen atoms form hydrogen bonds to two bound water ligands.
By contrast, the distal Ca2+ binding site of horseradish peroxidase c
(HRP) uses three carboxylate ligands (69). In spite of these differences
the distal Ca2+ binding site of class III plant peroxidases (HRPC and
peanut peroxidase) may provide a clue as to the role of the calcium ion
in P. aeruginosa CCP. The distal Ca2+ in HRPC is intimately liked to
a histidine residue in the heme distal pocket that is essential for catal-
ysis. Moreover, this calcium is required to maintain the structure of
the heme distal pocket. In the structure of resting P. aeruginosa CCP
the calcium binding site is adjacent to a conserved histidine residue
that when chemically modified in P. denitrificans CCP leads to a loss
of catalytic activity (70). Hence, it may be that the bound calcium in
P. aeruginosa CCP fulfils a similar role in MV-CCP. Another possible
role of the calcium might be to maintain the structural integrity of
the enzyme, as the metal is found at the interface between the two
domains.

C. SOLUTION SPECTROSCOPY OF CCP FROM PSEUDOMONAS AERUGINOSA

Before the availability of a high-resolution structure of P. aerugi-
nosa CCP, the properties and environments of the two hemes had been
probed using a range of solution spectroscopies. These include electron
paramagnetic resonance (EPR) (51, 57, 58, 61), resonance Raman (59),
circular dichroism (CD) (71, 72), MCD (58, 61, 73, 74). Until the demon-
stration by Ellfolk and colleagues that it is the mixed-valence form of the
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enzyme that reacts with hydrogen peroxide to form an active complex
(60), these spectroscopic studies focused almost exclusively on the oxi-
dized and fully reduced forms of the enzyme.

Subsequently, the emphasis shifted to using spectroscopy to probe the
structural changes that occur in the immediate vicinity of the hemes
upon half-reduction. An understanding of the structure of the MV form
of CCP is a key element in any description of the mechanism of this
class of enzyme, since it is the state that can bind substrate. In order
to do this, one of the hemes must become both five-coordinate and ac-
cessible to hydrogen peroxide. In the absence of an X-ray structure of
the MV state of the enzyme, one must rely on spectroscopic evidence to
understand the nature of the structural changes. Of these spectroscopic
studies, perhaps the most complete and arguably the most informative
are the variable-temperature MCD studies and EPR of Greenwood and
colleagues.

MCD spectroscopy in range 300 to 2000 nm at both ambient and liq-
uid helium (4.2 K) temperatures can yield information about the spin,
oxidation, and coordination states of each heme in a multiheme protein
such as CCP (75). This technique, in combination with low-temperature
X-band EPR spectroscopy, was used to great effect in characterizing
the properties of the fully oxidized and MV forms of the P. aerugi-
nosa CCP in solution. At 4.2 K, both hemes in the oxidized enzyme
are low-spin ferric, with diagnostic features in the near infrared–MCD
(NIR-MCD) spectrum consistent with one heme with His/Met axial co-
ordination and the other with bis-histidine axial coordination; this is
entirely consistent with the crystal structure. In contrast, at room tem-
perature only the low-potential (bis-histidine coordinated) heme in the
C-terminal domain remains completely low-spin, whereas the high-
potential (His/Met coordinated) heme exists as mixture of high- and
low-spin forms (58).

The MV state of two forms of P. aeruginosa CCP, termed “active” and
“inactive,” which describes their behavior in the standard assay, has also
been studied (61). The X-band EPR spectrum at 10 K of the MV state of
both “active” and “inactive” forms contain a rhombic spectrum arising
from a single low-spin ferric heme, such as the low-potential heme in
the active site. In the MV state the high-potential (His/Met coordinated)
heme is reduced and therefore EPR inactive. In the “inactive” enzyme
the rhombic trio (gz= 3.00, gy= 2.26, gx =∼1.4) arising from the ferric
state of the peroxidatic heme is associated with a ligand–metal charge
transfer band in the NIR-MCD spectrum recorded at 4.2 K. The maxi-
mum of this charge-transfer (CT) band lies at 1450 nm, confirming that
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the heme is a bis-histidine ferric species (75, 76). The rhombic spectrum
(gz= 2.85, gy= 2.35, gx =∼1.54) in the X-band EPR spectrum associ-
ated with the single low-spin (at 10 K) ferric heme in the MV state of the
“active” enzyme is both well defined and intense (57, 61). Interestingly,
this EPR spectrum is associated with a most unusual NIR-MCD spec-
trum that is both rather weak in intensity and very broad (61). The posi-
tion of this NIR charge transfer band is consistent with bis-histidine lig-
ation (75, 76), rather than the His/His− axial ligation proposed by Aasa
et al. (57), which would give rise to a NIR-MCD charge transfer band
of higher energy (75).

At room temperature the NIR-MCD spectrum of the “inactive” MV
form is similar to that recorded at liquid helium temperatures, sug-
gesting the same spin and ligation states. In contrast, the NIR-MCD
spectrum of the active MV species is quite different. The broad band has
gone and is replaced by two weaker features: a trough at ∼630 nm and
a derivative-shaped feature (λcross' 1150 nm). The position of this pair
of features is indicative of the nature of the distal ligand, in this case
water, for high-spin hemes whose proximal ligand is a histidine (77, 78).
Thus, it would appear that the loss of the distal histidine ligand and
formation of the high-spin (substrate binding) state in the “active” form
of P. aeruginosa CCP is temperature dependent. Similar temperature
dependence has been shown for the formation of the high-spin heme in
the Ca2+-loaded CCP from P. denitrificans (52).

Taken together, the X-ray structure of P. aeruginosa CCP and the
magneto-optical studies of the oxidized and MV forms of the “active”
enzyme can be interpreted in terms of the following activation mech-
anism. Reduction of the high-potential heme causes the peroxidatic
heme to shed His 71 (55, 61). This would not only provide an open face
at the heme to bind H2O2, but would perhaps position His 71 in the dis-
tal pocket, allowing it to promote heterolytic peroxide cleavage during
compound I formation. However, alignment of the primary sequences of
10 CCPs and three examples of the closely related MauG proteins shows
His 71 is not conserved (Watmough and Fadhl, unpublished data). This
raises the intriguing possibility that some CCPs, for example, the en-
zyme from H. pylori, do not adopt a “resting state” and maintain an
open peroxidatic site. This is the case for the CCP purified from Nitro-
somonas europea, where a combination of EPR spectroscopy and ligand
binding experiments clearly show that that the oxidized form of the en-
zyme contains a high-spin heme that can bind substrate (46). However,
rather surprisingly the primary amino acid sequence of this enzyme
reveals that a histidine residue equivalent to His 71 of P. aeruginosa
CCP is present.
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D. THE ROLE(S) OF THE BOUND CA2+ ION(S) IN THE ACTIVATION OF THE

CCP FROM PARACOCCUS DENITRIFICANS

The position of the Ca2+ binding site at the domain interface of each
monomer of P. aeruginosa CCP suggests that it will be sensitive to
any structural changes associated with formation of the MV-CCP. The
residues, Asn 79, Thr 256, and Pro 258, that contribute to this Ca2+

binding site are highly conserved among all the bacterial diheme CCPs,
including the P. denitrificans enzyme. This suggests that the work of
Pettigrew and colleagues on the role of Ca2+ ions in the activation of
P. denitrificans CCP (17, 52, 63, 68) might be extrapolated to other
members of the family.

The CCP purified from the periplasm of P. denitrificans (like P. aeru-
ginosa CCP) is a dimer in solution, each monomer having a molecular
weight of 38 kDa. The isoelectric point (pI = 4.8) of P. denitrificans CCP
reflects the basic nature of its preferred electron donors cytochrome c552
and horse-heart cytochrome c (63, 79). Since the enzyme is isolated from
a periplasmic fraction (79), rather than a whole cell homogenate or an
acetone powder (as is the case for P. aeruginosa CCP), it is exposed both
to slightly alkaline buffers and high concentrations of EDTA, which is
a strong chelator of divalent cations. This apparently depletes at least
some of the bound Ca2+ ions from the enzyme during the course of
purification (52). As a result it was realized that to obtain maximum
catalytic activity it was necessary to add exogenous Ca2+ ions to the MV
form of P. denitrificans CCP (63). The addition of Ca2+ ions not only led
to changes in the UV/Vis absorption spectrum, but showed that these
changes were associated with a shift in the reduction potential of the
high-potential heme (52). In particular, on half reduction of the Para-
coccus enzyme there are slow time-dependent changes in the UV/Vis
absorption spectrum spectra that are associated with formation of high-
spin ferric heme (52). The extent of these changes, which are maximal
in the presence of added Ca2+ ions, is diagnosed by a decrease in absorp-
tion at 410 nm with a concomitant gain at 380 nm and the formation
of a 640 nm ligand-to-metal charge transfer band. The intensity of the
latter feature, which corresponds to the “630 nm” band in the room
temperature MCD spectrum of P. aeruginosa CCP (see Section III,C),
is temperature dependent, almost disappearing on cooling of the en-
zyme to 4◦C (52). Similar spectral changes have recently been reported
for the CCP isolated from Pseudomonas nautica (43).

It has also been reported that Ca2+ ions appear to promote dimeriza-
tion of P. denitrificans CCP. This is argued on the basis of monomeric
(inactive) CCP and dimeric (active) CCP being in rapid equilibrium,
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such that at low concentrations the inactive monomer is favored. Con-
centration of previously diluted enzyme restores catalyzic activity.
To account for all the Ca2+ induced spectroscopic changes and the
monomer–dimer equilibrium, Pettigrew and colleagues have proposed
a model for the Paracoccus enzyme in which Ca2+ ions bind at two
different sites. The first site is present in each monomer and binds
Ca2+ with a Kd of 1.2 µM in both the resting and mixed valence states.
The second, low affinity site, which is proposed to promote dimeriza-
tion in the P. denitrificans CCP is not apparent in the structure of the
P. aeruginosa enzyme (see section III B).

The presence or absence of Ca2+ ions in one or both sites also appears
to effect the reduction potential of the high-potential heme. In equi-
librium redox titrations monitored spectroscopically, done in the pres-
ence of Ca2+ ions, this is shifted positive by about 50 mV (Eo′ = + 226
mV) compared with titrations done in the presence of a chelator (Eo′ =
+ 176 mV) (52). This former value is close to the reduction potentials re-
ported for the high-potential heme in the CCP from P. aeruginosa (51),
but about 200 mV lower than reported for the high-potential hemes in
the enzymes from N. europea (46) and Methylococcus capsulatus Bath
(80). In contrast, the reduction potential of the peroxidatic heme is un-
affected by the presence or absence of Ca2+ ions (16, 52).

The fully reduced state of CCP is probably of no physiological signif-
icance. However, the visible region spectrum of the fully reduced en-
zyme is very sensitive to the presence or absence of bound Ca2+ ions. In
the absence of Ca2+ ions the α-band maximum of the reduced enzyme,
recorded during the course of the redox titrations described earlier, is at
551 nm with a shoulder at 557 nm. In contrast, in fully reduced Ca2+-
loaded enzyme the maximum is at 557 nm with a shoulder 551 nm (52).
These spectra should be compared with those of the fully reduced Pseu-
domonas CCP in its “inactive” and “active” forms, respectively, which
show similar differences (81). Further similarities exist between the
X-band EPR spectra of the “active” CCP from P. aeruginosa in the MV
state and that of the Ca2+-loaded CCP from P. denitrificans and, more-
over, the X-band EPR spectrum of MV P. denitrificans CCP that had
previously been treated with EDTA (Table I).

The work of Foote and colleagues (61, 81) was done before the re-
alization of the importance of Ca2+ ions for this class of enzymes. In-
stead, they suggested that the “inactive” enzyme is identical to the two-
fragment complex that arises from elastase cleavage of P. aeruginosa
CCP (66, 67). Unfortunately, no direct evidence was shown to support
this view other than a statement to the effect that chromatography



P1: FKH
Advances in Inorganic Chemistry PS006-04 August 14, 2000 17:49 Stylefile version:April 24, 2000

STRUCTURE AND ENZYMOLOGY OF DIHEME ENZYMES 195

TABLE I

SPECTROSCOPIC CHARACTERISTICS OF DIFFERENT FORMS OF THE CCPS FROM P. AERUGINOSA AND

DENITRIFICANS IN THE MIXED-VALENCE (HALF-REDUCED) STATE

Pseudomonas aeruginosa Paracoccus denitrificans

CCP origin “Active” “Inactive” Ca2+ bound Ca2+ depleted

Visible absorption
(maxima)
Soret 420 nm 421 nm 419 nm 419 nm
(both hemes) (∼395 nm) (410 nm) (∼395 nm) (411 nm)
Visible 557 nm; 557 nm; 557 nm; 557 nm;
(both hemes) 525 nm 525 nm 525 nm 525 nm
Near IR ∼630 nm Absent ∼640 nm Absent
(LP Fe(III) heme)

X-band EPR gz = 2.85, gz = 3.00, gz = 2.89, gz = 3.00
(LP Fe (III) heme) gy = 2.26, gy = 2.26, gy = 2.32,

gx = ∼1.54 gx = ∼1.4 gx = 1.51

NIR -MCD 4.2 K λmax = ∼1400 nm max =∼1450 nm n.d. n.d.
298 K min = ∼630 nm; max =∼1450 nm n.d. n.d.

cross= ∼1150 nm

NMR n.d. n.d. −3.1 ppm −3.7 ppm
(HP); (HP);

64–50 ppm 30–22 ppm
(LP) (LP)

P.

λ
λ

λ
λ

of the “inactive” enzyme on a strong cation-exchange column resolves
three colored fractions, rather than the single fraction observed with
“active” protein (61, 81). This is surprising, since if the 23-kDa diheme
containing fragment was resolved from the native enzyme and a col-
orless 10-kDa fragment, only two colored fractions might be expected.
Thus, it is not clear whether the fragmentation observed by Foote et al.
occurred by elastase cleavage prior to chromatography or is a conse-
quence of the chromatographic conditions.

E. THE NATURE OF THE PEROXIDATIC HEME DISTAL POCKET IN

THE MIXED-VALENCE FORM OF DIHEME CCPS

In the extensively studied monoheme yeast CCP (YCCP) and HRPC,
the distal cavity of the peroxidatic heme contains conserved arginine
and histidine residues, positioned to maximize the rate of heterolytic
oxygen cleavage in compound I formation. In both YCCP and HRPC,
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mutation of the distal histidine lowers the bimolecular rate constant
for peroxide binding by five orders of magnitude (82, 83). Assuming the
peroxidatic heme in P. aeruginosa CCP uses a similar strategy to pro-
mote O–O bond cleavage, it is interesting to contemplate which residues
may perform similar roles in the distal pocket after activation. Simplis-
tically, it might be assumed that after His 71 is shed from the distal
face of the peroxidatic heme, this residue remains close enough to serve
as a base during catalysis. However, this residue is not absolutely con-
served, nor does it necessarily serve as an axial ligand in the oxidized
enzyme — for example, in the CCP from N. europea (46).

In contrast, the histidine at position 261 (P. aeruginosa CCP num-
bering) is absolutely conserved. Moreover, specific modification of the
equivalent residue (His 275) in P. denitrificans CCP with diethylpyro-
carbonate leads to loss of catalytic activity and an inability to form a
high-spin heme in the MV enzyme (70). It has been argued, based on
sequence conservation and these chemical modification experiments,
that it is this histidine rather than His 71 that serves as a base into
the peroxidatic heme. In this light it is worth noting that His 261 lies
in a highly conserved region of the protein that includes Arg 251 and
Trp 266, which could be functional analogues of Arg 48, Trp 51, and His
52 at the distal side of the YCCP heme. However, this triad of residues
lies a long way from the presumed peroxidatic heme and it is diffi-
cult to see how the shedding of His 71 would introduce them to heme
environment.

To overcome these objections, Prazeres et al. (17) have proposed an al-
ternative model in which the half-reduction of CCP leads to a switch of
axial ligands at both hemes reminiscent of the changes known to occur
in P. pantotrophus cd1. In this model, when the high-potential heme
(center I) is reduced it induces a ligand switch at the low-potential
heme (center II) such that His 71 is replaced by the totally conserved
methionine at position 115. This, it is presumed, causes a change in the
midpoint redox potential (cf. the c heme domain of P. pantotrophus cy-
tochrome cd1, Section II,A). The electron moves to center II, and simul-
taneously Met 275 is shed from center I. This leaves a five-coordinate
heme able to bind substrate, with the proposed catalyzic triad of His
261, Arg 251, and Trp 266 (P. aeruginosa CCP numbering), presumably
positioned above the distal face of the heme to participate in catalysis.
Such a scheme cannot be argued against on the basis of any spectro-
scopic or electrochemical data. In fact, such a scheme makes it easier
to interpret the apparent inequivalence of the oxidative and reductive
waves associated with the “high-potential” heme in cyclic voltammetry
(CV) experiments (16). However, these residues also lie a long way from
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center II, and it is also difficult to see how they would be introduced to
the heme environment.

In considering this alternative model, it is important to remember
three things. First of all, there is, as yet, no evidence that diheme CCPs
will use exactly the same chemistry to promote O–O bond cleavage as
their eukaryotic counterparts. Secondly, there is not yet a structure of
a half-reduced CCP, nor are there any solution studies that can give
any indication of the extent of the changes that take place in the pro-
tein structure upon half reduction. Finally, His 261 is adjacent to Thr
256 and Pro 258, and modification of this imidazole group with a bulky
substituent may sterically impair Ca2+ binding. In this context it is
interesting to note that the EPR spectrum of the MV form of the chem-
ically modified P. denitrificans CCP is unaffected by Ca2+ ions (70) and
resembles that of the MV form of the unmodified enzyme that has previ-
ously been treated with EDTA. Consequently, in the continued absence
of a structure of a MV CCP, a proper evaluation of the role of His 261
will require substitution of this residue by site-directed mutagenesis.

F. MECHANISTIC STUDIES ON P. AERUGINOSA CCP

The detailed mechanism of P. aeruginosa CCP has been studied by a
combination of stopped-flow spectroscopy (64, 65, 84, 85) and paramag-
netic spectroscopies (51, 74). These data have been combined by Foote
and colleagues (62) to yield a quantitative scheme that describes the ac-
tivation process and reaction cycle. A version of this scheme, which in-
volves four spectroscopically distinct intermediates, is shown in Fig. 10.
In this scheme the “resting” oxidized enzyme (structure in Section III,B)
reacts with 1 equiv of an electron donor (Cu(I) azurin) to yield the “ac-
tive” mixed-valence (half-reduced) state. The “active” MV form reacts
productively with substrate, hydrogen peroxide, to yield compound I.
Compound I reacts sequentially with two further equivalents of Cu(I)
azurin to complete the reduction of peroxide (compound II) before re-
turning the enzyme to the MV state. A further state, compound 0, that
has not been shown experimentally but would precede compound I for-
mation is proposed in order to facilitate comparison with other peroxi-
dases.

The formation of the MV state has been studied using azurin as an
electron donor (64, 65). Azurin has the advantage over cytochrome c551
in that even at high concentrations there is little spectral overlap with
the Soret or visible region transitions of CCP. The reaction of azurin
with CCP under pseudo-first-order conditions is described by two inde-
pendent exponential processes, with the faster process predominating
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FIG. 10. A model of the mechanism of activation and turnover in P. aeruginosa
CCP after Foote et al. (62). In order to successfully model steady-state turnover, Foote
et al. used the following experimentally derived rate constants: k1 = 7 s−1, k2 = 0.2
s−1, k9 = 5.6× 107 M−1s−1, k10 = 2.0× 106 M−1s−1, k11 = 1.5× 106 M−1s−1 (62). In ad-
dition the following rate constants were determined by kinetic modeling; k3 = 5× 104

M−1s−1, k4 = 3.4 s−1, k5 = 1× 106 M−1s−1, k6 = 4.2 s−1, k7 = 0.125 s−1, k8 = 0.1 s−1 (62).
Note that the origin of the equilibrium (k7/k8) between conformers of CCP that gives
rise to the fast phase of activation (white infilled rectangles) and that giving rise to the
slow phase of activation (gray infilled rectangles) is unknown. If, however, it arises from
Ca2+ binding to the enzyme, a more complex model would be required, as presumably
an equilibrium would exist between catalytically active (Ca2+ bound) and inactive (Ca2+

free) states of the MV state. Such models have been put forward for the P. denitrificans
CCP by Prazeres et al. (17) and Lopes et al. (16).

at high azurin concentrations (62, 64, 65). These observations have been
interpretated in terms of the CCP existing in two conformers, both of
which can interact with Cu(I) azurin to form a bimolecular complex
prior to electron transfer to the high-potential heme. The formation of
the bimolecular complex by both CCP conformers is strongly pH depen-
dent (64). The equilibrium between the two reactive forms of CCP has
been proposed to depend upon the spin state of the high-potential heme
(62), which in turn may depend upon the occupancy of the Ca2+ binding
site, although this remains to be tested experimentally.
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Once activated, MV-CCP reacts with 1 equiv of H2O2 in a bimolecu-
lar reaction, presumably to form compound 0. In YCCP and HRP this
species is referred to as compound ES or compound I, respectively, and
contains oxyferryl heme and either a porphyrin π -cation radical (HRP)
or an amino acid radical (YCCP). However, the presence of an extra
reducing equivalent on the second heme in CCP suggests that such an
oxidizing radical species close to the active site heme will be very short-
lived and readily form compound I (Fig. 10), which is formally Fe(III)
Fe(IV) O. The bimolecular rate constant for compound I formation is
reported to be very close to the diffusion limit (84).

P. aeruginosa CCP compound I has been further characterized by
rapid scan stopped-flow spectrophotometry (85), low-temperature EPR
spectroscopy (51, 74), and variable-temperature MCD (74). The single
low-spin Fe(III) heme observed in the low-temperature X-band EPR
spectrum of compound I (gz = 3.15) (51, 74) differs from any of the low-
spin Fe(II) hemes seen in the EPR spectra of the “resting” and MV
states. Since compound I can only be observed using freeze–quench
methodologies, the MCD spectrum has only been recorded at liquid he-
lium temperatures and shows the Fe(III) to have His/Met axial ligands
(74). The second heme, an Fe(IV) O species, is EPR silent, but is readily
observed in the visible region of the low-temperature MCD spectrum
(74). The form of this spectrum suggests that it is related to compound II
of HRP — for example, neither the porphryrin macrocycle nor a nearby
amino acid are oxidized as is the case for HRP compound I and YCCP
compound ES, respectively. That said, a radical species observed in the
EPR spectrum 4 ms after mixing MV CCP with a slight molar excess of
hydrogen peroxide (51), but that is much reduced after a few seconds
(51, 74), has yet to be assigned.

Compound I will accept a further electron from azurin and decays
to a species known as compound II with a bimolecular rate constant
of 6× 106 M−1s−1 (84). It is anticipated that compound II is a form
of CCP containing two ferric hemes, but possibly not identical to the
structurally defined fully oxidized enzyme “as isolated.” This is because
during turnover at room temperature there is no obvious reason for the
histidine ligand displaced from the peroxidatic heme iron to return.
Consequently, it might be assumed that compound II is structurally
related to the MV conformer rather than the resting enzyme.

Simplistically, it might be assumed that X-band EPR spectrum of
compound II would contain signals arising from two isolated Fe(III)
hemes, one low-spin species with His/Met ligation (cf. compound I) and
a high-spin Fe(III) species. In fact, the EPR spectrum of compound II ex-
hibits a single derivative-shaped feature at g = 3.45, which intensifies
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on cooling the sample from 10 K to 5 K that was ascribed to an integer-
spin signal arising from the magnetic coupling of two (S= 1

2 ) ferric
hemes (74). This observation is of considerable current interest, as sim-
ilar signals from pairs of interacting hemes have been reported in a
number of multi-cytochrome c containing enzymes. These include hy-
droxylamine oxidase (HAO) and its redox partner cytochrome c554 from
N. europea (86, 87), and the pentaheme bacterial cytochrome c552 nitrite
reductases from a number of organisms (88–91). The structures of HAO
(92) and cytochrome c nitrite reductase (quite distinct from cytochrome
cd1) (93) reveal that the spatial organization of the heme groups is con-
served, but it is not clear which pair(s) of hemes are coupled to give
rise to these signals, or what the mechanism of coupling may be. How-
ever, recent work on the origin of related integer-spin systems from the
dinuclear center (high-spin Fe(III) heme::Cu(II)) of Escherichia coli cy-
tochrome bo3 (94) suggests that these integer spin EPR signals arise
from the weak coupling of a pair of hemes within these multiheme cy-
tochromes, although which pair(s) of hemes are involved remains to be
established.

G. UNRESOLVED ISSUES

The principal and most pressing issue remains the nature of the
structural changes that take place upon half-reduction. Ellfolk et al. (67)
reported substantial changes in the far-UV CD spectrum of P. aerugi-
nosa CCP associated with the formation of the MV state, but unfortu-
nately did not elaborate. Given the extent of the changes proposed in the
model of Prazeres et al. (17), the issue may only be resolved by solving
the structure of a CCP in the MV state. This could be done by obtaining
diffracting crystals of previously half-reduced enzyme or by reducing a
single crystal in situ with ascorbate, in a manner analogous to the ex-
periments done on cytochromes cd1 to observe the structural changes
that take place on reduction (12, 20). Such experiments should also in-
dicate the nature of any residues in the distal pocket of the substrate
binding heme that are involved in peroxidatic cleavage. However, the
participation of such residues in catalysis will have to be tested by sub-
stituting them individually, experiments that are now tractable with
the development of systems for the heterologous expression of c-type
cytochromes at high levels (95).

The next issue to be addressed experimentally is the number and
role(s) of the Ca2+ binding site(s) in the P. aeruginosa CCP in solution.
The use of 45Ca2+ in equilibrium binding assays should determine the
stoichiometry of calcium binding. However, further experiments that
relate the number of bound Ca2+ ion(s) in P. aeruginosa CCP to the
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spectroscopically defined “active” and “inactive” conformers described
by Foote et al. (61, 81) are also needed. Such experiments will also
provide insight into how applicable the results on the Ca2+-dependent
activation of P. denitrificans CCP are to other members of this family of
diheme peroxidases, including the MauG proteins. These proteins are
proposed to participate in the biosynthesis of tryptophan tryptoquinone,
which is the cofactor in bacterial methyamine dehydrogenase (96).

There is also uncertainty as to the identity of the physiological elec-
tron donors to CCP in both P. aeruginosa and P. denitrificans. In vitro
P. aeruginosa CCP will accept electrons from cytochrome c551 and from
azurin. P. denitrificans CCP will accept electrons from basic cytoch-
romes c in vitro, but its activity toward pseudoazurin has not yet been
reported. Pettigrew et al. (97) have used molecular docking and 1H NMR
spectroscopy to study the putative electron transfer complex between
P. denitrificans CCP and cytochromes c. For the natural redox partner,
cytochrome c550, their results are consistent with a complex in which
the heme of the cytochrome c lies above the high-potential heme of
cytochrome c peroxidase. In contrast, the nonphysiological but kinet-
ically competent horse cytochrome c is predicted to bind between the
two heme domains of the peroxidase. Reexamination of the surface of
P. aeruginosa CCP structure (55) did not reveal any negative hydropho-
bic surface patch that would be similar to that found in cytochrome
cd1 (12).
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NOTE IN PROOF

Details of the unusual histeretic oxidation/reduction behaviour of P. pantotrophus cd1

have recently been published: Koppenhöfer, A., Turner, K. L., Allen, J. W. A., Chapman,
S. K., Ferguson, S. J., Biochemistry 2000, 39, 4243.
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28. Kobayashi, K.; Koppenhöfer, A.; Ferguson, S. J.; Tagawa, S. Biochemistry 1997, 36,

13611.
29. Wang, Y. N.; Averill, B. A. J. Am. Chem. Soc. 1996, 118, 3972.
30. Makinen, M. W.; Schichman, S. A.; Hill, S. C.; Gray, H. B. Science 1983, 222, 929.
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55. Fülöp, V.; Ridout, C.; Greenwood, C.; Hajdu, J. Structure 1995, 3, 1225.
56. Moore, G. R.; Pettigrew, G. W. “Cytochromes c: Evolutionary, Structural and Physico-

chemical Aspects”; Springer-Verlag: Berlin, 1990.
57. Aasa, R.; Ellfolk, N.; Ronnberg, M.; Vanngard, T. Biochim. Biophys. Acta 1981, 670,

170.
58. Foote, N.; Peterson, J.; Gadsby, P.; Greenwood, C.; Thomson, A. Biochem. J. 1984, 223,

369.
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72. Rönnberg, M.; Ellfolk, N.; Soininen, R. Biochim. Biophys. Acta. 1979, 578, 392.
73. Foote, N.; Gadsby, P.; Field, R.; Greenwood, C.; Thomson, A. FEBS Lett 1987, 214,

347.
74. Greenwood, C.; Foote, N.; Gadsby, P. M. A.; Thomson, A. J. Chem. Scripta 1988, 28A,

79.
75. Cheesman, M. R.; Greenwood, C.; Thomson, A. J. Adv. Inorg. Chem. 1991, 36, 201.
76. Gadsby, P. M. A.; Thomson, A. J. J. Am. Chem. Soc. 1990, 112, 5003.
77. Watmough, N. J.; Cheesman, M. R.; Butler, C. S.; Little, R. H.; Greenwood, C.;

Thomson, A. J. J. Bioenerg. Biomembr. 1998, 30, 55.
78. Seward, H. Ph.D. thesis, University of East Anglia, 1999.
79. Goodhew, C.; Wilson, I.; Hunter, D.; Pettigrew, G. Biochem. J. 1990, 271, 707.
80. Zahn, J. A.; Arciero, D. M.; Hooper, A. B.; Coats, J. R.; DiSpirito, A. A. Arch. Microbiol.

1997, 168, 362.
81. Foote, N. Ph.D. thesis, University of East Anglia, 1985.
82. Erman, J. E.; Vitello, L. B.; Millar, M. A.; Kraut, J. J. Am. Chem. Soc. 1992, 114, 6592.
83. Rodriguez-Lopez, J. N.; Smith, A. T.; Thorneley, R. N. F. J. Biol. Inorg. Chem. 1996, 1,

136.
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I. Introduction

Iron plays many vital roles in sustaining life, and a large portion
of the human body’s iron is in the form of heme, ferri-protoporphyrin
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IX.1 The tetrapyrrole moiety provides iron with four equatorial nitrogen
ligands and an electron-rich ring system that can participate in electron
transfer reactions. The axial iron ligands and the overall environment
provided by the protein enable fine-tuning of the properties of the heme
and account for the wide range of chemical properties and biological
activities of heme proteins. The heme proteins have essential roles that
involve not only diverse redox reactions (1), including protection against
oxidative stress (catalase and GSH peroxidase), fatty acid metabolism
(cytochrome b5 and cytochrome b5 reductase), and electron transport
in mitochondria (cytochrome c), but also oxygen storage and transport
(hemoglobin and myoglobin), signaling processes (nitric oxide synthase
and guanyl cyclase), and steroid and xenobiotic metabolism (cytochrome
P450 systems).

Consequently, a variety of heme–protein linkages, heme binding
sites, and axial coordinations to the heme iron have evolved. In a few
heme proteins such as the mitochondrial electron transporter cyto-
chrome c, heme is bound covalently via thioether bonds, but in the
majority of cases heme is noncovalently bound through a variety of
interactions, including hydrophobic contacts between the tetrapyrrole
ring and nonpolar amino acid residues in the heme binding site, salt
bridges between heme propionates and Lys or Arg residues, and ax-
ial coordination between the central heme iron and one or more His,
Met, Cys, Lys, or Met residues. Two strong-field ligands, such as bis-
His coordination in cytochrome b5 (2), produce a low-spin complex, and
one or more weak-field ligands induces a high-spin complex, such as
His–hydroxide in metmyoglobin.

Understanding the roles of the diverse heme–protein interactions in
producing specific structures and functions has been increased by the
ongoing quest for three-dimensional structures in addition to the classic
examples of myoglobin, hemoglobin, cytochrome c, and others. Among
the novel prokaryotic heme proteins whose structures have been an-
alyzed are cytochrome P450cam (3), the secreted heme binder Has A
in Serratia marsecens (4), bacterioferritin (5), and the iron-responsive
transcription factor Fur (6) of Escherichia coli. Eukaryotic examples
include cytochrome P450 isozymes (7), nitric oxide synthase (8),

1 Abbreviations: Heme, ferri-protoporphyrin IX; N-domain, N-terminal domain of
hemopexin; C-domain, C-terminal domain of hemopexin; mesoheme, iron-2,4-ethyl-
deuteroporphyrin IX; SnPP; Sn-protoporphyrin IX; CoPP, Co-protoporphyrin IX;
FTIR, Fourier transform infrared; SPDS, solvent perturbation difference spectra;
CD, circular dichroism; MCD, magnetic CD; DSC; differential scanning calorimetry; EPR,
electron paramagnetic resonance; NMR, nuclear magnetic resonance; MHBP membrane
heme binding protein; HO-1, heme oxygenase-1; MT-1, metallothionein-1.
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guanylate cyclase (9), and the heme binding transcription factor Hap1
from yeast (10).

However, taking advantage of the chemical versatility of iron and
heme also requires considerable effort in obtaining, transporting, and
storing iron as well as in preventing oxidative damage from both iron
and heme. This presents a different challenge from those faced in ac-
complishing other biological roles, namely the need to bind heme re-
versibly and to target its fate in the body. Hemopexin, which acts as
a reversible binder for heme transport, has a novel heme binding site
(11), perhaps as a consequence of these unique requirements. For ex-
ample, the heme in many of the proteins noted above lies between one
or more helices, buried in the interior with the propionic acid groups
projecting outward, none of which obtains in hemopexin.

Hemopexin participates in specific receptor-mediated transport of
heme (iron-protoporphyrin IX) and binds heme noncovalently but avidly
(Kd ∼ pM; 12) in a 1 : 1 low-spin (13), nonreactive complex and ef-
fects the specific receptor-mediated transport of heme. The activity
of hemopexin in binding and transporting heme plays a central role
in the complex task of iron and heme homeostasis, as it contributes
to minimizing loss of biological iron stores, preventing toxic heme-
catalyzed oxidations, sequestering iron from pathogens, and generating
coordinated cellular responses, including activation of signaling cas-
cades (the N-terminal c-Jun kinase) (14) and coordinated expression
of the heme oxygenase-1 (HO-1) and metallothionein-1 (MT-1) genes
(15, 16).

Here, the structure and function of hemopexin, the mechanisms of
hemopexin-mediated heme transport, and the biological consequences
of this specific transport system are reviewed and questions for future
research proposed. This is an opportune time for review since recent ad-
vances not only provide new viewpoints and directions but also enable
new insights to be derived from earlier work.

II. Biological Properties of Hemopexin

Hemopexin was first identified as a heme binding β-globin in elec-
trophoretograms of plasma of patients with hemolysis (17–19). The
protein is synthesized and secreted by the liver (20–22), and during
secretion the signal peptide is removed and the protein is glycosylated
(23). Tissue forms of hemopexin are expected due to the presence of
mRNA in brain (24), peripheral neurons (25), and neural retina (26),
pointing to a function of hemopexin in barrier tissues.
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Although normally present in normal human plasma in abundance
(∼0.6 mg/ml, 10 µM) (27–30), concentrations of hemopexin are sensitive
to a variety of pathological conditions. Decreased levels have been noted
in chronic and severe hemolytic states (31) and in heme infusion of acute
intermittent porphyria patients (32). On the other hand, hemopexin
levels increase in the acute-phase response (33–36), and hemopexin has
been designated as a type II acute-phase reactant. Plasma hemopexin
also increases in certain conditions of muscle breakdown and neuro-
muscular disease (37).

The human hemopexin gene has been cloned (38) and is located
near the β-globin gene cluster on human chromosome 11 (39). The
promoters of the human, rat, and mouse hemopexin genes have been
cloned, and the human gene contains a liver specific element (40) and
an interleukin-6 responsive element (41), consistent with the positive
acute phase response of hemopexin (33, 34).

The complete mouse hemopexin gene has also been cloned (A. Smith
et al., unpublished data), and computer analyses of both the human and
mouse genes show evidence for gene duplication and intron-mediated
evolution, leading to the two-homologous-domain structure discussed
later. Although the hemopexin gene appears to have evolved by dupli-
cation, no direct duplication of domain function occurred, unlike trans-
ferrin, which can form (2 Fe) : (1 protein) complexes. Whether during
the evolution of hemopexin a heme binding site was lost or gained, or
whether, considering the crystal structure described later, two half-sites
became linked remains an interesting question.

III. Biological Activities of Hemopexin

A. HEME TRANSFER TO HEMOPEXIN AND DIRECT ANTIOXIDANT EFFECTS

In vivo heme is released into the plasma by erythrocyte lysis in the
form of hemoglobin and by tissue trauma in the form of myoglobin,
and both heme proteins are quickly oxidized to their ferric heme forms
(methemoglobin and metmyoglobin) at the oxygen tension found in
tissue capillary beds.

Haptoglobin binds hemoglobin in a 1 : 1 molar complex (two αβ dimers
per haptoglobin) (42). This complex is quickly removed from the cir-
culation via a suicidal receptor-mediated endocytosis (43, 44), which
consequently depletes haptoglobin. Even a short bout of exercise can
deplete haptoglobin (45), whose total plasma amount is equivalent to
the hemoglobin in about 4.5 cm3 of red cells.

The kidney is known to be particularly vulnerable to the toxic effects
of heme and hemoglobin in disseminated intravascular hemolysis, and
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recent studies on transgenic mice lacking hemopexin reinforce this (46).
The null mice were healthy, but induced hemolysis caused kidney da-
mage, even in the presence of normal albumin levels, but no appreciable
damage to heart, liver, brain, skeletal muscle, or spleen. The healthy
state of the null mice and lack of general organ damage is presumably
due to the presence of haptoglobin, which is sufficient for normal lev-
els of erythrocyte lysis. However, the role of hemopexin in protection
of cells against hemolytic events and circulating heme (47) is corrob-
orated by the deleterious effects of enhanced hemolysis. Interestingly,
haptoglobin null mice (48) did not exhibit decreased hemoglobin clear-
ance, but did suffer increased tissue damage, again particularly in kid-
ney. Clearance of hemoglobin heme by rapid transfer to hemopexin in
the absence of haptoglobin could account for the unimpaired clearance.
The viability and relative good health of both hemopexin null and hap-
toglobin null mice under normal conditions can be attributed to two
factors: Both systems act primarily in times of stress; and, as in other bi-
ologically important systems, there is redundancy, overlap, and backup
in heme transport provided by hemopexin, haptoglobin, and albumin.

The physiological and pathophysiological situation involves several
factors. A simplified view of the various binding interactions of heme
involved in hemopexin-mediated heme transport is shown in Fig. 1,
and more information is given in Section III, D. Haptoglobin is limited
to being effective only under mild stress due to its suicidal mechanism
of transport. Albumin provides a means to keep heme from adsorb-
ing to cells and infiltrating membranes, but albumin, too, has limita-
tions. It is abundant, but this makes blockade by apo-protein a problem,

FIG. 1. Overview of intravascular heme catabolism. Hemoglobin, myoglobin, and other
heme proteins are released into the circulation upon cellular destruction, and the heme
moiety is oxidized by O2 to the ferric form (e.g., methemoglobin and metmyoglobin). Hap-
toglobin can bind a substantial amount of hemoglobin, but is readily depleted. Ferric
heme dissociates from globin and can be bound by albumin or more avidly by hemopexin.
Hemopexin removes heme from the circulation by a receptor-mediated transport mecha-
nism, and once inside the cell heme is transported to heme oxygenase for catabolism.
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and in any event albumin lacks a specific cellular receptor system for
heme, which makes targeting impossible. Finally, albumin binds a va-
riety of hydrophobic ligands and thus lacks specificity, but this of course
makes albumin ideally suited to be a circulating reservoir for several
significant compounds. The abundance of albumin likely explains why
the 100-fold difference in heme affinity between bovine (Kd ∼ µM) and
human albumin (∼10 nM) (49) is not evolutionarily selective.

Heme dissociates from methemoglobin or metmyoglobin in the cir-
culation and can be bound by hemopexin or albumin, a heme binding
plasma protein of lower avidity than hemopexin (49). It is important
that the heme be controlled, since this amphipathic, oxidatively ac-
tive compound can nonspecifically associate with membrane lipids or
lipoproteins and cause oxidative damage of vital biomolecules, includ-
ing DNA (50, 51).

If bound first by albumin, heme circulates until it is transferred to
hemopexin (52). In vitro in the absence of hemopexin, nonspecific cellu-
lar uptake of heme by diffusion is facile (53), but as expected, the pres-
ence of hemopexin greatly slows uptake (54), since receptor-mediated
uptake is necessarily slower and of lower capacity than diffusion-limited
uptake. There is currently no evidence that either receptors for albu-
min or membrane transporters for heme, like those in prokaryotes, are
present in the plasma membrane of mammalian cells, although such
transport proteins may be present in the membranes of organelles.

The dissociation rate of heme from methemoglobin and consequent
formation of the heme–hemopexin complex is facile at 37◦C, and the
presence of small amounts of H2O2 (even below levels obtained from
the “respiratory burst” of neutrophils) dramatically increases heme dis-
sociation from oxyhemoglobin (55). The binding of heme by hemopexin
prevents the oxidation of lipoprotein (50, 55, 56) and lipid and mem-
brane damage (57–59).

Heme bound to liposomes (sonicated phosphatidylcholine) also rapidly
transfers to hemopexin as well as to albumin and apo-myoglobin (60).
The transfer is independent of protein concentration, and heme disso-
ciation is the rate-determining step. There is a slow and a fast transfer
phase, attributable to different heme orientations in the lipid bilayer,
and the transfer rate decreases with increasing positive charge and
cholesterol content of the liposome. In all cases, there was a nearly
complete transfer. In a biological context, once heme dissociates from
a cell membrane, in accord with the results just discussed, it would
soon be bound by hemopexin for transport and catabolism. Without the
plasma heme binding proteins, heme-catalyzed oxidative damage to cel-
lular components, including DNA, would be extensive and have severe
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consequences. For example, micromolar levels of heme–hemopexin pro-
duce cell arrest in cultured cells, but upon removal of hemopexin the
cells continue to grow and divide (14). Hemopexin is also present in
barrier tissues such as the neural retina and is considered to provide
antioxidant protection there also (26, 61, 62).

B. IRON CONSERVATION AND NUTRITIONAL EFFECTS

After intravenous injection, heme from hemopexin is taken up prin-
cipally by hepatocytes via a specific, membrane receptor-mediated pro-
cess in which the protein is recycled and the heme degraded (63, 64).
This action is analogous to that of the transferrin system (65, 66). A
second membrane protein, membrane heme binding protein (MHBP),
which appears to be related to cytochrome b5 (A. Smith, unpublished),
participates in the heme uptake process (67). The heme is catabolized by
heme oxygenase and the iron released is stored on ferritin (68). Without
this action of hemopexin, body iron stores would be rapidly depleted.
In the absence of iron–transferrin, heme–hemopexin can serve as the
sole source of iron for cultured cells expressing hemopexin receptors, in-
cluding lymphocytes (69) and hepatocytes. At 5 µM heme–hemopexin,
mouse Hepa cells no longer even secrete transferrin into the culture
medium (A. Smith, unpublished).

The mechanism of iron and heme uptake by the intestine is be-
coming better understood (70–72), but clearly heme-iron is more ef-
ficiently absorbed from the gastrointestinal tract than inorganic iron
(73–75), and there is a receptor for heme in the duodenal brush bor-
der membrane (76). Duodenal mucosal cells efficiently catabolize heme,
and iron–transferrin can be detected in the plasma of blood vessels
draining the intestinal segment shortly after 55Fe–heme–histidine is
administered (75).

C. ANTIPATHOGEN EFFECTS

Invading microbes require iron for growth, and transferrin, hap-
toglobin, and hemopexin all have bacteriostatic effects by sequestering
iron and heme. Unfortunately, pathogens have evolved a wide array of
methods to obtain iron, including siderophores, hemolysins, and recep-
tors for heme (77), hemoglobin (78), transferrin (79–81), haptoglobin
(82), and hemopexin (83–87). The expression by pathogens of mecha-
nisms to obtain heme iron from heme–hemopexin may point to means
to target drugs to these microbes using hemopexin as a delivery vehicle.
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D. HEMOPEXIN-MEDIATED GENE REGULATION

The expression of several genes is induced or repressed by hemopexin-
mediated heme transport. Most of these are simple responses of the
cell to the increased heme (or iron derived from heme) in the cell.
For example, HO-1 is induced (15, 88), ferritin levels rise (14, 61, 89),
the transferrin receptor is down-regulated (15), and hemopexin mRNA
itself is induced (A. Smith, unpublished). However, MT-1 is also in-
duced, apparently to prepare the cell for oxidative stress; thus, in ad-
dition to sequestering heme in a low-spin, non-oxidatively active form,
hemopexin also indirectly exerts antioxidant effects by inducing MT-1
(16, 61, 90).

As described later, hemopexin interacts with a variety of heme ana-
logs, two of which, Sn-protoporphyrin IX (SnPP) and Co-protoporphyrin
IX (CoPP), helped clarify the mechanism of MT-1 gene regulation by
hemopexin. SnPP–hemopexin interacts with the hemopexin receptor
and the SnPP (an inhibitor of HO-1, (91)) enters the cell and induces
HO-1 (92). In contrast, CoPP–hemopexin interacts with the receptor,
but CoPP is not internalized. Interestingly, the mere occupancy of the
receptor by hemopexin is sufficient to activate signaling pathways and
consequent induction of MT-1 (90, 92, 93), whereas heme uptake is
required for activation of HO-1 gene transcription (92, 93).

The hemopexin heme transport system thus acts as an early warn-
ing system for cells by activating signaling pathways (including the
N-terminal c-Jun kinase, kinases to release RelA/NFκB family mem-
bers for nuclear translocation) and transcription of the HO-1 and MT-1
genes. The details of this aspect of hemopexin function with redox-active
copper as an initial event in the coordinated induction of HO-1 and MT-1
by heme–hemopexin have recently been reviewed (89) and are not pre-
sented in detail here.

IV. Physical–Chemical Properties of Hemopexin

A. GENERAL STRUCTURAL FEATURES

Hemopexin is a single polypeptide chain (439 residues in humans)
and circulates in the blood as a monomer. There are three or four (de-
pending on the species) N-linked complex oligosaccharides, and the hu-
man congener has an O-linked monosaccharide on its N-terminal Thr
(94), but detailed descriptions of the oligosaccharides are lacking and
may account for the marked electrophoretic heterogeneity (95). The
molecular weight of the mature, glycosylated protein is ∼58,000 (96)
and its pI is ∼5.8 (97, 98), making it a plasma β1-globin. There are six
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FIG. 2. Sequences of the heme binding regions of human, rabbit, rat, and porcine
hemopexins. Human mature hemopexin residue numbers are shown. His215 and His272,
by analogy with the crystal structure of the rabbit congener, coordinate with the heme
iron and are marked by asterisks. The PIR database accession numbers for the human,
rabbit, rat, and porcine proteins are OQHU, OQRB, OQRT, and A55486, respectively.
(The porcine congener has been identified as a hyaluronidase (103), but this has not been
substantiated and was apparently an artifact. Highly purified human (95) and rabbit
hemopexin preparations display no such activity (P. Weigle, personal communication),
and hemopexin does not bind hyaluronic acid in solution (C. Saez and W. T. Morgan,
unpublished observations) but may in a more complex agarose milieu (95).

conserved disulfide bonds (three in each domain) and no free sulfhydryl
groups.

The amino acid sequences (Fig. 2) of human (99, 100), rabbit (101),
rat (102), pig (103), and mouse (101) hemopexins are known. All exhibit
strong sequence homology, e.g., the human congener has 79% identity
with rabbit, 75% with rat, and murine, and 74% with pig hemopexin.
As noted earlier, a domain structure with two homologous structures
derived by gene duplication is predicted from the sequence (38, 99), and
the hinge region between the two domains is strikingly less conserved.

Hemopexin is notably rich in Trp residues (15–17 residues, nearly
all of which are conserved), and FTIR spectroscopy indicated a high β-
sheet secondary structure (104). The two-domain structure was demon-
strated by cleavage of rabbit apo-hemopexin into two approximately
equal domains, a heme binding N-terminal (N-domain) and nonbinding
C-terminal domain (C-domain) (105). Heme–hemopexin is refractory to
cleavage, and the association affinity of the isolated domains (interdo-
main interaction) is enhanced more than 50-fold by heme binding (106).
The “pexin” domain structure also occurs in vitronectin (107, 108), inter-
stitial collagenase (107), and certain metalloproteinases (109), and the
structural information now available on hemopexin may prove helpful
in elucidating the functions of pexin domains in other proteins.
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B. HEME–HEMOPEXIN CHARACTERISTICS

The heme–hemopexin complex has a stoichiometry of 1 : 1 (110, 111)
and a remarkably high stability (Kd near pM) (12), accounting for the
ready transfer of heme to hemopexin from human albumin (52). The
redox potential of the heme–hemopexin complex is +60 mV (112), en-
suring that in oxygenated plasma the heme iron is in the ferric state. In
addition, a low redox potential is characteristic of heme groups exposed
to solvent, as substantiated by solvent perturbation difference spectra
(SPDS) (113). Heme bound to hemopexin exhibits absorbance spectra
indicative of a low-spin complex (Fig. 3), and reduction causes a redshift
and intensification in signal consistent with retention of both strong
field axial ligands. The heme–hemopexin complex was shown to be low-
spin by EPR spectroscopy (13, 114), and chemical modification stud-
ies (115, 116), and near-IR magnetic circular dichroism (MCD) spectra
also indicate that intact heme–hemopexin contains bis-histidyl heme
iron coordination and significantly that heme–N-domain has similar
coordination (114).

FIG. 3. Absorbance spectra of ferri- and ferro-heme–hemopexin in the Soret and vis-
ible regions. The spectra of rabbit ferri- and ferro-mesoheme–hemopexin (solid line and
dashed line, respectively) are shown and are typical of low-spin bis-histidyl heme pro-
teins. Other species display similar spectra, and a variety of other 2,4-substituted heme
analogs are also bound by hemopexin.
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Hemopexin is capable of binding a wide variety of natural and syn-
thetic porphyrins and metallo-porphyrins, including protoporphyrin IX,
coproporphyrin I, SnPP, CoPP, and tetra (4-sulfonatophenyl) porphin-
atoferrate (FeTPPS) (92, 111, 117–121). This is consistent with the rel-
atively open heme binding pocket indicated by SPDS. Also, there is a
requirement for negatively charged peripheral substituents, an early
suggestion of a residual positive charge in the heme binding site (118,
120), and kinetic data show a dependence on ionic strength consistent
with a residual 2+ charge in the heme binding site (122).

Binding of heme is rapid and can be described as a single, second-
order process with a k= 1.8× 106 M−1 s−1 in 40% Me2SO–water, pH 7.4,
µ = 0.2 M (NaCl), and k= 3.9× 107 M−1 s−1 in water, pH 7.4, µ = 0.2 M
(NaCl), with 25 mM caffeine (122). (The tendency of heme to aggregate
in aqueous solution at physiologic pH (123) requires the use of mixed
solvent systems to obtain reliable kinetic measurements, but raises the
possibility that solvent effects on the protein perturb heme binding.)
Although dimeric iron-porphyrin is bound initially, the complex is un-
stable, and the kinetic data show a rapid conversion to a stable 1 : 1
complex (120).

Formation of the bis-histidyl–heme complex also produces character-
istic alterations in the protein’s conformation, particularly in the envi-
ronment of aromatic amino acids, notably tryptophan. Exposure of Trp
residues to solvent decreases (113), Trp fluorescence is quenched (111),
and an unusual band of positive ellipticity at ∼230 nm attributable to
Trp is nearly doubled in intensity (Fig. 4) (104, 111, 124).

Binding of heme by isolated N-domain causes a change in sedimenta-
tion coefficient consistent with a more compact conformation and leads
to the more avid association with the C-domain (125). Sedimentation
equilibrium analysis showed that the Kd decreases from 55 µM to 0.8
µM (Fig. 5) (106). In addition, the calorimetric 1H (+11 kcal/mol) and
1S (+65 kcal/mol K) for the heme–N-domain–C-domain interaction
and the 1H (−3.6 kcal/mol) and 1S (+8.1 kcal/mol K) derived from
van’t Hoff analysis of ultracentrifuge data for the interaction in the
absence of heme indicate that hydrophobic interactions predominate
in the presence of heme and a mix (e.g., hydrophobic and van der
Waals forces) drives the interaction in the absence of heme. However,
FTIR spectra (Fig. 6) indicate that little change in the secondary struc-
ture of domains or intact hemopexin occurs upon heme binding
(104).

Many metal-free porphyrins or porphyrins lacking a metal and there-
fore unable to ligate with His residues are nonetheless also bound
by hemopexin, and changes in absorbance and fluorescence of both
hemopexin and the ligand result. However, the affinity of binding
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FIG. 4. CD spectra in the near and far UV of apo- and heme–hemopexin. The CD spectra
of rabbit apo- and heme–hemopexin (solid line and dashed line, respectively) at pH 7.4
in 0.05 M sodium phosphate buffer are shown. The increases in ellipticity in the near
UV are attributable to changes in tertiary conformation leading to altered environments
of aromatic residues, particularly tryptophan. The unusual positive ellipticity in the far
UV is attributable to tryptophan–tryptophan interactions that are perturbed by heme
binding (124, 130). This positive signal precludes analysis of the secondary structure of
hemopexin using current CD-based algorithms.

is ∼106 fold less avid, and no detectable changes in hemopexin con-
formation are induced (126, 127). As expected, chemical modification of
histidine residues of hemopexin abolishes normal heme coordination,
and heme binding is consequently weakened and conformational chan-
ges are absent (115). Thus, the bis-histidyl–heme coordination complex
of hemopexin is of fundamental functional and structural importance.

Defining in detail the conformational changes in hemopexin caused
by heme is important for understanding its mechanism of action. For
example, hemopexin circulates under normal conditions as the apo-
protein. Thus, when some heme appears in the circulation for hemo-
pexin to bind, a change in conformation is necessary for the hemopexin
receptor to recognize the heme complex and “fish it from the sea” of
apo-hemopexin. Furthermore, conformational changes in hemopexin
induced by its interaction with receptor could help effect the release of
heme from its tight complex, although heme release, as discussed later,
probably involves reduction of the heme iron and exposure to the acidic
pH of the endosome.
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FIG. 5. Sedimentation equilibrium analysis of hemopexin domain interactions. Mix-
tures of N- and C-domain were centrifuged to equilibrium at 25◦C in the absence (upper
panels) and presence (lower panels) of heme. Nonlinear fitting procedures were performed
to obtain apparent Kd values, and residuals of the fits are shown in the top portion of
each panel (106).

C. CRYSTAL STRUCTURE OF HEMOPEXIN

The structure of the C-domain of hemopexin was determined first
(128). The structure is a four-bladed β-propeller (Fig. 7), the smallest
β-propeller known, and serves as the paradigm for the several proteins
known to have a pexin domain, including vitronectin (108), and sev-
eral metalloproteinases (107). The repeats evident in the sequence of
hemopexin (99–101), for instance DAAV/F motifs and WD repeat, form
a large part of the β-strands of the four blades, which are connected by
short loops and α-helices.

This structure “looks” stable because of the compact, symmetric struc-
ture with multiple reinforcing interactions, and direct examination of
hemopexin (vide infra) has borne this out. Smith et al. (129) have
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FIG. 6. Deconvolved amide I’ region FTIR spectra of apo- and heme–hemopexin. The
amide I’ FTIR spectra of apo- and heme–hemopexin in D2O were recorded and curve-fitted
to resolve the individual bands. The differences between the original and fitted curves
are shown in the upper traces in the panels. The estimated helix (15%), beta (54%), turn
(19%), and coil (12%) content of the apo-protein are not significantly changed upon heme
binding (104). This analysis was required because of the positive 231-nm ellipticity band
in hemopexin and is consistent with the derived crystal structure results.

FIG. 7. The crystal structure of the C-domain of hemopexin (PDB accession number
1HXN) (128) showed a four-bladed β-propeller structure, which because of sequence sim-
ilarity was also expected in the N-domain. The high degree of beta structure and limited
α-helix content agrees with the earlier FTIR analysis.



P1: FKH
Advances in Inorganic Chemistry PS006-05 August 14, 2000 15:45 Stylefile version:April 24, 2000

BINDING AND TRANSPORT OF IRON-PORPHYRINS BY HEMOPEXIN 219

depicted the WD repeat propeller structures as stable platforms with
three potentially interacting surfaces: the top, bottom, and circumfer-
ence. Binding ions within the central tunnel of the pexin domain also
stabilize the protein, as do disulfide bonds, particularly that anchor-
ing the N-terminal blade to the C-terminal blade. Notably, the other
pexin family members also are characterized by their ability to form
reversible complexes involving sequential or simultaneous interactions
with ligands and proteins, as hemopexin does with heme and its re-
ceptor. Interestingly, despite the extensive data available on prokary-
otic genome sequences, no recognizable WD-repeat proteins have been
noted.

The isolated C-domain recombines with heme–N-domain and alters
the conformation of its partner domain (106, 125, 130), but has no
intrinsic heme or porphyrin binding activity (N. Shipulina et al.,
unpublished).

Determination of the structure of the entire rabbit heme–hemopexin
complex (11) (Fig. 8) clearly revealed the expected complementary struc-
tures of the N- and C-domains. More importantly, several fundamental

FIG. 8. Crystal structure of heme–hemopexin. The crystal structure of the rabbit
mesoheme–hemopexin complex (PDB accession number 1QHU) (11) showed heme to be
bound in a relatively exposed site between the N- and C-domains with one axial His ligand
being contributed by the hinge or linking region between the domains and the other by
the C-domain. Also noteworthy is the disposition of the heme with its propionate residues
pointing inward and neutralized by positive charges in the binding site.
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and unusual features of the heme binding site were discovered: the
heme is bound between the two domains in intact hemopexin and is
coordinated to His 213 near the junction of the N-domain and the hinge
region and to His 265 about 25 residues from the beginning of the C-
domain; the heme propionate side chains, unlike those of most known
heme proteins, point inward and are neutralized by arginyl side chains;
the heme binding site has an overall positive character and several his-
tidine and tryptophan residues surround the bound heme; and the heme
can bind in either of two conformers differing by a 180◦ rotation about
the α and γ meso carbon axis, as found in cytochrome b5 (131).

This structure is in good agreement with previous chemical (115, 124)
and absorbance, EPR, NMR, and natural and magnetic circular dichro-
ism (CD) spectroscopic results (13, 104, 110, 114, 116, 126, 132) regard-
ing bis-histidyl coordination and conformational linkage with trypto-
phan residues that are prevalent in the vicinity of the heme as well
as a positive charge in the binding site (122). A notable exception is
that several studies showed that the isolated N-domain itself forms a
bis-histidyl heme binding site (101, 105, 106, 114, 125). A complex is
also formed when the N-terminal 22 residues are removed from the
N-domain (133). However, comparison of the EPR (Fig. 9) and NMR
spectra (Fig. 10) of heme–N-domain and heme–hemopexin (114) clearly
indicate that the heme environments differ, consistent with two modes
of heme binding.

The existence of two independent but exclusive (since the stoichiom-
etry of binding is always 1 : 1) heme binding sites in hemopexin merits
careful consideration. Histidine residues 56 and 127 of the N-domain
were proposed to be heme coordinating residues based on chemical mod-
ification (His 127) and conservation of sequence (His 56) (101). However,
site-directed mutagenesis showed that mutation to Thr at His 127, but
not at His 56, reduced the affinity of mutant hemopexin for heme by an
order of magnitude relative to wild-type (134, 135). Molecular modeling
indicates that heme could bind in a tunnel-like depression in the rabbit
hemopexin N-domain structure and coordinate with His 127 and His
80. The possibility of two binding modes raises interesting possibilities
regarding structure–function mechanisms of hemopexin. Some of these
are described next.

D. DYNAMICS OF HEME–PROTEIN–HEMOPEXIN INTERACTIONS

A dynamic system of heme binding exists in the bloodstream, and to
function in heme transport hemopexin must be able to (a) obtain heme
from methemoglobin (released by hemolysis) and metmyoglobin (intro-
duced by trauma); (b) compete with serum albumin for heme in the
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FIG. 9. EPR spectra of heme–hemopexin and heme–N-domain. X-band EPR spectra
at 4 K of ferri-mesoheme–hemopexin (a) and ferri-mesoheme–N-domain (b) are shown.
The concentration of both heme complexes was 0.15 mM in 50 : 50 (v/v) 10 mM sodium
phosphate/150 mM NaCl (pH 7.2) : glycerol. The g-value scale is noted at the top and
the g-values observed are noted in each spectrum. Although both complexes are low-
spin (some adventitious high-spin iron is present), the differences in g-values indicate
nonidentical heme environments in the two complexes (114).

circulation; and (c) interact with the hemopexin receptor. A simplified
diagram of the various interactions is shown in Fig. 1. The overall pro-
cess is governed by the relative concentrations and affinities for heme
of the various protein components and the kinetics of binding and heme
uptake.

The affinity of hemopexin for heme (estimated to be ∼pM (12)) is
among the highest reported for a noncovalent heme complex, and direct
examinations of heme binding support the effectiveness of hemopexin
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FIG. 10. 1H NMR spectra of rabbit hemopexin and domain. The 400 MHz 1H NMR
spectra at 298 K of rabbit apo- and ferri-mesoheme–hemopexin are shown in panels A
and B, and the spectra of apo- and mesoheme–N-domain in panels C and D, respectively.
The spectra demonstrate that the heme environment in the intact protein is distinct from
that in the N-domain. The heme resonances are broadened in the N-domain, consistent
with a greater accessibility to solvent (114).

in scavenging heme in the circulation. Heme transfers readily from
ferri-hemoglobin to hemopexin (12), and this transfer is much more
rapid at 37◦C than at 20◦C and is accelerated further by the presence
of micromolar amounts of H2O2 (55, 56).

Adding heme to human serum or to a mixture of 70 human albu-
min: 1 hemopexin showed that heme is rapidly bound by hemopexin,
whereas heme transfer from a heme–albumin complex (treated to re-
move loosely bound heme) is much slower (52) and requires 24 hours to
complete. This is in accord with the existence of one strong (Kd ∼ 10 nM)
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and several weak heme binding sites on human albumin (49), from
which heme readily dissociates. The presence of imidazole catalyzes
the transfer via a ligand mediated pathway (122); interestingly, reduc-
tion of albumin-bound heme causes a much more rapid transfer of heme
to hemopexin (Kd ∼ pM), even from the tight albumin site (52, 136).

These in vitro findings on the effectiveness of hemopexin in manag-
ing intravascular heme are bolstered by experiments with animals (47,
63, 68), including hemopexin null mice (46), cells (137), and isolated
membranes (64, 67) as well as the function of the specific hemopexin
membrane receptor (discussed later). Nonetheless, several reports have
concluded that hemopexin does not play a vital role in heme transport
and have even questioned the idea of the existence of specific hemopexin
receptors. In our view, several key points are often overlooked. First,
heme is amphipathic and lipophilic and readily associates nonspeci-
fically with biological membranes, and the exposure of animals, cells,
or membranes to a bolus of free heme is not physiologically relevant.
The fact that hemopexin slows the uptake of heme by cells expressing
hemopexin receptors (54), rather than mitigating against the function of
hemopexin, actually substantiates it, since a specific receptor-mediated
process requiring endocytosis is inevitably a slower process than one
limited only by diffusion. Second, exposing cells to heme–albumin to
assess uptake also is not a good model of most physiological processes,
since the binding dynamics in the circulation (Fig. 1) together with the
affinities and concentrations of the various heme binding components
precludes formation of appreciable amounts of stable heme–albumin
complexes. The exceptions are extreme hemolysis or trauma or heme-
therapy regimes, which eventually deplete hemopexin, since the recy-
cling mechanism must inevitably be less than perfectly efficient, and
for this situation heme and heme–albumin are suitable experimental
systems. Additional considerations on hemopexin-mediated cell uptake
of heme are presented later.

E. REDUCTION OF HEME–HEMOPEXIN AND BINDING OF EXOGENOUS LIGANDS

Exposure of ferri-heme–hemopexin to imidazole or KCN can displace
one or both of the heme coordinating His residues, but millimolar con-
centrations are required (138). Other potential ligands such as azide
or fluoride are inactive. This coordination stability of the ferri-heme–
hemopexin bis-histidyl complex, despite the exposed heme site, is borne
out by thermal unfolding studies (Section IV,F). Reduction of the heme–
hemopexin complex, however, has dramatic effects on its stability.
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Heme–hemopexin is readily reduced by Na2S2O4, and the rate kobs
for reduction (2.5× 10−3 [S2O 2−

4 ]1/2) is much higher than that of heme–
albumin reduction (136). This is also consistent with a relatively open
heme site that has some positive charge character. The ferro-heme–
hemopexin complex remains intact upon reduction of the heme iron
(Fig. 3); nonetheless, CO or

.
NO readily displaces one histidyl axial

ligand and binds to ferro-heme–hemopexin (Fig. 11). This ligation pro-
duces an unusual bisignate CD spectrum (Fig. 11) (139), which is also
seen in the

.
NO-ferro-mesoheme–hemopexin complex (140). The affin-

ity and kinetics of CO binding are pH dependent. Binding at pH 7
is biphasic, and the extent of the fast CO binding reaction decreases
as pH increases (141), presumably because of histidyl protonation
effects.

The biphasic reaction with CO points to the existence of multiple
heme–hemopexin conformers, and this is borne out by spectral analy-
ses. The absorbance spectra of rabbit ferri-, ferro-, and CO-ferro-
mesoheme–hemopexin are entirely analogous to those of other bis-
histidyl heme proteins such as cytochrome b5 (142), but the CD spectra
exhibit unusual features (Fig. 11). Of particular interest are the weak
signal of the ferro complex and the bisignate signal of the CO-ferro com-
plex (also seen in the

.
NO-ferro-mesoheme–hemopexin complex (140)

and in human ferri-protoheme–hemopexin (139)).
The ferro-complex CD spectrum shows that reduction of the heme

iron alters the heme environment. Redox-induced protein conforma-
tion changes could alter the symmetry in the heme pocket or produce
two binding modes for the reduced complex whose asymmetries nearly
cancel each other. Redox-linked conformational changes are especially
interesting in view of recent findings of oxido-reductase activity associ-
ated with the heme–hemopexin–receptor interaction (89).

Upon reduction, not only are the molecular orbitals altered, but the
heme iron is forced from the plane of the tetrapyrrole ring and differ-
ent bonding energies are produced with the heme axial ligands. Tension
from movement of the heme-coordinating histidyl ligands would induce
conformational changes in the attached segments of the hemopexin
structure, analogous to the Perutz (143) mechanism for O2 binding by
hemoglobin; subsequent CO binding would stabilize one or the other of
the conformers. Furthermore, hemopexin, unlike hemoglobin with one
proximal and one distal histidine, has two equally probable sites for the
incoming CO to occupy (Fig. 12). (The absorbance spectra clearly show
that the heme remains bound to hemopexin upon heme reduction and
CO-coordination.)
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FIG. 12. Schematic views of bis-histidyl ferri-, ferro-, and CO-ferro-heme–hemopexin.
Unlike myoglobin with one open distal site, heme bound to hemopexin is coordinated
to two strong field ligands, either of which a priori may be displaced by CO. This may
well produce coupled changes in protein conformation like the Perutz mechanism for O2-
binding by hemoglobin (143). The environment of heme bound to hemopexin and to the
N-domain may be influenced by changes in the interactions of porphyrin-ring orbitals
with those of aromatic residues in the heme binding site upon reduction and subsequent
CO binding.

However, this explanation is not sufficient to account for the bipha-
sic CD spectrum of human ferri-protoheme–hemopexin (with 2,4-vinyl
substituents), as well as the much weaker human CO-ferro-heme–
hemopexin bisignate signal compared to the rabbit congener (139), and
hence other factors must be involved. Several potential effectors ex-
ist: (a) exciton coupling; (b) the conformers produced by a 180◦ rota-
tion about the α- and γ -meso-carbon axis and consequent nonisometric
interactions of the asymmetric 2,4- and 9,10-substituents; (c) the aro-
matic tryptophan residues near the heme binding site (s); and (d) two
independent binding modes or sites.

A bisignate spectrum is characteristic of exciton coupling between
identical chromophores on one molecule (144), an impossibility with
the 1 : 1 heme–hemopexin complex. Bisignate CD spectra have been ob-
served with bilirubin–albumin; however, bilirubin, unlike the planar
molecule heme, can adopt an extended, helical stacked conformation
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allowing intramolecular dipole interactions (145). The effects of meso-
carbon conformers and the 2,4-tetrapyrrole ring substituents may also
play a role in affecting the observed CD spectra. Two conformers (180◦

rotation about the α and γ meso carbon axis of heme) were found in the
crystal structure of rabbit ferri-mesoheme–hemopexin (11). Asymmet-
ric interactions between the electron-rich vinyl groups of heme and aro-
matic residues near the binding site could produce the unusual spectra.

An intriguing possibility is that heme can be bound in two distinct
modes by hemopexin, presumably at one of two sites: the site shown by
the crystal structure and one involving the N-domain site. As expected
from the obviously different heme environments, the EPR, NMR, and
CD spectra of heme–N-domain complexes differ extensively from those
of heme hemopexin (Figs. 9–11), even though the absorbance spectra
are similar. Notably, addition of C-domain to heme–N-domain restores
much of the CD characteristics of the holo-protein, particularly the
bisignate CO-reduced-heme–hemopexin spectrum, suggesting a shift
from one heme binding mode to another influenced by interdomain in-
teractions. In toto, the data support the idea of multiple, functionally
significant heme states in hemopexin. Further studies of site-directed
mutants and determination of additional crystal structures are under
way to resolve exactly how hemopexin binds heme.

F. EFFECTS OF PH AND TEMPERATURE ON HEME–HEMOPEXIN

The thermodynamic stability of hemopexin has been examined using
DSC (Fig. 13), which showed apo-hemopexin to be a stable protein with
a single Tm of 54◦C (1H 185 kcal/mol), which increases to 66.5◦C (1H
290 kcal/mol) upon binding heme (130). The N-domain of hemopexin
is less stable (Tm 52◦C, 1H 95 kcal/mol) but is even more strikingly
stabilized by ferri-heme (Tm 78◦C, 1H 370 kcal/mol). The presence of
C-domain (Tm 49.5◦C, 1H 140 kcal/mol) slightly destabilizes heme–N-
domain (Tm 75◦C, 1H 320 kcal/mol) (130), showing another effect of
interdomain interactions that may act in heme release.

Temperature and pH effects on hemopexin, its domains, and the re-
spective heme complexes have also been examined using absorbance
and CD spectroscopy, which reflect stability of the heme iron–bis-
histidyl coordination of hemopexin and of the conformation of protein,
rather than overall thermodynamic unfolding of the protein. Using
these spectral methods to follow temperature effects on hemopexin sta-
bility yielded results generally comparable to the DSC findings, but also
revealed interesting new features (Fig. 14) (N. Shipulina et al., unpub-
lished). Melting experiments showed that apo-hemopexin loses tertiary
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FIG. 13. DSC of apo-hemopexin and heme–hemopexin. DSC recordings of apo- and
heme–hemopexin in 0.05 M sodium phosphate at pH 7.4 and of a mixture of the two
are presented. The stabilization of hemopexin upon heme binding (106) is evident. Other
results established an even greater stabilization of N-domain by heme.

structure, as monitored by second derivative absorbance spectra, with
a Tm of 52◦C in 0.05 M sodium phosphate buffer (comparable to DSC
results) and is stabilized dramatically by adding 150 mM NaCl to the
phosphate buffer (Tm 63◦C). This presumably reflects the binding of
ions in the central pocket of the pexin domain as noted earlier.

Importantly, heme coordination in ferri-heme–hemopexin, as moni-
tored by Soret absorbance, is strikingly more stable than in the reduced
form, both with and without NaCl (Tm 70◦C and 51◦C; Tm 55.5◦C and
Tm 48◦C; respectively). This is consistent with a reduction step aiding
heme release by weakening the complex prior to, or during, the actual
release of heme effected by the hemopexin receptor. (The nondestruc-
tive mode of transport by hemopexin with recycling of intact protein
demands mechanisms to reversibly lower the affinity of the complex.)
With or without NaCl, lowering the pH from 7.4 to 6.5 has little effect
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FIG. 14. Effects of temperature on the absorbance of hemopexin and the N-domain
of hemopexin. The unfolding of hemopexin and N-domain in 25 mM sodium phosphate,
pH 7.4, was examined using absorbance spectroscopy (N. Shipulina et al., unpublished).
The second derivative UV absorbance spectra of the protein moieties were used to follow
protein unfolding and the Soret and visible region spectra to monitor the integrity of the
heme complexes, as done with cytochrome b562 (166). The ferri-heme complex is more
stable than the apo-protein moiety, but the Tm is slightly lower than that assessed by
DSC, indicating that changes in conformation occur before thermodynamic unfolding.
Reduction causes a large decrease in heme-complex stability, which is proposed to be a
major factor in heme release from hemopexin by its cell membrane receptor, and addition
of 150 mM sodium chloride enhanced the stability of all forms of hemopexin.

on the apo-protein’s stability but increases the Tm of the three heme
complexes by 2–8◦C (N. Shipulina et al., unpublished). This suggests
either that any effect of lower pH in endosomes on heme release is less
important than the effect of heme reduction, or that a more extreme
acidification (e.g., to pH 5.5 or 5) is needed.

The effects of pH on ferri-heme binding by hemopexin monitored by
heme absorbance are described by a broad plateau extending from pH
6 to 9 (Fig. 15) (111), with apparent pKa values of pH 5 and 10.5. This
is consistent with the thermal stability at pH 6.5 noted earlier. A sim-
ilar profile is exhibited by the ellipticity at 231 nm due to Trp residue
asymmetry, but the pKa values are slightly shifted (Fig. 15) indicating
some uncoupling of heme-coordination and conformational effects. The
heme binding exhibits notably sharper titrations, suggesting that the
disruption of the heme–histidine ligation, with the pKa in the acidic
region likely reflecting His residue protonation, is more sensitive to pH
than the tertiary conformation of the Trp residues and is subject to
more cooperative forces.
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FIG. 15. Effects of pH on apo- and heme–hemopexin. The Soret region absorbance
(filled squares) of rabbit heme–hemopexin was monitored in two separate titrations, from
pH 7.4 to 11.8 in one and from pH 7.4 to 3.8 in the other. Similarly, the ellipticity at 231 nm
of apo-hemopexin (open circles) and of heme–hemopexin (filled circles) was assessed from
pH 7.4 to 11.8 and from pH 7.4 to 1.7 (111). The heme complex and the tertiary structure
are unaffected by pH in the region from pH 6 to 9, and other values are normalized to
these.

V. Hemopexin Receptor Properties and Activities

A. HEME UPTAKE IN VIVO AND IN VITRO

From the earliest observations on the plasma clearance of radiola-
beled apo-hemopexin and heme–hemopexin complexes (146, 147), a
surface hemopexin receptor has been inherent in the presumed func-
tion of hemopexin in heme transport, and action of a specific recep-
tor is implicit in the results of many studies of transport in animals
and cells. In vitro binding experiments generating saturable, high-
affinity binding also confirm a specific molecular recognition between
hemopexin and a cell membrane entity. Yet little molecular information
has been gleaned, and some have questioned the concept and existence
of hemopexin receptor-mediated heme transport, while accepting that
hemopexin avidly binds heme, and have proposed albumin as the rel-
evant transporter. However, no alternative models for the fate of the
heme–hemopexin complex and no data supporting an active transport
role for heme–albumin beyond simple dissociation of the hydrophobic
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ligand and diffusion to cell membrane sites have been reported. A re-
view of the findings, however, indicates to us that the lack of information
and concerns regarding the hemopexin receptor are due to technical dif-
ficulties and that a concerted, persevering effort is likely to capture this
elusive molecule and enable its characteristics to be elucidated. Some
of the pertinent observations follow.

In patients clearance of intravenous heme is rapid until hemopexin
levels are depleted (148), and lack of interaction with hemopexin may
explain the higher clinical efficacy of heme–arginate compared with
hemin itself (149, 150). In intact animals, i.v. heme causes rapid asso-
ciation of hemopexin but not albumin with the liver (47, 63, 68), and
heme uptake from heme–albumin complexes into isolated rat hepato-
cytes occurs via diffusion of heme released from its loose complex with
BSA (137). Moreover, unlike uptake from heme–hemopexin, free heme
uptake by cells occurred even at 4◦C, as expected for nonspecific mem-
brane association and in total disagreement with a membrane-receptor-
mediated or active transport uptake process.

Some have considered uptake of heme from heme–albumin a receptor-
mediated process (54, 151), but dissociation of heme from its weak
complex with albumin is ignored. Thus, apparent saturation at higher
heme–BSA levels is not necessarily due to saturation of receptor but
is more likely due to lower concentrations of free heme. The lower ca-
pacity of hemopexin-mediated heme transport compared with diffusion
of free heme is expected since there is a finite number of receptors per
cell; a transport protein’s job is to target a ligand, not to maximize the
amount transported. Further, relevant comparisons must be made at
short times on the order of minutes, not hours.

Early accounts in humans of the effects on hemopexin of elevated
heme levels in disease (152–155) or experimental (156) conditions
showed that hemopexin obviously bound heme and, more importantly,
that a connection existed between that binding and heme clearance
from the circulation. Subsequent work in animals made clear that the
removal was targeted, for example, to the liver hepatocytes (47, 63, 68,
146), and hence must involve a specific recognition mechanism. This
was confirmed in isolated or cultured cell experimental systems, and
high-affinity, specific hemopexin receptors as well as a variety of bio-
chemical responses of cells to heme–hemopexin have been noted in a
variety of cell types, including human promyelocytic (HL-60), K562,
retinal pigment epithelial cells, U937, HepG2, placental syncytic BeWo
(26, 69, 137, 157–159), and, recently, rat pheochromocytoma cells that
differentiate into neurons (J. Eskew and A. Smith, unpublished obser-
vations). Not unexpectedly the number of receptors varies with cell type,
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but the reported apparent Kd values are all in the nanomolar range. The
saturability of the hemopexin–receptor interaction has been shown in
vivo, and three different species of hemopexin gave the same saturation
level in rats, indicative of a single molecular species on the liver that
binds the protein (47, 63).

B. HEMOPEXIN RECEPTOR PROPERTIES AND ACTIVITIES

Several interesting facts have emerged. First, hemopexin is not de-
graded as an obligate step in transport (63, 137, 160), like transferrin
and unlike haptoglobin. Second, iron derived from heme delivered via
the hemopexin system is stored on ferritin for reutilization and hence
remains biologically available (68). Third, hemopexin can serve as the
sole source of iron for cultured cells expressing the hemopexin recep-
tor, readily replacing transferrin in defined serum-free medium. The
specific routing of heme by the hemopexin receptor is evident from the
drastically different fate of heme iron bound to asialo–hemopexin and
hence taken into liver cells via the gal-receptor (161). Not only is asialo–
hemopexin degraded, but heme iron is also not efficiently routed to
ferritin. In contrast to asialo–hemopexin, heme–hemopexin undergoes
receptor-mediated endocytosis and recycling by an uptake and intra-
cellular route entirely congruent with that taken by iron–transferrin
(160).

Nevertheless, little direct information has been obtained concerning
the molecular properties of the hemopexin receptor. The receptor iso-
lated from human placenta (162) had an apparent molecular mass on
SDS-PAGE of 80–100 kDa. The murine hepatic hemopexin receptor
was identified by crosslinking as a (163) disulfide-linked two-subunit
protein with an apparent total mass of 85 kDa (Fig. 16). Using a het-
erobifunctional crosslinking agent, hemopexin was crosslinked to the
smaller (20-kDa) subunit, indicating it has a free sulfhydryl group.
However, the membrane disposition and roles of each unit remain to
be defined. Recent work indicates that the human hemopexin recep-
tor is a homodimer (R. Vanacore, W. T. Morgan, and A. Smith, unpub-
lished observations). Moreover, we have determined by N-terminal se-
quence analysis that an 80 kDa protein identified as a putative human
hemopexin receptor (162) is a soluble form of the transferrin receptor.

Another factor operating in the cellular uptake of heme by the hemo-
pexin system is a membrane heme binding protein (MHBP) that ac-
cumulates heme as the system cycles (67). This protein (Mr ∼ 30 kDa)
binds heme and may serve as an intracellular vehicle to transport heme
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FIG. 16. Schematic depiction of the murine hemopexin receptor. The results of
crosslinking studies (163) suggested that the murine receptor was composed of two sub-
units (α and β). The larger (65 kDa) is designated as α and is disulfide-linked to the smaller
β subunit, which contains a free sulfhydryl. Hemopexin (which has no free sulfhydryl
groups) can be crosslinked to the α-subunit but may also bind to the β-subunit.

to heme oxygenase. The protein has some properties in common with,
but is distinct from, cytochrome b5 (A. Smith, unpublished). For exam-
ple, the absorbance spectra of MHBP and cytochrome b5 are similar,
as are the apparent molecular weights under reducing conditions on
SDS-PAGE. Additional information on the molecular properties of this
interesting molecule are needed to clarify its mechanism of action in
cellular heme transport.

C. WORKING MODEL OF THE HEMOPEXIN-MEDIATED HEME

TRANSPORT PROCESS

A working model of the mechanism of hemopexin-mediated heme
uptake (Fig. 17) has been formulated that not only incorporates the
known facts concerning the structure of hemopexin, the interaction of
hemopexin with heme and its receptor, the factors that influence these
interactions, and the cellular responses to hemopexin, but also postu-
lates additional features likely to be needed for the system to function
efficiently. As such this scheme represents a testable hypothesis and
basis for future study of the hemopexin system.

The initial event is the binding of ferri-heme to hemopexin in the
plasma, which induces a conformational change in the protein and
enables high-affinity molecular recognition by cells expressing the
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FIG. 17. Hemopexin-mediated heme transport. The following is a proposed scenario
for the transport of iron-porphyrins by hemopexin. Evidence is cited throughout the text
that supports the major features of this working model. However, questions remain, and
the molecular details of several features will require further efforts to elucidate. The role
of the hemopexin receptor in activating signaling pathways is presented elsewhere (89)
and thus is not considered here.

hemopexin receptor. This is mandatory if the heme protein is to be
efficiently retrieved from the circulation, since more apo- than heme–
hemopexin is present under all but the most extreme conditions of
hemolysis.

Upon interacting with the receptor, further conformational changes
in heme–hemopexin are likely to occur together with concomitant or
subsequent reduction of heme iron. This reduction, which appears to in-
volve a Cu(II)–Cu(I) redox couple, is likely to be a key to understanding
how the tight heme–hemopexin complex is broken without degrading
the protein. Possibly, the multiple heme binding modes (sandwiched be-
tween the domains or on the N-domain) may play a role in moving the
protein from a transport-stable site to a site poised for release. Func-
tionally important conformational changes linked to reduction of heme
have been noted in other systems, such as cytochrome c (164) and cy-
tochrome c oxidase (165), but migration of heme from site to site, if
validated, would be unique.

The heme–hemopexin–receptor complex is internalized via receptor-
mediated endocytosis (160), presumably with the heme in the reduced
state, and experiences a lower pH in the endosome. In the ferro-form,
the acidic pH in the endosome may further weaken the association
between heme and hemopexin, and heme is likely to be released at this
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stage without degradation of the protein. However, two prerequisites
must be met. First, heme released into an acidic environment requires
some means to maintain the heme in solution, and second a means to
target heme to heme oxygenase inside the cell is needed. Both of these
functions may be played by the MHBP, perhaps with some as yet to be
identified intracellular partners.

After transfer of heme to MHBP, either directly from hemopexin or
from the hemopexin receptor, hemopexin and the receptor both recycle
to the surface to undergo further rounds of transport. The heme in-
side the cell requires further intracellular trafficking to deliver heme
to regulatory sites and to HO-1 for catabolism to biliverdin and iron,
making intracellular transport an interesting focus of future research.
The biliverdin is reduced and excreted as bilirubin, and the iron re-
leased, which can also have regulatory effects, is reutilized or stored on
ferritin.

VI. Conclusion

This examination of the available information on the structure and
function of hemopexin, the mechanisms of hemopexin-mediated heme
transport, and the biological consequences of this specific transport sys-
tem is intended to convey a sense of the considerable information avail-
able on this system, to show how past and present results combine
to provide a coherent picture of the system, and to point to the many
exciting new directions for continued research.

The combination of the broader perspective on the biological function
of hemopexin as more than a simple heme scavenger, together with the
advances in delimiting the structure of hemopexin, suggest new oppor-
tunities for advances in understanding the mechanisms of hemopexin
action in preventing nephrotoxicity, oxidative damage, and loss of bi-
ologically available iron. Further, the emerging structure–function re-
lationships of hemopexin also may contribute to understanding how
the functionally and mechanistically similar transferrin system acts as
well as the role of the pexin domains of other proteins.

It is tempting to speculate that the next comprehensive examina-
tion of hemopexin-mediated heme transport will have exciting new sec-
tions devoted to the molecular properties of MHBP and the hemopexin
receptor, to the mechanism of heme release from hemopexin, to new
intracellular heme transport partners, and to the links provided by
the hemopexin system among heme, iron, and copper at the cellular
level.
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I. Introduction

Two simple and noxious gases, nitric oxide (NO) and carbon monox-
ide (CO), are receiving increasing attention in biology. A Medline search
shows 5036 publications on nitric oxide in 1998, whereas carbon monox-
ide is somewhat less popular with 440 listings. The stature of NO is
evidenced by Science magazine choosing NO as molecule of the year
in 1992; the discovery of NO as the causative agent in smooth muscle
relaxation was awarded the Nobel Prize in Physiology and Medicine in
1998. The seemingly far less interesting CO molecule, once relegated
the status of a mere pollutant, is now being viewed by some as an im-
portant signaling molecule operating in a manner similar to NO. It is
remarkable that Nature has selected such apparently simple molecules
for such important biological functions.

Although the role of CO in biological signaling processes remains
somewhat controversial, the roles played by NO are well established.
NO was first recognized as EDRF (endothelial-derived relaxing factor)
in the mid-1980s (1, 2). Since then, NO has been implicated in a vari-
ety of physiological responses. In addition to the role of NO in vascular
regulation, NO also is involved in neural communication and in the im-
mune host-defense system (3, 4). Controlling NO levels also is an im-
portant pharmaceutical goal, since diminished levels of NO contribute
to chronic hypertensive diseases, while NO overproduction contributes
to pathological conditions related to primary neurodegenerative, in-
flammatory, and vascular disorders (5). In septic shock, inhibitors of
NO production can restore vascular tone and blood pressure (6). Block-
ing NO production also limits ischemia-elicited infarct size in animal
models (7).

Evidence is accumulating that CO also may operate as a signaling
molecule similar to the way NO functions (8). The enzyme responsible
for producing CO is heme oxygenase (HO), which catalyzes the first
step in the degradation of free heme. The enzyme responsible for NO
formation is nitric oxide synthase (NOS). The enzymology and structure
of both HO and NOS are areas of active investigation. The focus of this
article is on the current state of structure–function relationships in
both HO and NOS, with an emphasis on crystallographic studies. Before
reviewing specific recent advances in NOS and HO, short preliminary
overviews on the biological role of NO and CO, and heme enzymes in
general is warranted.
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II. Biological Targets of NO and CO Action

The primary target for NO is guanylate cyclase (GC). GC converts
guanosine 5′-triphosphate (GTP) to cyclic guanosine 3′,5′-mono-
phosphate (cGMP) (9), the signaling molecule leading to the observed
physiological effects of NO. There are two forms of GC, one membrane-
bound (pGC, p=particulate) and one soluble (sGC). sGC consists of a
70–80 kDa α1 subunit and a ≈70 kDa β1 subunit (10, 11) that also
provides the His ligand for the signal heme group (12–14).

Activation of GC by NO (15) is directly related to well-known por-
phyrin–NO chemistry. NO binds tightly to heme, which is known to
significantly weaken the axial ligand trans to NO (16). This unique fea-
ture of NO complexes is related to the fact that NO is a paramagnetic
molecule with one unpaired spin. Upon formation of the NO–Fe com-
plex, the NO unpaired electron resides in an orbital with substantial
metal dz2 character that serves to weaken the His–Fe axial bond (16).
This effect is not observed in other diatomic ligands with paired spins,
such as CO. Not too surprisingly, NO also breaks the His–Fe bond in GC
(17) and is thought to be the basis for GC activation (18), although this
view has been challenged (19). Precisely how cleavage of the His–Fe
bond could be connected to activation is unknown.

Evidence is accumulating that CO can mimic some of the physiolog-
ical properties of NO (20, 21). This view is somewhat tempered by the
fact that CO is able to stimulate GC activity only about 4-fold com-
pared to 100- to 200-fold for NO. However, it has been shown that
(3-(5′-(hydroxymethyl-2′-furyl)-1-benzylindazole (YC-1) relaxes smooth
muscle (22) and inhibits platelet aggregation (23, 24) by elevating cGMP
levels, presumably by direct interaction with GC. Furthermore, YC-1
potentiates CO activation of GC to levels observed for NO activation
(19, 25). This raises the possibility that some natural analog of YC-1
may act in concert with CO for potent GC activation (19). Many of
these observations on CO performing NO-like functions are intrigu-
ing but unsettled. Overall, the precise connection between CO and the
various proposed physiological roles remains an area of investigation
still in its infancy. Further understanding on the mechanism of CO ac-
tion will require more detailed information on GC structure–function
relationships.

NO generated in the immune system does not operate through GC.
Instead, NO appears to act directly as a cytotoxic molecule or as some
other reactive product such as ONOO− (peroxynitrite). During the imm-
une oxidative burst in macrophage cells, reactive oxygen intermediates,
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including NO and the O−2 (superoxide anion), are produced. NO reacts
with O−2 at a near diffusion controlled rate to generate the oxidant,
ONOO− (26), suggesting that most of the NO generated is captured
as ONOO−, which can serve as a potent cytotoxic molecule (27) capa-
ble of destroying invading organisms. The ability of ONOO− to nitrate
proteins, especially tyrosine residues, is often taken as evidence for the
presence of ONOO− and may provide a mechanism for ONOO− toxicity.
Despite the attractive features of ONOO− operating as an important
cytotoxic molecule, the relatively complex chemistry of NO in the pres-
ence of activated oxygen intermediates makes the precise role of any
one intermediate uncertain. The question of how NO exerts its cytotoxic
effects and whether or not ONOO− acts directly as an indiscriminate
cytotoxic oxidant remains open (28).

III. Overview of Oxygen Activating Heme Enzymes

Both NOS and HO are designed to regioselectively hydroxylate their
respective substrates. In this regard, one would expect some similarity
to other related enzyme systems that catalyze similar reactions. Of the
various heme enzymes that have been under investigation, the most
thoroughly studied from the perspective of both structure and function
are the peroxidases and P450s. Of these two, the catalytic mechanism of
peroxidase is more thoroughly understood primarily because the var-
ious intermediates formed in the catalytic cycle are stable enough to
be analyzed by a variety of biophysical probes. The overall catalytic
mechanism of a typical heme peroxidase is as follows:

1. Fe3+R+ H2O2 −→ Fe4+ O R.

Compound I

2. Fe4+ O R. + S−→ Fe4+ O R+ S.

Compound I Compound II

3. Fe4+ O R+ S −→ Fe3+R+ S.

In the first of the preceding steps; peroxide removes two electrons from
the protein. One derives from the iron and one from an organic group,
R in the scheme, giving compound I. Compound I thus has two fewer
electrons than the native enzyme, so both oxidizing equivalents of per-
oxide now are stored in the enzyme active site. In most peroxidases the
organic group that is oxidized is the porphyrin leading to a porphyrin π
cation radical (29). In cytochrome c peroxidase (CCP), R = tryptophan
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(30, 31). The two oxidizing equivalents in compound I are next utilized
to oxidize two substrate molecules. In the second step in the scheme, the
first reducing substrate (S) delivers one electron to compound I, which
reduces the porphyrin π cation radical, thereby generating compound
II. A second substrate molecule reduces compound II back to the resting
state.

Compound I or its electronic equivalent is thought to be the active
species in a number of heme enzymes, but only in peroxidases has it
been possible to provide a detailed picture of both its formation and
its structure. The reaction with peroxide is a second-order process that
typically occurs with a rate constant between 107 and 108 M−1s−1 (32).
Compound I has been studied by a variety of methods, including elec-
tron paramagnetic resonance (33), Mössbauer (33), and X-ray absorp-
tion spectroscopies (34). In addition, crystal structures have been deter-
mined (35–37). From these studies it is clear that the iron is in the Fe4+

oxidation, which forms a short (≈1.6 Å) bond with a single peroxide-
derived oxygen atom. The peroxide O–O bond is heterolytically cleaved
(38) via an acid–base catalytic mechanism (39, 40). Mutagenesis stud-
ies have shown that the distal His is very likely the key acid base cat-
alytic group (41, 42). This leaves behind a single Fe-linked O atom with
only six valence electrons, a potent oxidizing agent (43). Two oxidiz-
ing equivalents are transferred to the Fe-linked O atom, one from the
iron and one from an organic group, which is the heme macrocycle in
most peroxidase. Thus, the oxidizing power of the single O atom now
is stored on the iron and heme, where useful redox chemistry can be
controlled.

Most well-studied peroxidases are designed to oxidize small aromatic
molecules, with the exception of cytochrome c peroxidase. It generally is
thought that such aromatic molecules bind near the heme edge where
an electron can transfer directly to the heme edge (44), which is sup-
ported by both crystal structures (45, 46) and NMR studies (47). How-
ever, recent work suggests that some physiologically important sub-
strates may utilize other sites on the enzyme surface (48, 49).

Cytochromes P450 are designed to hydroxylate aliphatic and aro-
matic compounds by introducing one O−2 derived oxygen atom into the
substrate molecule. Like heme peroxidases, P450s have a single heme
group, but unlike peroxidases, the proximal heme ligand is not His
but Cys (50). Unlike peroxidases, P450s do not form stable intermedi-
ates, so the homologue to compound I has not been directly observed.
It generally is thought that P450s must use an (Fe–O)3+ intermedi-
ate similar to peroxidases, but this has only been inferred and never
directly proven. One simple and reasonable view holds that a major
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difference between P450s and peroxidases is access to the (Fe–O)3+

center. Crystal structures support this view, since P450-like substrates
are sterically prevented from direct access to the iron-linked activated
oxygen in peroxidases. In sharp contrast to peroxidases, the P450 ac-
tive site architecture is such that substrates diffuse through an access
channel where they are held by specific interactions directly over the
heme near the (Fe–O)3+ center for stereo- and regioselective hydroxyla-
tion. This forcing of direct contact between the reactive (Fe–O)3+ center
and substrate is one reason P450s are able to attack unactivated C–H
bonds.

Of course, simple access to the heme center is not the entire story.
There also must be a fundamental difference in reactivity between
(Fe–O)3+ in peroxidases and P450s. This is underscored by the fact that
compound I and the (Fe–O)3+ center are quite stable in many peroxi-
dases, whereas if the (Fe–O)3+ center exists at all in P450s, its lifetime is
fleetingly short. The structure of compound I further illustrates the sta-
bility of the (Fe–O)3+ center. The peroxidase distal pocket, where perox-
ide binds, has a conserved distal His, the acid–base catalytic group, and
an Arg. The crystal structure of cytochrome c peroxidase compound I
(35, 36) shows that the Arg moves close to the iron-linked ferryl oxy-
gen where it can form an H-bond. Most interestingly, the location of
the distal Arg is positioned close to the (Fe–O)3+ O atom, similar to
what is expected for the positioning of substrates in P450 complexes
and NOS, yet the Arg in peroxidases is not oxidized. It is clear that in
peroxidases, (Fe–O)3+ is quite unreactive, and part of peroxidase func-
tion is to stabilize this intermediate. This is just the opposite of P450s,
where (Fe–O)3+ is designed to be very reactive, as it must be in order to
hydroxylate an unreactive stable carbon center. Despite the attractive
features of considering peroxidases and P450s as forming quite similar
reactive intermediates, this clearly is not the case. One would antici-
pate that NOS and HO might more closely resemble P450, since the
job of these enzymes is not to store oxidizing equivalents but to rapidly
transfer oxidizing equivalents to the substrate.

Another quite striking difference between peroxidase and P450 is
how the acid–base catalytic machinery operates to cleave the O–O bond.
Although P450s bind O2, it generally is thought that the species that
undergoes bond cleavage is at the peroxide oxidation state. As noted
earlier, it has been believed that peroxidases utilize a distal His as the
acid–base catalytic group (39, 40), which is supported by mutagenesis
studies (41, 42). The situation with P450s is much less clear, since there
is no similarly positioned residue in the P450 active site that is an ob-
vious candidate for the acid–base catalytic group. Instead, it has been
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necessary to postulate rather complex proton delivery mechanisms in-
volving ordered solvent molecules (51–55). It also has been argued (55)
that no single acid–base mechanism may operate in all P450s, since the
polarity, H-bonding possibilities, and dehydration of the active site will
vary widely depending on the substrate.

Peroxidases and P450s thus represent two extreme ends of the spec-
trum with respect to reactivity of the (Fe–O)3+ intermediate and re-
quirements for acid–base catalysis. There is, however, a middle ground
represented by the P450–peroxidase hybrid, chloroperoxidase (CPO).
The function of CPO is to utilize peroxide oxidizing equivalents to chlo-
rinate organic molecules in a mechanism closely resembling traditional
peroxidases (56). However, CPO exhibits spectral properties character-
istic of P450 (57), suggesting an axial Cys ligand, and distal ligand
binding properties similar to those of peroxidases (58), indicating a
polar distal pocket as opposed to a P450-like hydrophobic pocket. The
X-ray structure (59) confirmed this picture, showing that the axial lig-
and is, indeed, Cys29 as predicted (60), and that the distal pocket is
polar. Although His (61) and Arg (62) were thought to be part of the
distal pocket as in peroxidases, instead the structure shows that a Glu
residue serves the same acid–base catalytic function as the distal His
in traditional peroxidases (63, 64), while there is no distal Arg or His
capable of direct interaction with Fe-linked ligands. This wealth of in-
formation on peroxidase and P450 provides the necessary framework
to guide, but not unduly influence, similar studies on NOS and HO,
which undoubtedly will increase with renewed vigor now that X-ray
structures are available.

IV. Background on NOS

NOS catalyzes the O2 and NADPH dependent oxidation of L-Arg to
NO and L-citrulline (Fig. 1). The first major advance in NOS structure–
function relationships was made by cloning of nNOS, which revealed
the close similarity to the cytochrome P450 monooxygenase system (65).
Although the N-terminal half of the nNOS sequence has no similarity to
cytochromes P450, the C-terminal half containing the FMN, FAD, and
NADPH binding sites exhibits 36% identity and 58% homology with
P450 reductase (65).

Figure 1 provides a schematic representation of the three major NOS
isoforms. The variation in size is due primarily to extensions and modif-
ications at the N-terminal region where the greatest heterogeneity is ob-
served. This variation is related to targeting of NOS to specific cellular
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FIG. 1. The overall reaction catalyzed by NOS and a schematic representation of the
three main NOS isoforms. L-Arg is first converted to N-hydroxy-L-Arg in a P450-like
monooxygenation reaction requiring two electrons and one O2 molecule. In the second
step, N-hydroxy-L-Arg to NO and L-citrulline, only one electron and one O2 molecule are
required. nNOS, neuronal NOS (neural system); iNOS, inducible NOS (immune system);
eNOS, endothelial NOS (cardiovascular system).

locations. For example, eNOS is membrane bound (66) owing to myris-
toylation near the N-terminus, which targets eNOS to plasmalemmal
caveolae (67). Interactions between eNOS and caveolin are critical for
the regulation of eNOS activity in vascular endothelial cells (68, 69).
In a second example, nNOS contains an N-terminal PDZ domain that
interacts with a similar motif of the postsynaptic density-95 protein in
neurons and syntrophin in muscle (70). The crystal structures of the
nNOS PDZ domain alone (residues 1–130) and in a complex with the
syntrophin PDZ domain (residues 77–171) have been determined (71),
which provides the first structural details of how NOS is targeted to
specific cell types.

Although the heme-binding N-terminal half of NOS bears no se-
quence similarity to P450s, the spectral properties of the Fe2+–CO com-
plex with the characteristic 450 nm Soret maximum (72–74) clearly
places NOS in the category of P450-like thiolate enzymes. The archi-
tecture of NOS also is strikingly similar to cytochrome P450BM-3 (75)
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in that the catalytic heme domain is covalently attached to the P450
reductase. The flow of electrons is NADPH→FAD→ FMN→heme. Con-
stitutively expressed NOS isoforms, eNOS and nNOS, are regulated by
Ca2+/calmodulin (76). Calmodulin binds to the linker between the heme
and reductase domains, resulting in a conformational switch that en-
ables the flow of electrons from FMN to heme to proceed (76). iNOS,
however, is controlled at the level of transcription and calmodulin is a
permanently bound subunit (77).

V. NOS Structure

A. OVERALL NOS STRUCTURE

Crane et al. first established the three-dimensional fold of NOS by
solving the structure of a monomeric form of the mouse iNOS heme
domain (78). This version of iNOS was missing the first 114 residues,
which are known to be critical for dimer formation and activity (79).
The monomer structure was soon followed by the dimeric heme domain
structures of mouse iNOS (80), bovine eNOS (81), and the human iso-
forms of iNOS (82, 83) and eNOS (82). A comparison of eNOS and iNOS
reveals that the structures are essentially the same with an overall
root-mean-square deviation in backbone atoms of ≈1.1 Å (83). The se-
quence identity between human iNOS and bovine eNOS is ≈60% for
420 residues compared in the crystal structures (83).

A schematic diagram of the bovine eNOS heme domain dimer is
shown in Fig. 2. NOS is a mix of sheets and helices with a unique
arrangement not previously seen in other enzymes. A very notable dif-
ference between NOS and other well-known heme enzymes such as
peroxidases and P450s is the essential role that beta sheets play in
forming the active site. In the globins, peroxidases, and P450s, a distal
helix runs over the surface of the heme where ligands such as O2 and
substrates bind. With NOS the roof of the active site above the L-Arg
substrate (Fig. 3) is formed exclusively of sheets and extended sections
of polypeptide.

A comparative analysis of the dimer interface between NOS isoforms
is important since there are questions on significant variation in dimer
stability between isoforms (84, 85). The dimer interface is extensive
with approximately 2700 Å2 of surface area buried per monomer. The
interface contacts involve a mix of nonpolar and polar interactions, in-
cluding hydrogen bonding. Approximately 60% of the interface in both
iNOS and eNOS is hydrophobic, although the higher resolution eNOS
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FIG. 2. Molecular model of the eNOS heme domain dimer. Each monomer consists of
residues 69–482. The pterin is depicted as a space-filled model and the hemes are the
white stick models. The single Zn ion situated at the lower part of the dimer interface is
depicted as the white ball. The overall fold is unique to NOS.

structure reveals several bridging water molecules at the interface
(81, 83). The overall similarity between the interface regions in iNOS
and eNOS is striking. Another important consideration is the novel
Zn ion situated at the dimer interface (see next section). The Zn un-
doubtedly plays an important role in dimer stability, and the crystal
structures suggest that Zn may be labile in iNOS.

B. ZINC ION

An unusual and unexpected feature of NOS is the presence of a Zn
ion tetrahedrally coordinated to pairs of symmetry-related Cys residues
along the dimer interface (81, 82) (Fig. 4). The original structure of the
mouse iNOS dimer did not have the Zn but instead two symmetry-
related Cys residues formed a disulfide bond (80). The structure of the
human iNOS heme domain also had a disulfide, but the disulfide could
readily be broken and Zn reconstituted to give a ZnS4 center indis-
tinguishable from that found in eNOS (83). An independent structure
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FIG. 3. Close-up view of the L-Arg binding site and surrounding protein structure. Note
the sheet structure forming the roof of the active site, which is distinct from peroxidases
and P450s, where helical structures form the distal cavity. Note, too, the H-bonds between
the Cys ligand, Trp 180, and a peptide NH group. Donation of two H-bonds to the Cys
ligand is a common feature found in other iron–thiolate proteins.

solution of both the human eNOS and iNOS heme domains (82) as
well as the nNOS heme domain (C. S. Raman and H. Li, unpublished)
also revealed the same ZnS4 center. More recently, Crane et al. (86) ob-
tained a new structure of the mouse iNOS heme domain dimer with Zn
bound. Finally, an analysis of Escherichia coli expressed holo-nNOS,
holo-eNOS, and the nNOS heme domain generated by proteolysis of
holo-nNOS gave one Zn per dimer (87), leaving little doubt that the
“natural” form of NOS contains Zn.

It was originally hypothesized that one role of the Zn center is to
help form and stabilize the pterin binding site (81). As shown in Fig. 4,
the conserved Ser104, which is only three residues from one Zn lig-
and, directly H-bonds to the pterin. A disruption of the Zn site should,
therefore, perturb interactions at the pterin site. A direct comparison
between the Zn-bound and disulfide forms supports this hypothesis.
In order to form the S S bond, the entire section of polypeptide in-
volving Ser104 must slide down and away from the pterin site, which
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FIG. 4. The eNOS Zn binding site. The Zn is tetrahedrally coordinated by two pairs of
symmetry-related Cys residues. Because the Zn is located exactly along the dimer axis of
symmetry, the Zn is equidistant from each heme and pterin. Three residues apart from
one Cys ligand in each subunit is Ser104, which directly H-bonds with the pterin. The
Zn helps to stabilize these interactions in the pterin site; the pterin, in turn, helps to
shape the L-Arg binding site, since both L-Arg and the pterin H-bond with the same heme
propionate. Hence, there is long-range structural communication among the Zn, pterin,
and substrate.

lengthens and weakens the Ser104–pterin H-bond (83). Moreover, the
disulfide bond form of iNOS loses eight intersubunit hydrogen bonds
present in the Zn-bound form. Hence, the Zn not only is important for
pterin–protein interactions, but also is important for dimer interac-
tions. In addition, various mutagenesis studies of Cys ligands reveal
a perturbation in pterin binding, protein stability, and catalytic activ-
ity (79, 87–91), further supporting the interplay among the ZnS4 site,
pterin, and L-Arg binding.

Relevant to the role that Zn plays in NOS, updated versions of the
mouse iNOS structure illustrate two forms of mouse iNOS termed
“swapped” and “unswapped” (86). In the unswapped conformation, Zn
is bound just as in eNOS and nNOS. However, in the swapped con-
formation, the Zn is absent and two symmetry-related Cys residues
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form an S–S bridge across the dimer interface as in the original mouse
iNOS structure (80). The more recent Zn-free mouse iNOS structure
shows domain swapping resulting from the conversion of intrasubunit
interactions in the Zn-bound structure into intersubunit interactions
in the Zn-free structure near the Zn site. This analysis is somewhat
complicated by the relatively low resolution of the Zn-free swapped
data set (2.7 Å) compared to the Zn-bound unswapped data set (2.35 Å)
and by the observed mixture of swapped and unswapped conformers in
some crystals. In addition, the human iNOS Zn-free structure with the
same intersubunit S–S bond found in the Zn-free mouse iNOS struc-
ture is partially disordered with no clearly defined electron density in
the swap region (83). Therefore, mouse iNOS is the only NOS out of the
four known structures that exhibits the swapped conformation. Part of
the complication may have its origin in the various expression systems
employed. Miller et al. (87) found that the nNOS heme domain gen-
erated from E. coli expressed holo-nNOS has one Zn per dimer while
the recombinantly expressed heme domain has about 0.2 per dimer.
Nonetheless, various mutants that lead to disruption of mouse iNOS
dimers can be satisfactorily explained by alterations of the swapped
dimer interface, which is consistent with the Zn-free, swapped con-
former being significantly populated and functionally important (92).
At present, it appears that the Zn plays primarily a structural role in
helping to stabilize the pterin binding site, which, in turn, stabilizes the
L-Arg binding site. Whether or not NOS cycles between the Zn-bound
and Zn-free disulfide domain swapped conformer remains an intriguing
possibility.

C. PROXIMAL POCKET

As expected from spectroscopic studies (72–74) the proximal ligand
coordinated to the heme iron is a Cys thiolate. Although the structure
of NOS bears little similarity to other heme thiolate enzymes, the lo-
cal interactions between the Cys ligand and protein are very similar
to those in other heme thiolate enzymes. In P450s and chloroperoxi-
dase (59), the thiolate ligand accepts H-bonds from nearby peptide NH
groups. The same is true in NOS, with the exception that one H-bond
is provided by the indole ring NH of a Trp residue (Fig. 3). Thiolate
iron ligands accepting peptide NH H-bonds is not limited to heme en-
zymes but also is found in ferredoxin-like iron–sulfur clusters (93, 94).
In many of these, the peptide NH groups donating the H-bonds are situ-
ated at the N-terminal end of a helix where peptide NH groups have no
helical H-bonding partner. Very often an amino acid side chain serves
as an “N-capping” H-bond acceptor for these NH groups (95, 96), which,
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in the case of the heme thiolate enzymes, is the thiolate ligand. These
H-bonds plus the partial positive charge at the N-terminal end of the
helical dipole aid in stabilizing the thiolate form of the ligand. This
stabilization also can serve the purpose of redox potential regulation.
Without attenuating the negative charge on the Cys ligand, the redox
potential of the iron would likely be too low to be physiologically useful
(97). Model studies also have shown that H-bonding to the thiolate lig-
ands results in a large positive increase in metal redox potential (97, 98).
Therefore, the protein aids in increasing the redox potential by provid-
ing a local positive electrostatic environment. This is just the opposite
to peroxidases, where interactions between the His heme ligand and a
nearby Asp residue impart a greater anionic character to the His lig-
and, which decreases the redox potential (40, 99, 100). Both extremes,
decreasing the redox potential in peroxidases and increasing the re-
dox potential in thiolate-iron proteins, underscore the importance of
electrostatic interactions in controlling redox properties in metallopro-
teins (101).

NOS affords a rare opportunity to directly test the role of the Cys–
HN H-bonds using mutagenesis, since one of the H-bonds is provided
by the indole ring of a Trp residue (Fig. 3). During anaerobic titra-
tion with NADPH, the Fe2+/Fe3+ equilibrium in the Trp-to-Phe nNOS
mutant shifted toward Fe3+, which would be expected if removal of
the Trp–Cys H-bond lowers the redox potential of the heme iron (102).
Therefore, the effect of removing one H-bond donor to the Cys is con-
sistent with the expected role of such H-bonds in modulating the heme
iron redox potential. A lower redox potential, however, also should de-
crease the rate of heme iron reduction, which, in turn, should slow
turnover, but just the opposite is observed, since the Trp-to-Phe mu-
tant is more active than wild-type enzyme (102). This apparent in-
consistency can be explained by the role that the product, NO, plays
in inhibiting NOS. During steady-state turnover, nNOS accumulates
substantial amounts of the iron–NO complex, which blocks enzyme
activity (102). Increasing the electronegativity of the Cys ligand by
removal of the Cys–Trp H-bond would decrease the strength of the
Fe–NO bond and hence, increase activity by relieving NO inhibition
(102).

D. SUBSTRATE AND PTERIN BINDING SITES

The active site pocket is defined by a deep channel formed in part by
dimer interactions (Fig. 5). Access to the L-Arg binding pocket is open,
and there appears to be little need for conformational adjustments to
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FIG. 5. Stereo view showing the substrate access channel in eNOS. The heme is lightly
shaded and the substrate, L-Arg, is darkly shaded. The channel is deep yet solvent acces-
sible for ready entry of substrate and exit of product. Part of the access channel is shaped
by the second molecule (shaded) in the dimer. There appears to be no requirement for
major structural changes upon substrate binding or release.

enable substrate to enter and product to leave. This architecture is
strikingly different than in P450s. A long-standing problem with P450s
is how the substrate enters the active site, since the available P450–
substrate complex crystal structures show an essentially buried sub-
strate with no obvious route into the heme pocket (103). Certain regions
of P450cam were identified as providing a possible access route based
primarily on enhanced thermal factors in the substrate-free enzyme
(104) and inhibitor complexes (105). The true magnitude of required
structural rearrangements was not fully appreciated until the struc-
ture of P450BM-3 complexed with a fatty acid substrate was compared
to the substrate-free structure (106). Here fairly large movements of he-
lices and loops are involved in closing down the protein around the sub-
strate. Such motions are not necessary with NOS. This possibly might
be due to the rather extensive polar interactions required for binding
L-Arg to NOS, as opposed to P450 substrates, which are typically quite
nonpolar. The energetic cost of sequestering the active site polar groups
involved in L-Arg binding to NOS possibly precludes a P450-like buried
active site.

Interactions holding the substrate, L-Arg, in place are primarily po-
lar and conserved (Fig. 6). Glu363 forms a pair of H-bonds with the
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FIG. 6. The active site architecture of eNOS in the A subunit. L-Arg is held in place by
several H-bonds with conserved groups. The H4B is sandwiched between aromatic groups
contributed from each subunit: Trp449 in subunit A and Phe462 in subunit B. Note that
the amino group of L-Arg and the pterin donate an H-bond to the same heme propionate,
which helps to understand the observed interdependence of pterin and substrate binding.
The schematic diagram illustrates the extensive contacts between pterin and protein
groups in each subunit.

guanidinium group of L-Arg, which aids in positioning a guanidinium
N atom ≈4 Å from the iron. The amino/carboxyl end of L-Arg is simi-
larly held in place by H-bonding groups, including an H-bond between
the heme propionate and the L-Arg amino group.
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FIG. 7. Structures of various substrates and inhibitors for NOS. Only 1, 2, and 10 are
substrates for NOS. An important conclusion from studies on such substrate analogs is
the requirement for the α-amino group for catalysis.

H4B is located at the dimer interface sandwiched between Trp 449
in one subunit and Phe 462 in the other (Fig. 6). In addition to these
aromatic stacking and other nonbonded contacts, there is an array of
H-bonding interactions involving the peptide backbone and side chains
from both subunits and solvent molecules (Fig. 6). Note, too, that the
pterin H-bonds directly with the same heme propionate that interacts
with the L-Arg substrate. The observed mutual dependence of pterin
and L-Arg binding to NOS (107) undoubtedly is mediated through the
heme propionate. Relevant to this discussion are studies carried out on
a range of Arg analogs that have been tested as substrates (108). Of
these, only L-Arg and L-Homoarg (Fig. 7) are good substrates, although
there is very low activity for 6 in Fig. 7. The rest of the Arg analogs
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are not substrates. The main conclusion from this work is the critical
importance of the L-Arg free amino group (108), which further under-
scores the importance of the L-Arg–propionate H-bond. Although the
precise function remains unknown, the NOS structures limit the pos-
sibilities. While the amino group no doubt contributes to the overall
substrate binding affinity to NOS, it is unlikely that the amino group of
L-Arg is needed to properly orient the guanidinium group for catalysis.
However, the L-Arg amino–propionate H-bond is very likely important
for correctly positioning the propionate for interactions with H4B. The
direct H-bonded connection between the pterin and L-Arg via the heme
propionate might also provide an electron transfer link to the heme
iron.

Another property of H4B is its interplay with the heme–thiolate bond.
Like P450s, NOS can convert to an inactive state that gives an absorp-
tion band at 420 nm in the reduced-CO form. This inactive form of P450
or NOS is called P420. It appears the P420 may be a form of the en-
zymes where the S–Fe bond is broken or the Cys is protonated (109).
Huang et al. (110) have found that NOS P420 can be slowly reactivated
by the addition of H4B. Quite clearly there is no direct structural link
between H4B and the Cys ligand. From the current NOS structures, the
main structural effect of H4B binding would be to stabilize the heme
propionate to which H4B H-bonds in addition to displacing solvent from
the H4B hydrophobic pocket. Whether or not the absence of H4B results
in sufficient instability of the heme pocket to alter the S–Fe bond is not
clear from the structures now in hand.

E. PTERIN FUNCTION

An intriguing puzzle in NOS catalysis is the precise role of H4B. The
traditional function of H4B is in aromatic amino acid metabolism where
H4B directly participates in the hydroxylation reaction via a nonheme
iron. However, the NOS pterin site has no similarity to the pterin site in
the hydroxylases, nor does NOS have a nonheme iron to assist pterin in
substrate hydroxylation as in the amino acid hydroxylases (111). NOS
more closely resembles pterin-containing enzymes that have a redox
function (81). In particular, N3 and the C3 amino group form H-bonds
with either Glu or Asp residues in a series of pterin enzymes (112–116)
similar to NOS, except that NOS utilizes the heme propionate (Fig. 6).

Support for a redox role for H4B stems from studies carried out in
several laboratories. Using low-temperature rapid reaction methods,
Bec et al. (117) obtained evidence for reductive activation of the NOS–
oxy complex that correlated with the oxidation of L-Arg to L-OH-Arg.
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FIG. 8. Comparison of the pterin-bound and -free structures. In the absence of pterin
with the SEITU inhibitor in the active site (right), L-Arg binds in the pterin site. L-Arg
is an excellent mimic for H4B owing to the similar H-bonding pattern with the heme
propionate and Ser104, and the ability of the L-Arg guanidinium group to aromatically
stack with Trp449.

Since this requires a second electron transfer to the heme iron, it was
concluded that H4B must be the source of this second electron, thus
forming a pterin radical. Witteveen et al. (118) analyzed the state of
H4B during steady-state turnover conditions and found that H4B is
oxidized while bound to NOS, a finding consistent with the pterin form-
ing a radical and serving as a source of reducing equivalents to the
heme iron. The most direct evidence to date for a pterin radical derives
from freeze–quench EPR experiments (119). Mixing O2 with dithion-
ite reduced iNOS heme domain followed by freeze–quenching gives an
intermediate with a strong 15N-pterin sensitive EPR signal, clearly in-
dicating a pterin radical. Moreover, the amount of pterin radical formed
per heme, 0.8 equiv, was the same as the amount of L-OH-Arg formed, in-
dicating that pterin oxidation is coupled to L-Arg oxidation and hence is
part of the productive catalytic cycle. A pterin radical also is supported
by a comparison between the pterin-free and -bound eNOS heme do-
main structures (81). In the absence of pterin, the site either fills with
solvent molecules or the substrate, L-Arg (Fig. 8). The presence of L-Arg
in the pterin site is surprising until one appreciates the similarity be-
tween L-Arg and H4B. The guanidinium group of L-Arg replaces N3 and
the C2 amino group in H-bonding with the propionate, while the L-Arg
amino group replaces the pterin side chain OH interactions with Ser104
(Fig. 8). The planar guanidinium group also is able to form π stacking
interactions with Trp 449 as does the pterin. That L-Arg is able to re-
place H4B further suggests that the NOS pterin site may be designed
to stabilize a cationic pterin radical (81). Presumably such stabilization
is achieved electrostatically, as has been proposed for stabilization of
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the cationic Trp radical in cytochrome c peroxidase (120). By analogy
with peroxidase compound I that utilizes (FeO)3+ and an organic radical
(heme or side chain), NOS may utilize an (FeO)3+/pterin radical inter-
mediate as the active species toward hydroxylation of L-Arg. It should
be cautioned, however, that the traditional (FeO)3+ intermediate known
to be involved in peroxidase and thought to be involved in P450s has
not been demonstrated in NOS. In addition, there is only one known
example of an enzyme that forms a pterin radical, and in this case, the
radical is centered on molybdopterin (121), although non-protein-bound
pterin radicals are well known, especially under acidic conditions (122).
The extensive aromatic stacking interactions in the pterin site, similar
to the FMN site in flavoproteins, could further stabilize a pterin radical.

Since E. coli does not biosynthesize tetrahydrobiopterin, it is possi-
ble to prepare pterin-free NOS in E. coli recombinant expression sys-
tems. This is important for probing pterin-independent NOS functions
as well as studying the role of various pterin analogs with altered re-
dox and stereochemical properties. Pterin-free NOS is unable to cat-
alyze the conversion of L-Arg to NG-hydroxy-L-Arg (123). In contrast,
pterin-free NOS can convert NG-hydroxy-L-Arg to products using ei-
ther H2O2 or NADPH/O2 to support the reaction. However, the rates
in the pterin-free NOS are five to eightfold slower than in holo-NOS,
and the NADPH-supported reaction in pterin-free NOS does not gen-
erate NO but instead NO− (123). Therefore, pterin is essential for the
first step in the production of NG-hydroxy-L-Arg and important in con-
trolling the conversion of NG-hydroxy-L-Arg to the correct product, NO.
A variety of pterin analogs also have provided important insights into
the role of pterin (124). In these studies it was shown that reduced
pterin is required for NO production but not heme reduction. The strict
requirement for reduced pterin involves some step after the initial one-
electron reduction of the heme iron and most likely after O2 binding.
It is known that reduced pterin destabilizes the oxy-complex (125), in-
dicating, possibly, that reduced pterin is involved in oxygen activation
to the intermediate responsible for the initial hydroxylation of L-Arg.
These observations are consistent with H4B donating one electron to
Fe2+–O2, resulting in formation of a pterin radical and (Fe–O)3+.

Some of these ideas incorporating a pterin radical are outlined in
Fig. 9. Here the pterin serves as an electron donor to the oxy interme-
diate to give the peroxy di-anion. The substrate, L-Arg, itself serves as
the proton donor to the peroxo intermediate as proposed by Crane et al.
(80), which is required for heterolytic cleavage of the peroxide O–O
bond. The proton delivery machinery outlined in Fig. 9 could also help
to explain why peroxide itself cannot support the conversion of L-Arg
to NG-hydroxy-L-Arg (126). The reaction may require a potent base like
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FIG. 9. Possible electron transfer mechanism for NOS utilizing a pterin radical. The
oxy-complex in 2 is shown as the ferric (Fe3+)–superoxide complex. The role of the pterin
then is to donate an electron to the iron, thus giving the peroxy dianion in 3. The dianion
is a potent base that abstracts a proton from the substrate, giving 4. The system is
now set up for a peroxidase-like heterolytic cleavage of the O–O bond to give the active
hydroxylating intermediate in 5 and, finally, the first product in 6.

the peroxide dianion in order to prepare the substrate for hydroxylation
by abstracting an L-Arg proton. Peroxide would enter the heme pocket
and most likely bind as the monoanion incapable of deprotonating L-Arg
leading to a short-lived, dead-end complex. The precise nature of the
hydroxylating intermediate (5 in Fig. 9) is unknown but is shown as the
oxene oxygen linked to Fe3+ iron. The more traditional picture based
on peroxidases is the oxyferryl/radical intermediate, Fe4+ O/R., where
R. is either a heme or amino acid radical. In the case of NOS, the pterin
could form the radical and be one of two sites where oxidizing equiva-
lents are stored.

F. NOS INHIBITORS

An important practical goal in NOS research is the development of
isoform-specific inhibitors (127). Diminished levels of NO contribute
to chronic hypertensive diseases. In contrast, NO overproduction con-
tributes to pathological conditions related to primary neurodegener-
ative, inflammatory, and vascular disorders (5). In septic shock NOS
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FIG. 10. Hypothetical model of inhibitor binding to the active site of iNOS. This in-
hibitor binds ≈700-fold more tightly to iNOS than eNOS. One obvious and significant
difference between the two isoforms is that the residue corresponding to Asp382 in iNOS
is Asn in eNOS. Asn would not be able to donate an H-bond to the inhibitor OH group as
shown, which could contribute to the difference in binding affinity.

inhibitors can restore vascular tone and blood pressure (6). Blocking
NO production also limits ischemia-elicited infarct size in animal mod-
els (7), and the production of NO by nNOS can cause further tissue
damage following a stroke. As a result, it would be useful to block nNOS
without altering the vasoregulatory properties of eNOS.

The attractive aspect of NOS from the perspective of structure-based
inhibitor design is that only three isoforms are involved. This is in
sharp contrast to P450s, where a myriad of isoforms are involved in
drug metabolism. Obtaining high-resolution structures of the various
pharmaceutically interesting P450s is a daunting task, whereas this
problem is nearly solved with the NOS heme domains. Despite this
apparent advantage with NOS, it is quite clear from a comparison of
eNOS and iNOS that the active sites are very similar with no obvious
structural variations in the immediate vicinity of the active site that
could be exploited for drug design, with one possible exception. Based on
a comparative modeling study between iNOS and eNOS (83), a struc-
tural rationale has been provided for why one particular NOS inhi-
bitor, N-(5(S)-amino-6,7-dihydroxyheptyl)ethanimidamide, is a ≈700-
fold better inhibitor of iNOS than eNOS (128). As shown in Fig. 10,
the inhibitor was modeled into the iNOS active site to mimic substrate
binding. The ethanimidamide group mimics the guanidinium group of
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FIG. 11. The structure of eNOS complexed with SEITU. The ureido function H-bonds
with Glu363 while the ethyl group interacts with both Val338 and Phe355.

L-Arg to H-bond with Glu 377 while the 5-amino group interacts with
the heme propionate. The inhibitor glycol moiety extends into the polar
pocket occupied by the carboxylate of L-Arg. A key feature of this hypo-
thetical complex is the H-bond formed between the inhibitor and Asp
382. The corresponding residue in eNOS is Asn, whose amide group
cannot serve as an H-bond acceptor as does Asp382 in iNOS. Therefore,
the difference in binding affinity could be due to this missing H-bond
interaction in eNOS.

The published structural data on inhibitor complexes is rather scant
and to date, only the iNOS structure complexed with a product ana-
log, thiocitrulline (80), and eNOS (81) and iNOS (82) complexed with
S-ethylisothiourea or SEITU have been published. Despite this lack of
structural information, which will no doubt change in the near future, a
good deal is known about the binding of various inhibitors to NOS, and
especially the thiourea class of NOS inhibitors (129). SEITU binds to
eNOS and iNOS with inhibition constants, K i , values of 19 and 39 nM,
respectively (129). The alkyl group with 1–3 carbon atoms showed the
best affinity, whereas total removal of the ethyl group to give thiourea
is not an inhibitor. Hence, the alkyl chain is critical for binding.

The crystal structure of the eNOS–SEITU complex is shown in Fig. 11.
As expected, the ureido group H-bonds with Glu363 similar to the
way L-Arg interacts with Glu363. Two water molecules form H-bonding
bridges between the inhibitor and heme propionates. The inhibitor sul-
fur is ≈4 Å from the heme iron but appears not to coordinate with iron,
since there is no continuous electron density between the inhibitor and
heme iron, which is consistent with the high-spin shift triggered by
SEITU binding. Aside from alterations in solvent structure at the ac-
tive site, there is essentially no difference between the SEITU and L-Arg
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complexes. SEITU forms far fewer direct H-bonds with the protein than
does L-Arg, yet SEITU binds to eNOS with a K i = 39 nM while L-Arg
binds in the 1µM range (129). The strict requirement for an alkyl group
attached to the sulfur provides at least one clue why SEITU is such a
good inhibitor. The crystal structure (Fig. 11) shows that the ethyl group
interacts with both Phe355 and Val338. Nonpolar interactions in addi-
tion to entropically favored solvent release could be factors that con-
tribute to tight binding. It also is possible that SEITU forms a stronger
set of H-bonds with Glu363. Unfortunately, the inhibitor binding data
are mostly based on the ability to block the NOS reaction, with no in-
formation on the thermodynamic state functions. The prospects for a
detailed understanding of inhibitor binding, however, look very promis-
ing. It is quite clear that NOS crystals bind a variety of compounds at
the active site, so there should soon be a wealth of structural informa-
tion. This, together with detailed kinetic and thermodynamic analyses,
should provide a clear picture on what factors control inhibitor binding.

VI. NOS Catalytic Cycle

A. HEME IRON REDUCTION

Similar to P450s, reduction of the NOS heme occurs via electron
transfer from the FMN of the reductase domain. The electron transfer
process is especially important in NOS, since this is the step regulated
by Ca2+/calmodulin. Binding of calmodulin to the linker connecting the
heme and flavin domains results in an ill-defined switch, most likely
a conformational change, which allows electrons to flow from FMN to
heme (76). It has been postulated that the nature of the Ca2+/calmodulin
switch relates to the relative orientation of the FMN and FAD reduc-
tase domains (130, 131). The crystal structure of P450 reductase, a close
homolog and model for the NOS reductase, shows that the FMN and
FAD domains are connected by a flexible linker and that the edges of
the FMN and FAD cofactors are in contact (132). The crystal structure
of P450BM-3 complexed with its FMN domain shows that the edge of
the FMN is oriented toward the P450 heme (133), which (Fig. 12) is
compatible with docking of the entire P450 reductase only if significant
movement of the FMN domain occurs from the orientation observed in
the mammalian P450 reductase structure. Changes in the fluorescence
properties of the NOS flavins induced by Ca2+/calmodulin (130) are
consistent with such a rearrangement of the FAD and FMN domains.
Moreover, work with the isolated NOS reductase domain indicates that
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FIG. 12. Crystal structure of the complex formed between the heme and FMN domains
of cytochrome P450BM-3 (133). The FMN domain docks on the proximal surface of the
heme domain. The thicker trace in the heme domain highlights residues 387 to the heme
ligand, Cys400. This section of polypeptide contacts the FMN and might provide an elec-
tron transfer conduit to the heme ligand. The two interacting surfaces are electrostatically
complementary, with similar complementarity expected for HO and NOS.

of the Ca2+/calmodulin effects are centered on the reductase domain
(134). In this picture Ca2+/calmodulin binding results in the reorienta-
tion of the FMN and FAD domains such that the reductase domain can
properly dock to the heme domain.

Utilization of a domain linker to control electron flow is not unique to
NOS. Like NOS, P450BM-3 has the heme and reductase domains fused
to give a heme–FMN–FAD architecture (75). In addition, the linker be-
tween the heme and FMN domains is critical for electron transfer. En-
gineering studies on the P450BM-3 linker reveals that the length of the
linker but not the sequence is critical in controlling the FMN-to-heme
electron transfer reaction (135, 136). Similar experiments with flavocy-
tochrome b2 (137) illustrate the importance of the linker in interdomain
electron transfer, presumably by assisting in proper orientation of re-
dox partners. The same appears to be true for NOS, with the important
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FIG. 13. Schematic representation of the overall NOS architecture and summary of
work presented in (139). Heterodimers were generated to test if electron transfer from the
FMN domain proceeds via an inter- or intrasubunit process. When holo-NOS containing
an inactive heme domain was dimerized with an active heme domain, activity was ob-
served. However, when active holo-NOS was dimerized with the inactive heme domain,
no activity was observed. These results indicate that the flavin domain of monomer A
transfers electrons to the heme domain of monomer B.

exception that calmodulin binding regulates heme–reductase domain
interactions. Chimeric NOS constructs where the reductase domain of
one NOS isoform is fused to the heme domain of another isoform fur-
ther illustrate the importance of electron transfer in controlling NO
biosynthesis (138). The order of NOS activity for the various isoforms
is iNOS À nNOS > eNOS. Fusing the reductase domain of nNOS to
the heme domain of eNOS or iNOS confers nNOS-like activity to both
chimeras, which underscores the importance of electron flow in regu-
lating the rate of NO production.

Although NOS is a dimer, it is reasonable to assume that electron
transfer is confined to intrapolypeptide electron transfer within one
subunit. However, some clever engineering studies indicate that this
may not the case, and that the reductase of one subunit is the electron
donor to the neighboring subunit (139) (Fig. 13). This should provide
some limitation on the possible models that can be proposed based on
current structural information, including the estimated distance be-
tween FMN and heme as >15 Å (140). At least two quite different sites
have been proposed for docking of the reductase domain (80, 81), each
with its own attractive features, although neither has as yet been di-
rectly tested by suitably designed experiments. Another puzzle with
respect to electron transfer is the requirement for three electrons to
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take L-Arg to NO and L-citrulline. Since NADPH is a two-electron car-
rier, one electron must be “off-loaded” to continue the cycle. However,
NOS is a dimer, so it may be more appropriate to consider a single cy-
cle requiring six NADPH electrons per two NO molecules formed. In
this case, it might be beneficial and less wasteful of reducing equiva-
lents for the enzyme to be able to disproportionate reducing equivalents
between reductase domains. If so, then the reductase domains would
need to be in close proximity. The docking site proposed by Raman et al.
(81) requires that both reductase domains dock along the dyad axis of
symmetry near the Zn site, which would enable the reductase domains
to directly interact. In this model, however, the electron transfer path
to each heme is the same based on the crystal structures, and because
of this symmetry, there appears to be no obvious way for a reductase
domain to select one heme over the other.

B. CONVERSION OF L-ARG TO NG-HYDROXY-L-ARG

Once the heme iron is reduced, O2 binds followed by a second elec-
tron transfer to the heme and monooxygenation of L-Arg. This is sim-
ilar to P450s with one important exception. In P450s, two-electron
transfers and oxygenation effectively reduce O2 to the level of perox-
ide. The peroxide O–O bond is cleaved, leaving behind an iron-linked
oxygen that is introduced into the substrate as OH. The electron trans-
fer steps in P450s can be bypassed by direct reaction of ferric P450
with peroxide. In contrast, peroxide is not effective in supporting the
hydroxylation of L-Arg in NOS (126). As noted in Section V,D, one pos-
sible explanation is that NOS may require an unprotonated peroxy
anion whose pKa is sufficiently high to abstract a proton from the sub-
strate, L-Arg. H2O2 might not be a strong enough base even when co-
ordinated to the heme to remove the L-Arg proton. It also is possible
that despite the apparent similarities between NOS and P450s, NOS
does not utilize a P450-like mechanism, but rather a dioxy interme-
diate as the direct oxidant of L-Arg. In this case cleavage of the O–O
bond is not a prerequisite to substrate hydroxylation. A quite differ-
ent non-P450 mechanism also has been proposed. Based on the ob-
served stimulation of nNOS activity upon addition of nonheme iron
(141), an argument has been made for NOS operating more like an
amino acid hydroxylase where the pterin and nonheme iron are in
close proximity such that both participate in oxygen activation and
hydroxylation. However, the recent structure determination of tyrosine
hydroxylase (111) reveals little similarity to NOS in pterin binding. In
addition, NOS contains no nonheme metal site or ligands in a position
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analogous to those found in the aromatic amino acid hydroxylase, and
the only nonheme metal located in the known NOS structures is the Zn.

In addition to the similar positions of the substrate relative to the
heme iron in both NOS and P450, another reason for drawing close
analogies between NOS and P450 hydroxylation chemistry is the close
similarity in environment of the Cys ligand, which suggests similar
roles in formation of the active hydroxylating intermediate. Theoretical
work (142, 143) indicates that the delocalization of spin-density in the
S–Fe–O intermediate in thiolate heme systems favors oxygen transfer,
whereas utilization of His ligands favors electron transfer. One would
therefore expect both NOS and P450 to promote similar active inter-
mediates, which means (Fe O)3+ or its electronic equivalent.

Despite the attractive features of equating NOS and P450, the major
unique feature in NOS remains the role of H4B. That reduced pterin
is required for oxidation of L-Arg to NG-hydroxy-L-Arg (123) separates
NOS from P450. Whether the connection between pterin and substrate
hydroxylation is in electron transfer, oxygen activation, or some other
process is still not settled; the weight of the evidence now favors an
electron transfer function for the pterin (Section V,E) (81, 117, 119,
144). H4B is known to be required for some step after heme reduction
and O2 binding (124), and it is also known that H4B destabilizes the
oxy-complex (125). Presta et al. have proposed that pterin binding might
increase the redox potential of the heme, which enables electrons to
flow from FMN to heme (124). Considering the H-bonded structural
link between H4B and L-Arg (Fig. 6), H4B could well help to stabi-
lize L-Arg binding, which, in turn, could alter the heme redox prop-
erties and sterically compromise O2 binding, which leads to the ob-
served destabilization of the oxy complex (125). There must, however,
be more than a structural connection, since any suitable pterin ana-
log could satisfy the structural link but only reduced pterin supports
function. This is partly the basis for proposing an electron transfer role
for H4B (81, 117, 119). If H4B donates an electron to the iron center,
it would do so via the heme propionate, since this would provide the
most direct continuous covalent and H-bonded link to the iron (Fig. 6).
The use of heme propionates to carry reducing equivalents is not with-
out precedent, since manganese peroxidase appears to operate in this
manner (145).

C. NG-HYDROXY-L-ARG TO NO

Although the mechanistic details of this step are not well under-
stood, there are, unlike the oxygenation of L-Arg, sound enzymatic and
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FIG. 14. Overall mechanism for the conversion of L-Arg to NO and L-citrulline. The
first part of the reaction in forming NG-hydroxy-L-Arg is fashioned after P450, which is
useful for discussion but still unproven. The conversion of NG-hydroxy-L-Arg to product
is taken after (147).

chemical models to support the proposed mechanism (Fig. 14). Unlike
oxidation of L-Arg, oxidation of NG-hydroxy-L-Arg by NOS is supported
by H2O2 but not hydroperoxides or agents that form the (Fe–O)3+ inter-
mediate (126). This argues for a dioxy intermediate as the hydroxylat-
ing agent and not the P450-like oxyferryl intermediate. In addition, sin-
gle turnover experiments show that only one NADPH-derived electron
is required to convert N–OH–L-Arg to NO (146), which is inconsistent
with cleavage of the O–O bond. This has led to the proposed mechanism
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(147) shown in Fig. 14, which is similar to that proposed for aromatase
(148) and supported by chemical model systems (149). Quite recently
compound 12 (Fig. 7) has been shown to serve as a substrate (150). This
intriguing observation opens the way for probing the reactivity of the
N–OH group by, possibly, modifying reactivity using suitable aromatic
substituents. As in the hydroxylation of L-Arg, a major factor in the pro-
duction of NO from N-hydroxy-L-Arg is the requirement for H4B (146).
Here, too, the precise role of H4B is not known. It should be clear that
since the conversion of L-Arg to products and H4B are so intimately
linked, the major challenge in understanding the conversion of L-Arg to
NO is in deciphering the precise functional role of H4B.

VII. Background on HO

Heme oxygenase catalyzes the first and rate limiting step in the
degradation of heme to give biliverdin (Fig. 15). Humans and other
mammals have two HO isoforms termed HO-1 and HO-2. Human HO-1
consists of 288 residues (151), whereas rat HO-2 has 316 residues (152).
HO contains a C-terminal membrane anchoring sequence (153) that is

FIG. 15. Overall reaction catalyzed by heme oxygenase.
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not necessary for enzyme activity (154). The two human isoforms share
about 45% sequence identity and 56% for the conserved core. More re-
cently a bacterial HO has been characterized (155) and exhibits about
36% identity with human HO-1. The high sequence homology, especially
in the catalytic core, indicates quite similar structures and mechanism
for all known HO isoforms.

HO-1 is controlled at the level of transcription by oxidative stress and
several inducers such as porphyrins, metals, and progesterone (8). The
absence of HO-1 is associated with severe growth retardation, anemia,
and enhanced endothelial cell injury (156, 157). In addition, HO-1 has
been implicated in protection against transplant rejection (158, 159).
HO-2 is constitutively expressed, and its presence in brain and the
noted similar effects of CO and NO has led to the proposal that CO-
generated by HO-2 is involved in signaling processes (8, 160–162).

VIII. HO Structure

A. OVERALL HEME OXYGENASE STRUCTURE

The crystal structure of human HO-1 complexed with heme has been
determined to 2.07 Å (163). In order to obtain crystals for high-resolution
studies (164), it was necessary to use an E. coli expressed version of
HO-1 consisting of residues 1–233 (missing residues 234–288, which in-
cludes the C-terminal membrane anchor). This shorter version of HO-1
is soluble and retains about 50% wild-type activity (165). As shown in
Fig. 16, HO-1 is formed exclusively by helices and connecting segments
of “random” coil. Although the rich helical content is similar to that of

FIG. 16. Crystal structure of human HO-1 (163). The heme and His25 ligand are
shown. The proximal and distal helices are highlighted. Note the break in the normal
helical pattern in the distal helix directly over the heme.
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FIG. 17. A space-filled CPK model of HO-1 showing the heme and His ligand. One pro-
pionate is quite exposed, as is one heme edge. This surface of the protein also is the most
electropositive, which probably serves as the docking site for the electronegative P450
reductase. This would enable close approach of the FMN to heme for efficient electron
transfer.

the globins and peroxidases, the overall topology bears no similarity to
other helical proteins (163). The relatively exposed heme (Fig. 17) is
situated between two helices, termed the proximal and distal helices.

B. PROXIMAL HEME REGION

The proximal helix provides the axial heme ligand, His25, which was
correctly predicted from mutagenesis studies (166, 167). His25 is ap-
proximately 2.8 Å from Glu29 for a possible hydrogen bond. This is
similar to peroxidases, where the proximal His ligand hydrogen bonds
with a conserved Asp residue. However, in peroxidases the Asp–His
interaction imparts considerable anionic character to the His ligand
(40, 168), which is thought to help regulate the heme iron redox potential
(99, 100). In HO, however, resonance Raman studies revealed that the
His ligand is neutral (169). This is understandable owing to the longer
H-bonding distance between the His and Glu in HO-1 compared to per-
oxidases. In addition, the His–Asp pair in peroxidases is buried in the
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proximal pocket, whereas Glu29 in HO-1 is exposed on the molecular
surface where access to solvent should weaken the His–Glu interaction.

The role of the proximal His ligand has been probed by replacing
His25 with Ala (170). The resulting HO-1 binds heme but is inactive
(169). This indicates that the proximal heme ligand is not critical for
heme recognition or binding, but is necessary for activity. This, too,
is consistent with the structure. The primary interactions holding the
heme in place are propionate ion pairs/hydrogen bonds with Lys and
Arg residues and interactions between the distal surface of the heme
and the distal helix (discussed in next section). The methyl and vinyl
substituents appear not to be critical, since NMR studies have shown
that the heme is orientationally disordered about the α–γ axis (171).
This, too, is consistent with the crystal structure, since flipping of the
heme about the α–γ axis would not lead to any obvious steric problems.

Even though the His25Ala mutant is inactive, activity can be restored
upon addition of imidazole, which occupies the proximal ligand cavity
to coordinate with the heme iron (170). Similar “cavity complementa-
tion” experiments have been carried out with cytochrome c peroxidase
(172, 173). In addition, replacement of the proximal His in cytochrome
c peroxidase with Gln does not eliminate the ability of the enzyme to
react with peroxide to form compound I (99). The parallels between HO
and peroxidase are interesting, since the loss in activity by removal
of the proximal His ligand can be restored by cavity complementation.
Nonetheless, one very clear difference between peroxidase and HO is
the requirement for peroxidases to cleave the peroxide O–O bond and
generate the (Fe–O)3+ intermediate. In contrast, HO does not form the
(Fe–O)3+ intermediate, but instead the key catalytic steps require bind-
ing of O2, reduction to peroxide, and a mechanism to ensure that the
terminal O atom of the peroxide reacts with the correct meso carbon
(174–176). Since activity can be restored to the proximal cavity mutant
of HO-1 (170), it might be possible to reconstitute with other nonimi-
dazole but isosteric ligands such as amines or alcohols, or even replace
the proximal His ligand with Gln and Glu. The activity profiles of such
HO variants would be of considerable interest.

C. DISTAL POCKET

In the HO-1 crystal structure, the heme is hexacoordinate with a
water molecule/hydroxide ion ≈2.0 Å from the iron. This is consistent
with spectral studies showing that the HO-1 heme converts from high
to low spin with a pKa 7.6–8.0 (169, 177), presumably due to titration
of a water molecule resulting in hydroxide binding to heme iron. The
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FIG. 18. Two views of the distal helix and its relation to the heme. Each view (top
and bottom) is represented as a stick model and a CPK model. Note that the distal helix
approaches quite close to the heme such that backbone atoms make direct contact with
the heme. The top view shows that the α-meso position is the most exposed while the
remaining meso carbons are masked by the distal helix, leaving the α-meso position open
for reaction. The locations of G139 and G143, which provide flexibility, are indicated.

crystals are obtained at pH 7.5, which is near the pKa of the spin tran-
sition, so what is seen in the crystal structure may be a mix of low- and
high-spin heme.

As in peroxidases, globins, and P450s, HO-1 has a helix over the dis-
tal surface of the heme (Figs. 16, 18). In other heme proteins side chains
from the distal helix provide the primary contacts with the heme as well
as side chains that interact with heme ligands. In sharp contrast, the
distal helix in HO-1 lies much closer to the heme such that backbone
atoms form the primary heme contacts. In addition, there is no neigh-
boring residue that could serve the same function as the distal His in
the globins and peroxidases for interaction with iron-linked ligands.

A notable feature of the HO-1 distal helix is its flexibility. The HO-1
crystal form used for solving the structure has two molecules in the
asymmetric unit, which provides two independent views of the HO-1
structure. As shown in Fig. 19, a plot of the rms (root-mean-square)
deviation in backbone atoms between molecules A and B in the asym-
metric unit reveals a large deviation in the distal helix as well as in
the loop immediately following the distal helix. In addition, the distal



P1: FMW
Advances in Inorganic Chemistry PS006-06 August 14, 2000 17:42 Stylefile version:April 24, 2000

STRUCTURES OF GAS-GENERATING HEME ENZYMES 277

FIG. 19. A plot of the root-mean-square (rms) deviation of backbone atoms between
HO-1 molecules A and B in the asymmetric unit. There is a large deviation in the distal
helix just above the heme. In molecule B the distal helix is farther from the heme, thereby
providing a more open pocket. Such flexibility may be required for substrate binding and
product release. The required flexibility is very likely due to the conserved Gly residues
in the distal helix.

helix is kinked, with a local disruption in the normal α-helical hydrogen
bonding pattern. This flexibility is due to the conserved Gly residues
in the G139-D-L-S-G143-G sequence. Both Gly139 and Gly143 make di-
rect backbone–heme contacts. However, in molecule B Gly143 is 5.9
Å from the heme, whereas in molecule A, the same distance is only 3.7
Å. Hence, in molecule B the heme pocket is more open, owing to move-
ment of the Gly-rich region of the distal helix. This results in a less
tightly bound heme, as evidenced by the relatively poor electron den-
sity for the heme in molecule B compared to that in molecule A. This
motion of the distal helix may have mechanistic relevance for substrate
binding and product release.

Conspicuously absent in HO-1 is any residue analogous to the globin
and peroxidase distal His that can directly interact with iron-linked
ligands. Nevertheless, the HO-1 distal pocket is polar (Fig. 20) with
the potential for diatomic ligands to interact with the kinked region of
the distal helix, as well as water molecules that could bridge between
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FIG. 20. A hypothetical model of one possible binding mode for a diatomic ligand to
HO-1. Both Asp140 and Arg136 should interact with a ligand via an ordered water
molecule. Whether or not these residues are critical in an acid–base catalytic process or
are simply used to sterically orient an iron-linked peroxo intermediate remains unknown.

the ligand and polar protein groups (Poulos, unpublished; Fig. 20). For
example, Arg136 and Asp140 form an ion pair/H-bond. Asp140 also
forms an H-bond with an ordered solvent molecule. Modeling peroxide
in the active site indicates that with some repositioning of solvent, the
peroxide could be linked to Asp140 via a water molecule. In addition,
peroxide or other diatomic ligands could H-bond with the peptide car-
bonyl oxygen of Gly139. Such interactions could “steer” the peroxide
toward the α meso heme carbon.

D. LIGAND DISCRIMINATION

An important feature of heme proteins is the ability to discriminate
between ligands, especially O2 and CO. In some model heme systems
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TABLE I

PARAMETERS FOR CO AND O2 BINDING TO HEME, MYOGLOBIN, AND HEME OXYGENASE

kon CO koff CO kon O2

Sample (M−1s−1) s−1 Keq CO (M−1s−1) koff O2 s−1 Keq O2 Keq CO/Keq O2 Ref.

Protoheme 1.1× 107 0.025 4.4× 108 6.2× 107 4000 1.6× 104 2.8× 104 202
(benzene)

Myoglobin 7.6× 105 0.22 3.5× 107 1.9× 107 22 8.6× 105 41 182
(human)

HO-1(fast) 1.3× 106 0.009 1.4× 108 6.9× 106 0.25 2.8× 107 5 203
HO-1(slow) 0.31× 106 Same 3.4× 107 1.3

the binding of CO over O2 is favored by several orders of magnitude
(178–182), whereas in myoglobin CO binds only≈41 times more tightly
(Table I). This discrimination can be ascribed to changes in relative
on/off rates for the various ligands (Table I). HO is even more discrim-
inating than myoglobin, primarily because of the slow off-rate of O2. It
was at one time thought that the main discriminating factor was steric,
since CO prefers to form a linear Fe–C–O bond, whereas distal crowd-
ing forces the CO to bend or tilt. This view now has fallen into disfavor
(182), although recent work has revived the steric argument with a new
and detailed twist. A 1.15-Å X-ray structure of the CO–myoglobin com-
plex shows a linear Fe–C–O bond with small but significant changes
in active site geometry (183). These authors conclude that the required
changes in structure are the main source of lowered affinity for CO.
However, these authors fail to take into account the quantitative differ-
ences between myoglobin and model heme systems. Myoglobin binds
CO about as well as protoheme (Table I). Indeed, protoheme in aque-
ous solution binds CO only about 16-fold more tightly than myoglobin
and about the same as R-state hemoglobin (179). The main difference
is in slower on-rates for myoglobin, which could simply be due to the
requirement that CO must move through the protein first before bind-
ing to the heme iron rather than some energetically costly structural
change. Hence, it is not the altered affinity for CO that requires an
explanation, but rather the discrimination between CO and O2.

Extensive myoglobin engineering work supports a major role for the
distal His in stabilizing the oxy complex relative to the CO complex
(182). O2 is a more polar molecule than CO and hence will interact
more favorably with neighboring polar groups such as the distal His.
This explanation is supported by theoretical work showing that even if
CO does tilt or bend, the energetic cost is minimal (184), while the oxy
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complex does form a stronger H-bond with the distal His than does CO
(185).

It is not surprising that HO-1 developed an even greater level of
discrimination between O2 and CO, since CO is a product of the HO
reaction. Therefore, unlike other hemoproteins, HO is constantly ex-
posed to CO formed at the active site. Without a mechanism for ligand
discrimination, the HO reaction would be significantly impaired by the
competition between CO and O2 for the heme iron. Unlike the globins,
however, HO has no distal side chain that could directly H-bond with
an iron-linked ligand. As illustrated in Fig. 20, however, a diatomic li-
gand could interact with the solvent in the distal polar pocket above
the α-meso heme edge. Another possibility is an interior “escape” route
for CO. A large internal chamber near the α-meso heme edge lined with
aromatic and aliphatic groups could provide a pocket for CO and an
eventual escape route to the external milieu (163).

IX. HO Catalytic Mechanism

A. REDUCTION OF THE HEME IRON

A prerequisite to forming the oxy complex is reduction of the HO heme
iron to the ferrous (Fe2+) state. This is achieved by electron transfer
from P450 reductase. P450 reductase functions by utilizing reducing
equivalents derived from NADPH and two flavins, FAD and FMN, to
deliver electrons to the heme. If the pattern of HO reduction is similar
to that of P450s, then the flow of electrons is NADPH→FAD→FMN→
heme. Presumably HO has a docking site for interaction with the reduc-
tase. Such complexes are generally thought to form owing to comple-
mentary electrostatic interactions between molecular surfaces. Some
hints as to what such a complex might look like derive from the first
crystal structure of a P450 complexed with a redox partner: P450BM-3
complexed with the FMN domain of its reductase (133). Even though
P450BM-3 is a bacterial enzyme, it resembles microsomal P450s in that
it utilizes a diflavin P450 reductase. The important difference is that
the reductase is covalently tethered to the C-terminal end of the P450
(75). The crystal structure of the electron transfer complex is of a re-
combinant version of P450BM-3 missing the FAD domain. As shown in
Fig. 12, the FMN domain docks on the proximal surface of the heme,
which is the closest approach of the heme to the molecular surface.
In this case, the electropositive surface of the P450 interacts with the
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electronegative surface of the FMN domain. The crystal structure of mi-
crosomal P450 reductase (132) reveals that the FMN is even more elec-
tronegative than the FMN domain in P450BM-3, so one can expect the
reductase to dock to an electropositive surface of HO. The HO-1 struc-
ture shows that electrostatic potential is quite asymmetric with a large
positive electrostatic potential near the exposed heme edge (Fig. 17).
Docking of the reductase on this surface would provide a relatively
short route of electron transfer.

B. OXY COMPLEX

The visible absorption spectrum of oxy-HO-1 closely matches that of
myoglobin indicating a very similar oxy complex. However, a detailed
analysis of the resonance Raman data reveals subtle but important
differences (186). In HO-1 the low-frequency Fe–O2 vibrational mode
is more widely coupled to other porphyrin modes and also exhibits a
slightly larger isotope shift than in oxymyoglobin. These observations
are consistent with a more highly bent Fe–O–O angle estimated to be
≈110◦ (186). Bending of the oxygen causes the Fe–O2 vibrational mode
to oscillate perpendicular to the porphyrin ring, which accounts for the
greater coupling observed with porphyrin modes. These effects are not
due to the proximal His, since the His–Fe stretching frequencies in
HO-1 and myoglobin are very similar (186). Therefore, it was concluded
that bending is due to local steric factors in the distal pocket (186), which
is consistent with the crystal structure. This has important mechanis-
tic consequences since a greater bending of Fe–O–O will enable the
terminal O atom to directly contact the α-meso heme edge.

C. HEME TO α-meso-HYDROXYHEME

Once the oxy complex is formed, a second electron transfer to the HO
heme effectively reduces the oxy complex to the peroxide level. From
this point many heme enzymes catalyze the heterolytic fission of the
peroxide O–O bond, leaving behind the well known oxyferryl center,
(Fe–O)3+, characteristic of peroxidase compound I and similar to the ac-
tive hydroxylating intermediate thought to operate in P450s. However,
in HO the active oxidizing intermediate is peroxide. Peracids that form
the (Fe–O)3+ intermediate do not support the HO reaction, whereas
H2O2 addition to Fe3+ HO does support substrate hydroxylation (187,
188). EPR and ENDOR spectroscopy have been used to analyze the cryo-
genically reduced oxy–HO complex (189). In these studies reduction of
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the oxy complex gave rise to the peroxy complex, whereas annealing of
the peroxy-complex to 238 K for 1 min generates α-meso-hydroxyheme.
These results are consistent with earlier views that the active interme-
diate is peroxide (174, 175). This also makes stereochemical sense. The
terminal O atom in a bent Fe–O–O complex would be able to directly
contact the correct meso carbons, whereas it is difficult to envision how
an O atom directly linked to the iron could attack any meso carbon.

Reducing equivalents plus oxygen also can lead to nonenzymatic meso
heme oxidation (190), so there is nothing unusual about the chemistry
of the HO reaction. The main role of the enzyme, in addition to en-
hancing rates, is in controlling regioselectivity. The same factors that
help in ligand discrimination also help in controlling regioselectivity.
Tilting or bending of Fe–O–O toward the α-meso edge will favor polar
interactions with O2 in the open region of the distal cavity. In addition,
the distal helix sterically restricts access to all but the α-meso carbon.
However, the two molecules in the asymmetric unit show considerable
heterogeneity in the distal helix and hence, heme access. Molecule B
is in the “open” conformation with sufficient room for interactions be-
tween peroxide and the δ-meso carbon. The “closed” conformation in
molecule A has access to only the α-meso carbon. If the closed confor-
mation represents the catalytically active conformer, then steric control
is central to ensuring that the α-meso carbon is hydroxylated, although
the possibility remains open that other factors besides steric contribute.

Here recent mutagenesis work with cytochrome b5 (191) and myo-
globin (192) is informative but also complicated. It has been possible to
engineer both proteins to carry out HO-type heme hydroxylation with a
significant level of regioselectivity. However, the basis for selectivity is
not easily understood. In the case of cyt.b5 where the axial heme ligand,
His63, was converted to Met (191), the preferred hydroxylation of the α-
meso carbon is inconsistent with the close approach (3.4 Å) of Phe358 to
theα-meso carbon in the wild-type structure. This indicates that a struc-
tural rearrangement or enhanced dynamics in the mutant opens up the
α-meso position for hydroxylation. With myoglobin a series of distal mu-
tants gives various levels of regioselectivity at different positions (192)
with no clear pattern emerging. These authors attribute regioselectivity
in the myoglobin mutants to polar, steric, and other electronic factors. A
further complication arises when one examines the metabolism of modi-
fied hemes by HO-1. meso-Methylmesohemes are hydroxylated by HO-1
exclusively at the meso carbon to which the methyl group is attached
(193). These results support electronic control, since the methyl group
is an electron-donating moiety and will favor electrophilic attack of the
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meso-methyl carbon on the iron-linked peroxide. There could, of course,
be structural differences with the modified hemes that open up sites to
hydroxylation that would otherwise be blocked. Since no consistent pic-
ture emerges from these various studies, it appears that there is more
than one way to control regioselectivity, with a major unknown factor
being the dynamics and conformational changes in the engineered and
synthetic heme systems. Fortunately, the situation with HO-1 is becom-
ing clearer. Although the precise role of electronic control still remains
uncertain, it is clear that the distal helix exercises a significant level
of steric control and that polar interactions between Fe–O–O and the
surrounding environment may assist in steering the peroxide toward
the α-meso carbon.

D. α-meso-HYDROXYHEME TO VERDOHEME

Addition of O2 to the α-meso-hydroxyheme HO-1 generates an EPR
signal characteristic of an organic radical (194). In the presence of CO,
the EPR signal increases (195). This indicates that the Fe3+ form of
α-meso-hydroxyheme is in equilibrium between resonance structures,
as indicated in Fig. 21, and that CO traps the Fe2+/heme radical form,
which accounts for the increase in EPR signal in the presence of CO.
This much is generally agreed upon, but a point of controversy exists
over the requirement of reducing equivalents to produce verdoheme.
Liu et al. (195) generated α-meso-hydroxyheme by the addition of per-
oxide to the HO-1 heme complex under anaerobic conditions. The in-
troduction of O2 gives verdoheme, indicating that reducing equivalents
are not required to produce verdoheme. Matera et al. (194) generated
α-meso-hydroxyheme by reconstituting synthetically generatedα-meso-
hydroxyheme with apo-HO-1. These authors found that the addition of
electrons to Fe3+ α-meso-hydroxyheme HO-1 or the addition of O2 to
Fe2+ α-meso-hydroxyheme gives verdoheme. Moreover, the yield of ver-
doheme was stoichiometric with respect to reducing equivalents with
1.06 verdoheme formed per 1.0 electron added as dithionite to Fe3+

α-meso-hydroxyheme HO-1. These results argue for the requirement of
one reducing equivalent to generate verdoheme. It is difficult to recon-
cile these quite different conclusions. In one case α-meso-hydroxyheme
was generated in situ from the heme HO-1 complex by addition of per-
oxide (195), whereas in the other HO-1 was reconstituted with Fe3+

α-meso-hydroxyheme HO-1. The anaerobic titration of Fe3+ α-meso-
hydroxyheme HO-1 with dithionite to give verdoheme was carried out
under CO in order to stop the reaction at the verdoheme stage by



P1: FMW
Advances in Inorganic Chemistry PS006-06 August 14, 2000 17:42 Stylefile version:April 24, 2000

284



P1: FMW
Advances in Inorganic Chemistry PS006-06 August 14, 2000 17:42 Stylefile version:April 24, 2000

STRUCTURES OF GAS-GENERATING HEME ENZYMES 285

complexing the iron with CO (194). It has been argued that the presence
of CO in these experiments may actually have trapped the system at the
Fe2+/radical stage in Fig. 21, thereby requiring an additional electron to
“restart” the reaction (195). More recently, Sakamoto et al. (196) found
that titration of reduced HO-1 reconstituted with α-hydroxyheme with
O2 gives verdoheme without the need for a second electron. A similar
experiment has been carried out by Migita et al. (197), but in this case
it was concluded that the addition of oxygen leads to porphyrin oxi-
dation and not catalytically relevant oxygenation of α-hydroxyheme to
give verdoheme. One obvious difference in the two experiments is that
Sakamoto et al. (196) titrated with O2 to generate a series of spectra
showing a decrease in the main Soret band and an increase in bands at
640 and 685 nm, consistent with partial formation of the CO–ferrous
verdoheme complex with the CO having been generated by oxidation of
α-hydroxyheme. In contrast, Migita et al. (197) exposed the anaerobic
reduced α-hydroxyheme to atmospheric O2 and analyzed the resulting
products. Hence, there remains some discrepancy on the requirement
of an additional electron in the conversion of α-hydroxyheme to verdo-
heme. Nevertheless, the most detailed proposal is from Ortiz de Monte-
llano and colleagues (176) as outlined in Fig. 21, which assumes that
no reducing equivalents are required for verdoheme formation.

E. VERDOHEME TO BILIVERDIN

This step in the reaction cycle requires one O2 molecule and two
electrons to give Fe3+ biliverdin with a third electron needed to reduce
Fe3+ to Fe2+ followed by release of the iron from biliverdin (176, 188,
198, 199). A hydrolytic mechanism for the incorporation of oxygen in the
conversion of verdoheme to biliverdin is ruled out because 18O labeling
experiments show incorporation of 18O into biliverdin (200). Details on
the mechanism remain sketchy, and one possible pathway is illustrated
in Fig. 21, taken after Ref. (176).

←
FIG. 21. Detailed mechanism for HO-1 catalysis. In 1, oxygenation and electron trans-

fer forms the ferric (Fe3+)–peroxy complex. Steric factors and H-bonding help to bend the
peroxide toward theα-meso-heme position for regio-selective hydroxylation. One proposed
mode of forming verdoheme is shown in part 2. A key part of step 2 is the resonance struc-
tures between Fe3+ and Fe2+/radical, which enable the porphyrin ring to be oxygenated.
Although the mechanism shown does not require any reducing equivalents (176), there
remain experimental inconsistencies on the requirement of an additional electron in step
2. However, reduction of the verdoheme iron is necessary to prepare the substrate for
step 3, verdoheme to biliverdin.



P1: FMW
Advances in Inorganic Chemistry PS006-06 August 14, 2000 17:42 Stylefile version:April 24, 2000

286 POULOS, LI, RAMAN, AND SCHULLER

X. Outlook

Various isoforms of both HO and NOS can be expressed in recom-
binant systems. As a result, the immediate future will undoubtedly
witness a wealth of mutagenesis experiments guided by the crystal
structures. It also may be possible to trap in crystalline form the vari-
ous intermediates of the HO reaction cycle, which will greatly facilitate
a deeper understanding of the catalytic mechanism. Conformational
dynamics appear to be quite important in HO, and hence, a variety of
spectral probes such as NMR and fluorescence should prove especially
useful in studying the role of protein dynamics in function. Overall
there should be considerable optimism for understanding HO at the
level of detail achieved for peroxidases and other well-studied enzyme
systems.

NOS, however, is much more complicated. Of central importance is
the role of H4B. Significant steps have been made in this area, with the
weight of the current data favoring a redox role for the pterin in oxygen
activation. NOS also faces limitations that have plagued the P450 field.
Unlike peroxidases, neither NOS nor P450 forms stable intermediates
similar to compound I in peroxidases, making identification of critical
intermediates quite difficult. One possible approach is to find suitable
mutants or substrates that alter the rate-limiting step in order to allow
important intermediates to build up for sufficient periods of time to be
analyzed using spectral methods. In P450s it has been possible, after
some extensive work and searching, to find a mutant that has an altered
rate-limiting step that enables a potentially new intermediate to build
up (201). A similar approach might work with NOS. If the substrate
itself, L-Arg, serves as the proton donor in order to achieve O–O bond
cleavage, then it might be possible to design substrates with altered
pKas to test this hypothesis.

With respect to understanding the fundamental energetic properties
that control substrate and inhibitor recognition and binding to NOS,
the future looks bright. Since it appears that the structure does not
undergo large adjustments in response to inhibitor binding, it should
be possible to couple many NOS–inhibitor crystal structures with ther-
modynamic binding data to develop a detailed picture of NOS–inhibitor
interactions. NOS, too, provides a near ideal system for understanding
inhibitor selectivity, since all three NOS isoform heme domain struc-
tures will soon be available, and despite the close similarity in ac-
tive site architecture, it should be possible to understand the basis for
selectivity.

What we now know about NOS structure is only half the picture. The
complex control of NOS activity involving Ca2+/calmodulin will require
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the holo-NOS structure. This also addresses a problem in common with
many heme enzymes: the nature of intermolecular redox complexes.
Both NOS and HO utilize very similar P450 reductase-like proteins
to deliver electrons, and both HO and NOS have positive electrostatic
patches proposed to serve as the docking site. We know very little about
the detailed structure of such complexes. It does appear, however, that
the electron transfer field and structural biology in general are moving
toward determining the structures of larger intermolecular complexes.
The structure of complexes such as the holo-NOS or HO/P450 com-
plexed with P450 reductase is an area where X-ray crystallography is
likely to have a very significant impact in, we may hope, the not-too-
distant future.
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89. Miller, R. T.; Martásek, P.; Roman, L. J.; Nishimura, J. S.; Masters, B. S. Biochemistry

1997, 36, 15277.
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I. Introduction

In early 1998, we prepared a chapter entitled “Novel Nitric Oxide-
Liberating Heme Proteins from the Saliva of Bloodsucking Insects,”
which covered the (then) known properties of the nitrophorins
(“nitro” = nitric oxide, “phorin” = carrier) from Rhodnius prolixus (a
member of the kissing bug family) and Cimex lectularius (the bedbug),
as well as the historical background related to the spectroscopy, elec-
trochemistry, kinetics, and structural features of NO binding to heme
proteins (1). That chapter was published a little over a year ago, and
it is remarkable to see the progress that has been made on this project
since that time. Because of the publication of that recent chapter, we
now focus our attention on the accomplishments since its publication,
and only summarize the necessary background.

There have been two periods of intensive research on nitric oxide
in recent years. The first was initiated by chemists in the 1960s as a
tool for studying metal–ligand interactions and their molecular orbital
structure. Nitric oxide, which has an unpaired electron, was of interest
since it could be monitored by electron paramagnetic resonance (EPR)
spectroscopy. Its chemistry was of further interest because of the wide
range of metals to which it can ligate, due to the “back-bonding” pos-
sible through the antibonding orbital occupied by the unpaired elec-
tron, in addition to the usual ligation through a nonbonding lone pair
of electrons. Those interested in molecular orbital theory also turned
to nitric oxide, because the ordering of the d-orbital energies could be
predicted based on the shape of the NO–metal bond, which ranges
from linear (180◦) to severely bent (115◦) depending on the total num-
ber of metal d plus NO p electrons (the {MNO}n formalism (2)). Con-
siderable understanding of NO chemistry was developed during this
period.

Biologists discovered NO in the early 1980s when it was identified
as the endothelium-derived relaxing factor (EDRF) that is responsible
for smooth-muscle relaxation and vasodilation, among other functions
(reviewed in (3, 4 )). Since then, NO has been confirmed as a signaling
molecule used in virtually all vertebrate cells (possibly all eukaryotic
cells), and which has numerous physiological roles, including involve-
ment in neurotransmission and memory formation in the brain, the
killing of invading cells by macrophages, and the previously mentioned
vasodilation (3, 4 ). In blood vessels, NO is synthesized by endothelial
nitric oxide synthase (eNOS) and diffuses to smooth muscle cells, where
it binds to and stimulates soluble guanylyl cyclase (sGC), leading to va-
sodilation. Some of the actions of NO are summarized in Fig. 1. Like
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FIG. 1. Nitric oxide (NO) synthesis by nitric oxide synthase (NOS) (upper left), NO
reaction with soluble guanylate cyclase (sGC) (middle), and formation of cyclic GMP,
which causes tissue-specific signaling (right). The roles of the salivary nitrophorins from
Rhodnius prolixus in storing and releasing NO and binding histamine are included (lower
left).

the nitrophorins, both NOS and sGC use a heme center in their NO
interactions.

In 1998 the Nobel Prize in Medicine was awarded jointly to Robert
F. Furchgott, Louis J. Ignarro, and Ferid Murad for their discoveries
concerning “nitric oxide as a signaling molecule in the cardiovascular
system” (5). Furchgott first named the signal molecule that made vas-
cular smooth muscle cells relax EDRF. Ignarro and Furchgott, together
and independently, showed that EDRF was identical to nitric oxide, NO.
Murad separately analyzed how nitroglycerin and related vasodilating
compounds act, and discovered in 1977 that they release nitric oxide,
which relaxes smooth muscle cells (3–5). More recently, nitric oxide has
been shown to have importance in many areas of human health, includ-
ing treatment of atherosclerosis by relaxing blood vessels and thereby
lowering blood pressure, treatment of the lungs of patients in inten-
sive care and of premature babies to dilate the lung tissue and make it
possible for more oxygen to be absorbed, induction of programmed cell
death (apoptosis) as desired in the treatment of cancer, penile erection,
causing precipitous drop in blood pressure during septic shock (a neg-
ative role), and leading to inflammatory autoimmune diseases such as
asthma and colitis (also a negative role) (3–5). As we show in this chap-
ter, some blood-sucking insects have learned the beneficial properties
of the gas NO, and they utilize it to ensure that they obtain a sufficient
meal (Fig. 1).

A. BIOCHEMISTRY OF THE SALIVA OF BLOOD-SUCKING INSECTS

Blood-sucking insects have in their saliva a number of agents that are
designed to help them obtain a sufficient blood meal. These substances



P1: FMW
Advances in Inorganic Chemistry PS006-07 August 18, 2000 16:20 Stylefile version:April 24, 2000

298 WALKER AND MONTFORT

allow them either to minimize the time necessary for obtaining their
meal or to prevent the victim from detecting their presence while they
feed in a leisurely manner. Among these salivary components are anti-
coagulants (6), antiplatelet aggregation compounds with such diverse
activities as apyrases (7) and peptides that prevent collagen (8) or fib-
rinogen (9) binding, prostaglandins PGE2 and PGF2 (potent skin va-
sodilators) (10–14), various vasoactive peptides (15–19) and tachykinins
(20), and catechol oxidases/peroxidases that destroy vasoactive amines
(21), as well as the nitrovasodilators (NO-releasing substances) (22–24)
and histamine-binding proteins (25, 26) of interest to this chapter.

Histamine, another signaling molecule in addition to NO, is released
by mast cells of the victim in response to tissue trauma, which occurs
while the insect is probing in search of a blood vessel (25). Release
of histamine gives rise to inflammation, tissue swelling, and itching,
and signals the cells of the victim’s immune system to assemble at the
wound site, all of which can lead to the victim discovering the insect
while it feeds. Although histamine initially causes local vasodilation,
the inflammatory response leads to a “walling off” of the affected area
and restriction of blood flow. Potential outcomes for the insect due to
these factors range from the simple loss of a meal to complete disaster.

In general, a given blood-sucking insect has a minimum of three dif-
ferent substances from the classes mentioned above that aid in its ob-
taining a sufficient blood meal. Typically, when the insect feeds, it spits
its saliva into the tissues of the victim, thereby allowing these sali-
vary components to act on the tissues to carry out their functions in
preventing coagulation of blood and aggregation of platelets, dilating
skin pores, dilating blood vessels to allow more blood to come to the re-
gion of the bite, and/or delaying swelling and the onset of the immune
response.

The insect of interest to this report is Rhodnius prolixus, a mem-
ber of the “kissing bug” family of the order Hemiptera. Rhodnius is
prevalent in South America, but is also found in North America as far
north as southern Texas and Arizona. It feeds on the blood of rodents
and larger mammals, including humans. The insect is a relatively slow
feeder and pokes around in the tissue until a suitable internal wound
is created, or a blood vessel is tapped (27). While probing, the insect se-
cretes saliva that contains numerous proteins to aid in this process.
Eight such proteins have so far been identified, and all eight have
antihemostatic activities (7). They include the four nitrophorins (NO-
carrying heme proteins), NP1–4 (24), of interest to this chapter; three
proteins called salivary antiplatelet lipocalins, SAPL1-3, or RPAI1-3
(Rhodnius prolixus anti-inflammatory proteins) that inhibit clotting at
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FIG. 2. Simplified illustration of the steps in blood coagulation inhibited by the salivary
proteins of Rhodnius prolixus. The inhibited steps are indicated with crossed arrows.
SAPL1-3 are also called RPAI1-3.

both the platelet aggregation and blood coagulation steps to ensure the
blood vessel and insect mouthparts do not become clogged (28); and
an apyrase that hydrolyzes ADP and thus provides another means of
interfering with platelet aggregation. One of the nitrophorins, NP2,
also has anti-clotting activity (29, 30). All four nitrophorins also have
antihistaminic activity (26, 31) by binding histamine and thus deacti-
vating its ability to cause inflammation during feeding and begin the
victim’s immune response, thereby preventing detection of the insect.
All of these activities are summarized in Fig. 2. As we will show, all
of the proteins except the apyrase exhibit a common structural motif,
a beta-barrel structure called a lipocalin fold (32), although only the
nitrophorins have heme as a cofactor.

Nitric oxide is a reactive molecule, especially in the presence of mole-
cular oxygen or superoxide ion, and thus, if an insect such as Rhodnius
(or the bedbug, Cimex lectularius, which has an unrelated nitrophorin
in its saliva (33, 34)) wants to utilize it in order to obtain a better meal,
it must synthesize NO in its salivary glands and store it in a stable
form for perhaps up to a month’s time until it finds a victim. At this
point, the NO must be ready to be released when the saliva is spit
into the tissues of the victim. R. prolixus has a nitric oxide synthase
(NOS) in the cells of its saliva glands (35–38), so clearly, NO is pro-
duced at the site where it is to be stored. And what better way of stor-
ing NO than binding it to a heme protein?! Heme–NO complexes have
been investigated for many years, and the NO complexes of ferrous
hemes are known to be extremely stable, with dissociation constants
in the picomolar range (39) or lower. Herein lies a major problem for
the insect: A Fe(II)–NO complex is too stable to allow dissociation of
NO upon injection into the tissues of the victim! Solution: Stabilize the
heme–NO center as a Fe(III)–NO complex, which should have dissocia-
tion constants in the millimolar to micromolar range (39), i.e., making
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them NO carriers (phorins) that bind NO when the concentration of
the NO–heme protein is high, as in the saliva glands, and release it
when the concentration of the NO–heme protein is low, as in the tis-
sues. As we shall show, this is exactly what the Rhodnius insect does!
And at the same time, the heme center is designed to bind histamine,
thus delaying swelling and the onset of the immune response, both of
which would alert the victim to the insect’s activities. Both of these
functions are included in Fig. 2, in addition to the anticlotting activity
of NP2.

B. RHODNIUS PROLIXUS AND CHAGAS’ DISEASE

R. prolixus often carries the parasite Trypanosoma cruzi, the vector
of Chagas’ disease. This protozoan is passed through the feces, dropped
while the insect is feeding. The parasite is thought to enter the blood-
stream when the victim scratches the feeding site after the insect has
departed. Once in the blood, the parasite most commonly infects the
heart muscle, leading to reduced cardiac output and frequently death
(40). Chagas’ disease is endemic in Central and South America, and
16–18 million Latin Americans are chronically infected with T. cruzi at
the present time; some 43,000 die annually. The disease is now present
in the United States, with some 300,000 migrants from Latin America
being infected (40). And although there are antibody markers used in
South America to screen blood donations, such screens are not currently
used in the United States.

Investigations of the DNA of mummies from the Atacama desert on
the west coast of South America indicate that Chagas’ disease was a
frequent killer of New World peoples as far back as at least 5000 years
ago (41), and current hypotheses being tested by archaeoparasitologists
include the possibility that the origins of the disease in humans relate
to the domestication of animals, including dogs and guinea pigs, or that
it predates these events (42). Even at present, there is no drug that is
effective against Chagas’ disease. From the manner in which Chagas’
disease is transmitted, it is clear that the eight proteins present in the
saliva of R. prolixus contribute to this transmission by allowing the
insect to linger long enough to leave behind its feces.

C. EARLY WORK ON THE NITROPHORINS FROM RHODNIUS PROLIXUS

In this chapter, we summarize our recent work that has character-
ized the nitrophorins from R. prolixus by spectroscopic, electrochemical,
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kinetic, and structural methods. The early work is summarized briefly
only for continuity and to put the current work in perspective.

1. Discovery of and Early Information Obtained about the Proteins

As part of a long-standing interest in blood-sucking insects, the dis-
ease vectors they carry, and the mechanisms that they use in order to
achieve their goal of obtaining a sufficient blood meal, Professor José M.
C. Ribiero, then of the Department of Entomology at the University of
Arizona, discovered the bright cherry red colored saliva glands of Rhod-
nius prolixus and showed that a homogenate of the saliva glands had an
optical spectrum typical of a heme protein, with an intense absorption
(Soret) band at 422 nm (24). He further showed that serial dilution of
the salivary gland homogenate at pH 5 did not change the optical spec-
trum, whereas serial dilution at pH 7.35 caused a shift of the Soret band
to 403 nm (24). Blowing argon over the solution caused the same shift
of the Soret band at pH 7.35, and the Soret band shifted back to 422 nm
when the solution was exposed to gaseous nitric oxide, but not to car-
bon monoxide or molecular oxygen. As is typical of other vasodilators
that release NO, the salivary gland homogenate produced reversible
vasodilation of endotheliumless rabbit aortic rings preconstricted with
norepinephrine to an extent that correlated with the optical spectral
changes (24).

In the spring of 1992, just after delivery of the new Bruker EPR spec-
trometer, the EPR spectrum of the salivary gland homogenate in the
absence and presence of NO was obtained. It was found that in the
presence of NO there was no EPR signal, whereas if the homogenate
were pretreated by blowing argon over the solution, an EPR signal typ-
ical of a high-spin Fe(III) heme center was obtained (24), as shown in
Fig. 3D. In order to obtain the EPR signal so typical of the spectra
frequently published of heme–NO centers (43), it was necessary to pre-
reduce the salivary gland homogenate with dithionite, and then blow
NO over the sample (24). The nature of the EPR signal of this reduced
Fe–NO center strongly suggested that an imidazole nitrogen of a his-
tidine was the protein-provided ligand. This key experiment told us
that the nitrophorins were Fe(III) heme centers, to which NO could
bind with dissociation constants in the millimolar to micromolar range
(39), as suggested above. Hence, these proteins appeared to be unique
and worthy of detailed study. We thus expanded the small colony of
Rhodnius insects that Ribeiro was raising in the Center for Insect Sci-
ences insectary in the Biochemistry Department at the University of
Arizona, in the hope of obtaining enough protein to be able to do more
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FIG. 3. EPR spectra of 100 pairs of Rhodnius salivary glands homogenized in 125 ml
of phosphate-buffered saline at pH 7.2 (A) before argon equilibration; (B) after equilibra-
tion in an argon atmosphere for 4 h; (C) after equilibration of (B) with NO for 2 min.
(D) difference spectrum, that is; B−C. (E) homogenate as in (B) treated with dithionite
(DT) to reduce Fe(III) to Fe(II), followed by equilibration with NO for 2 min. (The small
signal at g ≈ 2 in A–C is due to copper oxide in the liquid helium which had been con-
densed at the University of Arizona in a copper-plumbed helium liquification apparatus!)
All spectra are plotted on the same scale except (E), which is reduced in amplitude by a
factor of 3. Reproduced with permission from Ref. (24).

detailed spectroscopic characterizations, as well as to crystallize the
protein for structure determination.

2. Beheading Kissing Bugs

One nice thing about working with proteins from insects is that
there are no Insect Rights groups that are concerned if insects, espe-
cially blood-sucking ones, are beheaded. Hence, except for the prob-
lem of feeding the Rhodnius insects, which required allowing them to
suck blood from the shaved hindquarters of anesthetized rabbits once a
month, there were no barriers to obtaining their saliva glands. The card-
board boxes, each containing a group of the insects, were weighed both
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before and after insect feeding, in order to ensure that the rabbits were
not stressed by losing too much blood. At fifth instar (between the fifth
and sixth molting), their heads were simply pulled off and the cherry-
red saliva gland pairs exposed. (A graduate student reports that upon
beheading, the headless bodies and legs continued walking. Clearly
this was not a higher life form!) The glands were removed with stain-
less steel tweezers and collected in a petri dish. Batches of a thou-
sand gland pairs were then homogenized and passed through an HPLC
equipped with a size exclusion column, followed by a strong cation ex-
change column. This second column separated the red proteinaceous
fraction into four components, NP1–4. From a thousand gland pairs,
3 mg of nitrophorins were obtained; half of this was NP1. A total of
5000 insects were sacrificed for one dilute NMR sample of NP1, and
it was not considered productive to try to obtain enough protein for
NMR samples of the other three nitrophorins. As it turns out, NP1 is
not the best behaved protein for NMR studies (see Section II,E), so our
first efforts were discouraging. Likewise, although small needles were
obtained, crystals of the size necessary for X-ray crystallography could
not be obtained from the purified fractions of native NP1. Thus, the
necessary time and effort had to be expended to successfully express
the genes for NP1–NP4.

3. Cloning and Sequence Homology

The background work on cloning the gene for NP1 was completed by
the summer of 1994 by Champagne, Nussenzveig, and Ribiero, who de-
termined the amino-terminal protein sequences of the four nitrophorins,
developed DNA probes for NP1, and cloned its gene from the sali-
vary gland cDNA library (44). Later, the genes for the other three ni-
trophorins were also cloned (45); each gene contains a signal peptide at
the N-terminus, as is typical of secreted proteins. For NP1 this signal
peptide is 23 residues in length, 14 of which are hydrophobic (44). For
all four proteins, the signal peptides are not present in the mature pro-
tein. The amino acid sequences to which these four genes give rise are
shown in Fig. 4.

Initially, it was suspected that the nitrophorins were insect hemoglo-
bins. Indeed, they showed 45–48% homology with monomeric hemoglo-
bins from insects, annelids, mollusks, nematodes, and even human
b chains and leghemoglobin (44). However, in due time it became clear
that these proteins were not globins at all, but rather, beta-barrel pro-
teins called lipocalins (see Section III). As for the four nitrophorins, the
sequences of NP1 and NP4 are 90% identical, whereas those of NP2 and
NP3 are 79% identical; NP1 and NP2, however, are only 38% identical.
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   Protein Sequences of Rhodnius prolixus Nitrophorins

     1   __α1__      _ A__ |--A-B loop--| ___ B___
NP1  KCTKNALAQT GFNKDKYFNG DVWYVTDYLD LEPDDVPKRY CAALAAGTAS
NP4  A*****I*** ********** ********** ********** **********
NP2  D*ST*ISPKQ *LD*A***S* .K****HF** KD*.Q*TDQ* *SSFTPRESD
NP3  *********K ********** .T*****Y** ***.****P* ******K**G

    51 __ C____      _____ D______   ___ E_____
NP1  GKLKEALYHY DPKTQDTFYD VSELQEESPG .KYTANFKKV EKNGNVKVDV
NP4  ********** ********** *****V**** .********* D*******A*
NP2  *TV******* NANKKTS**N IG*GKL**S* LQ***KY*T* **KKA*LKEA
NP3  *********F *SK******* ******G*** V******N** ***RKEIEP*

   101  ___ F_____     ____ G___         __ H__            ____
NP1  TSGNYYTFTV MYADDSSALI HTCLHKGNKD LGDLYAVLNR NKDTNAGDKV
NP4  A********* ********** ********** ********** ***AAA****
NP2  DEK*S**L** LE*******V *I**RE*S** *****T**TH Q***EPSA**
NP3  *P*D****** ********** *******P** ********S* **TG****T*

   151 2__                     ___ 3___
NP1  KGAVTAASLK FSDFISTKDN KCEYDNVSLK SLLTK
NP4  *S**S**T*E **K*****E* N*A***D*** *****
NP2  ****TQ*G*Q L*Q*VG**DL G*Q**.*QFT **~~~
NP3  *N**A****K *ND**D**T* S*T**.**** *M~~~

β β

β β β

β β β

α α

FIG. 4. Protein sequences of Rhodnius NP1–4 obtained from the gene sequences (45)
and confirmed for NP1, NP2, and NP4 by X-ray crystallography. Identical residues are
marked*. Alpha and beta structural features are also marked, as is the A-B loop that
becomes ordered upon binding of NO (see Section III).

These levels of identity suggest a scenario in which the original single
gene was duplicated, each of the two genes differentiated for some time
until one of the genes was again duplicated and each of those genes
continued differentiating, producing NP2 and NP3. The other origi-
nally duplicated gene continued differentiating for a longer period of
time than the first, but was eventually also duplicated and the two new
genes continued differentiating for a shorter period of time until the
present, producing NP1 and NP4.

4. Expression, Isolation, Renaturation, Reconstitution, and
Purification of the Nitrophorins

The initial procedures involved in expression of the Rhodnius nitro-
phorins in Escherichia coli were worked out for NP1 by Drs. Donald
E. Champagne and John F. Andersen at the University of Arizona dur-
ing the spring and summer of 1996, and the purification protocols were
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developed thereafter (46). The cDNA for NP1 was modified by removal
of the oligonucleotide coding for the putative signal sequence for secre-
tion to the salivary gland lumen, and for insertion into the expression
vector pET17b by PCR mutagenesis. After verification of the sequence,
the plasmid was moved into E. coli (BL21DE3) to give the expression
strain. The bacteria were grown overnight, expression was initiated
by adding IPTG, and incubation was continued for 15–18 hours. The
cells were centifuged, washed, and lysed using a French press, and the
lysate was incubated with DNase I and RNase A, followed by centrifuga-
tion to obtain the insoluble inclusion bodies containing NP1. They were
washed and then solublized in a pH 7.4 denaturing buffer containing
the reducing agent dithiothreitol (DTT). The solublized, denatured pro-
tein was refolded by slow addition to a large volume of pH 7.4 buffer
containing DTT but not the denaturant. After the protein solution was
concentrated by ultafiltration through a 10 kDa membrane, it was di-
alyzed to remove the remaining DTT, and then hemin (in DMSO (46)
or 0.01 M NaOH (47)) was added slowly. Incorporation of heme was
monitored using the ratio of the Soret absorbance at 404 nm to the
absorbance at 280 nm. A ratio of approximately 3.0, despite repeated
addition of hemin followed by centrifugation to remove precipitated,
unincorporated hemin, indicated full titration of the refolded protein to
its native state. The pH of the refolded heme protein was adjusted to
5.0, the solution was centrifuged at 100, 000× g, and the supernatant
was further purified chromatographically on a SP-Sepharose column.
Optical spectra in the absence and presence of NO were compared to
those observed for native NP1, purified as reported previously (44). The
spectra were identical (46). Similar procedures have been used for ob-
taining purified recombinant NP2, NP3, and NP4.

II. Spectroscopic Characterization of the Nitrophorins

A. OPTICAL SPECTROSCOPY OF NITROPHORINS IN THE ABSENCE AND

PRESENCE OF NO AND OTHER LIGANDS

The optical spectra of nitrophorins in the absence of added ligands
show Soret band maxima at 403–404 nm. On binding NO, the Soret
band shifts to 419–420 nm in NP1 and NP4, and 421–423 nm in NP2 and
NP3 (46, 48–50). Example spectra are shown in Fig. 5a. The direction
of the Soret band shift identifies the oxidation state of the heme iron
as being Fe(III) (51, 52). The a and b bands of the NO complexes are
located near 570 and 535 nm, respectively. The histamine complexes
have Soret maxima at 410–412 nm and broad a,b maxima between 580
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FIG. 5. UV-visible spectra of recombinant Rhodnius NP4 (pH 8.0) (a) without ligand
(solid line) and NO complex (dashed line); (b) without ligand (solid line) and histamine
complex (dashed line). Reproduced with permission from Ref. (48).

and 520 nm, as shown in Fig. 5b. Shifts in the Soret band maximum on
addition of ligands were used to measure binding or release of NO and
histamine in the kinetic and equilibrium studies discussed in Section IV.

The optical spectra of the nitrophorins in the oxidized (Fe(III)) and
reduced (Fe(II)) states have been measured by spectroelectrochemical
techniques, as shown for NP3 and NP3-NO at pH 7.5 in Figs. 6a and 6b,
respectively. As reported previously (49, 50), there is only a 3 nm shift in

FIG. 6. UV-visible spectra of ∼0.05 mM oxidized and reduced recombinant Rhodnius
NP3 (a) at pH 7.5 without ligand; (b) at pH 7.5 bound to NO; (c) at pH 5.5 bound to NO.
In each case, the spectrum of the oxidized nitrophorin is represented by a solid line and
the reduced by a dashed line. Spectra were recorded in an optically transparent thin-
layer electrochemical cell of approximate window thickness 0.05 mm. To obtain the fully
oxidized and reduced spectra, potentials (vs Ag/AgCl) were applied until no change in
optical spectrum occurred, of +600 and −400 mV, respectively (a), +200 and −400 mV,
respectively (b), and 0 and −280mV, respectively (c).
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the position of the Soret band upon reduction of NPIII –NO to NPII –NO
for NP1 and NP4—from 419 to 416 nm; these Soret band positions do not
change over the pH 5.5–7.5 range. In comparison, the band maxima in
acetate buffer at pH 5 are slightly different (421 rather than 419 nm for
NP1-NO) (46). The ferric forms of the nitrophorin–NO complexes have
the higher extinction coefficients and sharper Soret and a,b bands, the
situation usually reserved for a diamagnetic Fe(II) heme center. This is
one bit of evidence that suggests that the electron configuration of the
Fe(III)–NO center might be better described as Fe(II)–NO+, as is the
case for other {FeNO}6 centers (2).

For NP2 and NP3 at pH 7.5, the shift in Soret band positions of
the NO complexes for the two oxidation states is somewhat larger—8–
10 nm, from 421–423 to 413 nm for the Fe(III) and Fe(II) complexes, re-
spectively (50). However, in contrast to NP1-NO (49) and NP4-NO (50),
at pH 5.5 NP2–NO and NP3–NO show very different spectral shifts
upon electrochemical reduction, as shown in Fig. 6c for NP3–NO. The
Soret band shifts to 395 nm, and both the wavelength maximum and
shape of the Soret band are typical of five-coordinate heme–NO cen-
ters, including guanylyl cyclase, upon binding NO (53, 54). The reduced
forms of both NP2–NO and NP3–NO exhibit similar pH dependence of
the absorption spectra, whereas NP1–NO and NP4–NO do not show any
pH dependence of their absorption spectra over the pH range 5.5–7.5
(50).

The fact that the reduced forms of NP2–NO and NP3–NO lose their
protein-provided proximal histidine ligands at pH 5.5 attests to the
strong trans-directing influence of the NO ligand, as has been observed
for a number of other ferroheme protein–NO complexes (39). Similar
spectra are observed upon exposure of guanylyl cyclase (in the Fe(II)
form) to NO (53, 54). There is, however, no spectrophotometric evidence
for the loss of the proximal ligand of the Fe(III)–NO forms of any of the
nitrophorins over the pH range investigated (5.5–7.5), or of the Fe(II)–
NO forms of NP1 and NP4 at pH 5.5. That the optical spectra of five-
coordinate (OEP)Fe(III)–NO are extremely different from those of the
six-coordinate (OEP)Fe(III)–NO(L) complexes, where L is an imidazole
or pyridine ligand, with a low-intensity Soret band maximum at 359 nm
and poorly separated a,b bands at 515 (shoulder) and 557 nm (64), sug-
gests that it would be immediately obvious from the optical spectra
(Fig. 5) if His 59 were not bound for any of the nitrophorin–NO com-
plexes in the Fe(III)–NO state. Since there are no pH changes in the
optical spectra of the Fe(III)–NO complexes of the nitrophorins, it can
be concluded that the proximal histidine remains bound over the pH
range 5–8 for all four nitrophorins.
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The optical spectral data for the NP2II –NO and NP3II–NO complexes
at pH 5.5 suggest that there may be a difference in Fe–N bond strength
of the proximal histidine ligand for these two proteins that is only ap-
parent when the metal is reduced to Fe(II). Thus, the kinetic differences
in NO release behavior of the NP1,4 group and the NP2,3 group, dis-
cussed later, could in part be related to differences in heme–histidine
bond strength. If so, then it must be concluded that a weakened
Fe–N bond strength produces a more stable Fe–NO complex, since the
Kd values for NP2,3–NO are much smaller than for NP1,4–NO (50)
(see Section IV).

In comparison to the spectra of the nitric oxide complexes, the optical
spectra of the ferric and ferrous forms of NP1–4 in the absence of NO
over the pH range of 5.5 to 7.5 show the more typically expected changes
in Soret band maximum reported previously for NP1 (49). The high-spin
NPIII species have their Soret band maxima at 402–403 nm, whereas
the high-spin NPII have their Soret band maxima at 430 nm at pH 5.5
for NP1 and NP4 and 417–418 nm for NP2 and NP3. In all cases the
a,b bands are quite broad and of low extinction coefficient (50).

In the presence of histamine, the Soret band maximum of the Fe(III)
form of the nitrophorins is at 410–412 nm (50), as mentioned earlier.
Upon reduction, the band shifts to 424 nm, and from this spectral shift
it was possible to measure the reduction potentials of the histamine
complexes of NP1–4 at pH 5.5 and 7.5 (50), as discussed in Section V. The
a,b bands are quite broad and of low extinction coefficient for the Fe(III),
but sharper and of higher extinction coefficients for the Fe(II) complexes
(50). The Soret band maxima in the presence of imidazole are the same
for the Fe(III) complexes, but slightly larger and somewhat variable,
425–428 nm for the Fe(II) complexes (55). The Soret band maxima in the
presence of 4-iodopyrazole, the ligand used to produce one of the heavy
atom derivatives for solving the first X-ray crystal structure (31), are
405 nm for the Fe(III) and 411 nm for the Fe(II) complexes of NP1 and
NP4, and 402 nm for the Fe(III) and 409 nm for the Fe(II) complexes
of NP2 and NP3 (55). As observed for the histamine complexes (50),
the a,b bands are quite broad and of low extinction coefficient for the
Fe(III), but sharper and of higher extinction coefficient for the Fe(II)
complexes (55).

B. VIBRATIONAL SPECTROSCOPY OF NITROPHORIN–NO
AND –CO COMPLEXES

The NO complexes of NP1III and NP1II and the CO complex of NP1II

have been investigated by FTIR spectroscopy (49). As shown in Fig. 7,
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FIG. 7. FTIR spectra of recombinant Rhodnius NP1. (a) Ferric NP1 (3.0 mM) exchanged
into D2O (50 mM citrate/NaOD, measured pH 5.6), path length 13 mm. (b) Ferrous-CO
derivative (6.7 mM) in 50 mM Tris, 50 mM EDTA, 5 mM Na2S2O4, pH 8, path length 56
mm (>90% CO complex). (c) Ferric-NO derivative (3.0 mM) in buffer identical to that of
(a), path length 13 mm (73% NO complex). (d) Ferric-NO derivative (11.0 mM) in buffer
identical to that of (b) with 1 mM deazaflavin rather than 5 mM Na2S2O4, but not il-
luminated. The path length of the IR cell was 13 mm (95% NO complex). All spectra
were recorded at a resolution of 2 cm−1 and are averages of 800 scans. Reproduced with
permission from Ref. (49).

the Fe(III)–NO complex has a somewhat lower N–O stretching fre-
quency than the C–O stretching frequency of the Fe(II)–CO complex
(1917 and 1960 cm−1, respectively, for the major bands), indicating that
the NO of Fe(III)–NO has a bond order approaching 3, as in Fe(II)–CO,
and is thus binding largely as the Fe(II)–NO+ valence tautomer. In
comparison, the 1-electron-reduced Fe(II)–NO complex has the lower
frequency of 1611 cm−1, indicating a much lower bond order. Isotopic
substitution of 15NO produced the expected drop in frequency of about
28 cm−1 for Fe(II)–NO and 37 cm−1 for Fe(III)–NO due to the change
in the reduced mass (49). For both oxidation states, the N–O stretching
frequencies and isotopic frequency shifts are typical of those of other
heme proteins (56–61) and model hemes (62–65).
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For the Fe(III)–NO and Fe(II)–CO complexes of NP1, there are two
components to the X–O stretching band that are separated by 13 and
24 cm−1, respectively. The ratio of the two species depends upon the
nature of the buffer (49), and has not been investigated further. The
other unique feature of the bands shown in Fig. 7 is their widths, which
are considerably greater than observed for many heme protein–NO and
–CO complexes. At the time of publication of that work (49), it was
not known that there was a change in conformation of the loop made
up of residues 30–39 when NO binds to the Fe(III) form, at least for
NP4 (47). Therefore, in addition to the much greater exposure of NO
in the open conformation, as is the case for the crystal structure of the
photoreduced NP1II –NO (49), the dynamics of closing, and expulsion
of water molecules near the bound NO site, discussed in Section III,
as determined from crystal structure of the physiologically important
oxidation state of NP4III –NO (47), probably accounts for the observed
breadth of the IR stretching bands observed previously (49).

C. MÖSSBAUER SPECTROSCOPY OF A NITROPHORIN–NO MODEL

Nitric oxide is unique among diatomic molecules in that it can bind to
both Fe(III) and Fe(II) centers, including those of hemes and heme pro-
teins. In terms of model hemes, both Fe(III)–NO ({FeNO}6) and Fe(II)–
NO ({FeNO}7) complexes have been characterized spectroscopically and
structurally, including those in which there either is or is not another
axial ligand present trans to the NO (2, 65). Thus, four NO–heme
complexes, PFe(III)(NO), PFe(III)(NO)(L), as well as the corresponding
Fe(II) analogues, may exist. Of the four oxidation/coordination states
possible, only the five-coordinate PFe(III)(NO) center has not been re-
ported in a biological system, although it is probable that additional
study will reveal possible roles for this complex as well.

The Fe(II)–NO complexes of porphyrins (66–68) and heme proteins
(24, 49, 53, 69–76) have been studied in detail by EPR spectroscopy,
which allows facile differentiation between five-coordinate heme–NO
and six-coordinate heme–NO(L) centers. However, only a few reports
of the Mössbauer spectra of such complexes have been published (68,
77–82), and the only Fe(III)–NO species that have been studied by
Mössbauer spectroscopy include the isoelectronic nitroprusside ion,
[Fe(CN)5(NO)]2− (78), the five-coordinate complexes [TPPFe(NO)]+ (68)
and [OEPFe(NO)]+ (82), and two reports of the nitro, nitrosyl complexes
of iron(III) tetraphenylporphyrins, where the ligand L is NO2

− (82, 83).
Most of these species (except for the five-coordinate Fe(III)–NO com-

plex) have been implicated in the physiological interactions of NO with
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various heme proteins. For example, EPR spectroscopy shows that the
six-coordinate PFe(II)(NO)(L) center is observed for the NO complexes
of hemoglobin and myoglobin (69–74), cytochrome a3 (75, 76), and
cytochromes P450 (84), and the five-coordinate PFe(II)(NO) center is
formed upon binding NO to the heme of guanylate cyclase (53, 54). The
EPR-silent six-coordinate PFe(III)(NO)(L) center is observed for the NO
complexes of the nitrophorins found in the saliva of the blood-sucking
insect Rhodnius prolixus (1, 24, 31, 46–50).

The Fe(III)–NO complex of NP1 is EPR silent (Fig. 3) because it con-
tains an odd-electron (ferriheme) center bound to the odd-electron di-
atomic NO (24), which creates a {FeNO}6 center. The NMR spectrum of
NP1 Fe(III)–NO is that of a diamagnetic protein (85). However, whether
the electron configuration is best described as Fe(II)–NO+ or antiferro-
magnetically coupled low-spin Fe(III)–NO. is not completely clear, even
though the infrared data (49) discussed earlier (Fig. 7) are consistent
with the former electron configuration. Thus, as a prelude to planned
detailed studies of the Mössbauer spectra of the nitrophorins and their
NO complexes, we have reported the Mössbauer spectrum of the six-
coordinate complex of OEPFe(III)–NO (86).

The NO, N-methylimidazole complex of 94.5% isotopically enriched
octaethylporphyrinatoiron(III) chloride, [OEP57Fe(NO)(N-MeIm)]+Cl−,
was prepared in dimethylacetamide solution and studied by low-
temperature Mössbauer spectroscopy in the presence and absence of a
magnetic field. The [OEPFe(NO)(N-MeIm)]+Cl− complex is EPR silent
and behaves as a diamagnetic species that exhibits a quadrupole dou-
blet in the absence of a magnetic field. In the presence of a magnetic
field, four resolved lines are observed, as shown in Fig. 8, that can be fit
with a quadrupole splitting1EQ = 1.64mm s−1, asymmetry parameter
h= 0.4, isomer shift d = 0.02mm s−1 and linewidth 0 = 0.3 mm s−1 (86).
Two electron configurations, Fe(III)–NO (low-spin d5, strongly anti-
ferromagnetically coupled to NO), or Fe(II)–NO+ (low-spin d6, purely
diamagnetic), are possible. Which is the actual configuration cannot be
determined until detailed molecular calculations are carried out.

D. EPR SPECTROSCOPY OF THE NP1–HISTAMINE COMPLEX

At the time that the first investigation of the histamine complex of
native NP1 was reported (26), no EPR signal was observed, and it was
concluded that the reason for this lack of an EPR signal from an ex-
pected low-spin d5 heme center was that the signal was that of a fast-
relaxing “large gmax” species whose EPR spectrum was too weak to be
observed. However, when recombinant protein became available and
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FIG. 8. Mössbauer spectra of a sample containing 9 mM [OEP57FeCl] and 30 mM
N-methylimidazole in N,N-dimethylacetamide, into which NO gas was bubbled for 5 min-
utes, taken at 4.2 K in a magnetic field of (a) 5.34 T parallel and (b) 20 mT perpendicular
to the g-beam. The dotted line corresponds to the spectrum of the low-spin ferric heme
complex [OEP57Fe(NMeIm)2]+Cl− (39% relative contribution) and the dashed line to the
heme–NO complex [OEP57Fe(NMeIm)(NO)]+Cl− (61% relative contribution). Reproduced
with permission from Ref. (86).

a more concentrated sample could be investigated, it was found that
the EPR signal of the histamine complex was that of a typical rhombic
low-spin Fe(III) center with EPR parameters (gzz= 3.02, gyy = 2.25, and
gxx = 1.46) (31) very similar to those of cytochrome b5 (87, 88). Hence,
the sample of native protein investigated initially (26) must have been
much more dilute than believed at the time, for the signal is, indeed,
easy to observe at 4.2 K (89), as shown in trace 1 of Fig. 9. The X- and
S-band ESEEM spectra of this complex have been reported (89) and
show that the proton sum combination feature in the X-band (8.706
GHz) ESEEM spectra was well resolved at the low-field g-value (gzz),
but unresolved at the high-field g-value (gxx), as shown in Fig. 9, traces
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FIG. 9. The continuous wave EPR spectrum of recombinant Rhodnius prolixus NP1-
histamine at a microwave frequency of 9.338 GHz (trace 1) and field-sweep ESE spectra
at 8.706 GHz (trace 2), 3.744 GHz (trace 3), 3.065 GHz (trace 4). Dashed arrows show the
changes in magnetic fields corresponding to principal g-values at the different microwave
frequencies. Inset trace 1, the primary ESE decay recorded at 8.706 GHz, Bo = 213 mT
(the low-field turning point in the field-sweep ESE spectrum shown by trace 2 in the main
panel). Inset trace 2, the primary ESE decay recorded at 3.065 GHz, Bo = 140.8 mT (the
high-field turning point in the field-sweep ESE spectrum shown by trace 4 in the main
panel). Reproduced with permission from Ref. (89).

2,3. Decreasing the microwave frequency to S-band (3.065 GHz) made
it possible to obtain well-resolved ESEEM spectra at the high-field (gxx)
position (trace 4) and to determine the orientation of gxx. It was found
to be oriented in the porphyrin plane 60–90◦ from the plane of the axial
histidine (His 59), rather than at the average orientation of the planes
of the two axial ligands (89). Thus, the orientation of gxx is consistent
with the predictions of counterrotation of the g-tensor with rotation of
one of the axial ligands (90), indicating that His 59 is much more im-
portant in determining the orientation of the g-tensor than is the added
histamine ligand.
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E. NMR SPECTROSCOPY OF NITROPHORINS

One of the most important spectroscopic techniques for character-
izing heme proteins is proton NMR spectroscopy. In the case of ferri-
heme proteins, NO bound to Fe(III) hemes, and indeed, the nitrophorins
(85), produces a diamagnetic complex at ambient temperatures, which
should have heme substituent resonances that are buried in the pro-
tein proton resonance envelope, whereas the NO-free form of Fe(III)
heme proteins is a high-spin (S= 5

2) complex. Binding of even-electron
donor ligands, such as histamine, imidazole, or cyanide, to the NO-
free forms of these proteins produces low-spin (S= 1

2) complexes. The
overall goals of detailed NMR spectroscopic studies of the nitrophorins
are to assign all of the proton resonances and to determine the three-
dimensional structure of the protein in solution, all in order to learn
in detail about the dynamics of this beta-barrel heme protein. At the
end of this study, it is hoped that an understanding will be achieved of
how the beta-barrel nitrophorin structure, the solid-state structures of
one or more ligand complexes of NP1, 2, 4 of which have been solved
by X-ray crystallography (31, 32, 47–49), is stabilized in solution, how
heme binding to the protein contributes to the stability and dynamics
of the proteins, the points at which the structure and dynamics are
most affected by binding of NO or other alternative ligands, and the
effect of ligand charge and heme oxidation state on the dynamics of
the protein, especially in the vicinity of the ligand-binding pocket. As
a first start toward these major goals, the hyperfine-shifted heme and
nearby protein proton resonances, which are shifted from their diamag-
netic positions by the presence of unpaired electron(s) on the metal, in
the two paramagnetic forms of the proteins, have been investigated
(49, 91).

The unpaired electron(s) on the metal, Fe(III) in the case of the ni-
trophorins, act as “beacons” that “illuminate” the protons in the vicinity
of the metal, by causing shifts (isotropic shifts) of the resonances from
those observed in a diamagnetic protein, for example, the NO-bound
forms of the nitrophorins. These shifts allow much to be learned about
the intimate details of the electron configuration at the iron center. The
two contributions to the isotropic shifts are the contact (through bonds)
and dipolar or pseudocontact (through space) contributions, and these
are discussed in considerable detail elsewhere (92–94). For the purposes
of this chapter, a detailed physical treatment of these two contributions
is not necessary or even desirable, but rather, the differences in the
proton NMR spectra of the heme substituents, and what they tell us
about the electronic environment at the iron(III) center, the effect of
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FIG. 10. 1D 1H NMR spectra of the hyperfine-shifted downfield region of (a) 4 mM NP1
and (b) 6 mM NP2 in D2O at pH* 7 (50 mM phosphate buffer) and 37◦C, in the absence
of added ligand. Note the well-resolved peaks of NP2, but the broad peaks observed for
NP1. The NMR spectrum of NP4 is similar to that of NP1, and that of NP3 is similar to
that of NP2. It is concluded that NP1 and NP4 do not have His59 bound to the heme at
neutral pH in solution in the absence of a strong field distal-side ligand.

the proximal histidine on the proton NMR shifts, and other features of
the protein structure and dynamics, are summarized qualitatively.

1. Proton NMR Spectra of the High-Spin (S= 5
2

) (NO-Free)
Forms of the Nitrophorins

The NO-free form of recombinant NP1 at pH 7.0 and T = 38◦C has
resolved heme and hyperfine-shifted protein resonances that extend
from 70 to −20 ppm (91), the low-field portion of which is shown in
Fig. 10a. The pattern of these heme resonances is qualitatively sim-
ilar to that of aqueous protohemin at neutral pH (95), except for the
broadening induced by the much longer rotational correlation time of
the nearly 20-kDa protein. This pattern is unlike that of any high-spin
heme protein reported previously, including those of methemoglobins,
metmyoglobins, cytochrome c′, and the resting state of horseradish
peroxidases (94, 96–99). On the other hand, the NMR spectrum of the
high-spin form of NP2 is entirely different, as shown in Fig. 10b, with
well-resolved, unique resonances of intensities corresponding to one or
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three protons that are more similar in general appearance to those of
previously studied high-spin Fe(III) proteins (96–99) especially horse-
radish peroxidase (99) and even cytochrome c′ (98). The strange appear-
ance of the hyperfine-shifted heme resonances of the NO-free form of
recombinant NP1 appears to be indicative of only weak (if any) binding
of the proximal histidine to the heme at pH 7 in homogeneous solution
(91), even though the histidine is clearly bound in the crystalline state
(31, 32, 47–49), as well as in solution for the ligand-bound low-spin
states discussed later. Rather, the spectra are consistent with the heme
in NP1 being simply confined in the heme binding pocket, probably by
hydrophobic interactions between the heme substituents and the pro-
tein side chains making up the pocket, with no direct coordinate bond to
the metal at physiological temperatures and pH values, in solution. In
contrast, the heme in NP2 is clearly bound to His57 (numbering system
based on the deletion of two residues for NP2 and NP3, as compared
to NP1 and NP4, Fig. 4) and thus experiences different contact and
dipolar shifts at different heme methyl and other substituent positions
because of the orientation of the proximal histidine (91). Preliminary
investigations of the hyperfine-shifted proton resonances of high-spin
NP4 and NP3 show that their spectra resemble those of NP1 and NP2,
respectively (85).

The heme methyl resonances of high-spin NP2 have been assigned
using apoprotein samples reconstituted with specifically deuterated
protohemins obtained from Professor Kevin M. Smith (91). (The sam-
ples were prepared by reducing the pH of purified holo-NP2 to 2.7 and
extracting the protohemin originally present with 2-butanone, as was
done previously with metmyoglobin (100, 101), hemoglobin (101, 102),
and cytochrome b5 (103).) Then, the pH of the apoprotein was raised
to near 7 and a specifically deuterated protohemin, dissolved in 0.1 M
NaOH, was titrated into the apoprotein solution until the ratio of the
UV-visible absorption bands due to the heme Soret and protein residues
returned to its original value. It was found that only about 80–90%
of the protohemin originally present in the holoprotein could be re-
moved, so these reconstitution experiments always left some residual
protonated-methyl protohemin present in the samples.) When 5-CD3-
protohemin is incorporated into apo-NP2, it is observed that the peak
at 62 ppm (Fig. 10b) is greatly reduced in intensity, whereas when 5,8-
(CD3)2-protohemin is incorporated into apo-NP2, the peak at 62 ppm is
again greatly reduced in intensity, but neither of the other two resolved
methyl peaks is changed in intensity, indicating that the 8-methyl reso-
nance is buried under the diamagnetic envelope of protein resonances.
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However, another singly deuterated methyl hemin was not available
to allow assignment of the 1- and 3-methyl resonances. Therefore, the
assignment of these resonances was accomplished by first assigning
the low-spin Fe(III) resonances of an appropriate axial ligand complex,
and then using chemical exchange between the ligated and unligated
forms of the protein to assign the other two heme methyl resonances,
as discussed later. From these experiments, it was possible to assign
the methyl resonances in Fig. 10b (57173) (91).

2. Proton NMR Spectra of the Low-Spin (S= 1
2

) (Lewis Base–Bound)
Forms of the Nitrophorins

Addition of strong-field ligands such as CN−, imidazole (ImH), or
histamine (Hm) to these high-spin Fe(III) centers of the nitrophorins
creates the low-spin Fe(III) state (S= 1

2), which is characterized by
a smaller range of NMR shifts (20–30 ppm) and much sharper reso-
nances than those of the high-spin forms of the same proteins. Both
one- and two-dimensional NMR techniques (1D NOE difference spec-
tra, 2D COSY, TOCSY, NOESY, and ROESY spectra) have been exten-
sively utilized to assign the hyperfine-shifted resonances of the heme
in the cyanide-bound forms of Fe(III) heme proteins (104), where most,
but not all, of the heme substituent resonances are found outside the
diamagnetic envelope of the protein. In the present work, CN− has
been utilized as an even-electron, diamagnetic substitute for NO for
characterizing the nitrophorins from blood-sucking insects in the para-
magnetic low-spin Fe(III) state. Imidazole and histamine have also been
used extensively to produce low-spin (S= 1

2) Fe(III) centers for the ni-
trophorins (91), because of the finding that both of these ligands bind
to NP1 with higher affinity than does NO (31, 50).

a. Lyophilization of Protein Creates Heme Rotational Disorder One
of the first observations about the imidazole complex of NP1 was that
samples of NP1–ImH, in which the lyophilized protein was simply dis-
solved in D2O containing buffer, slightly greater than 1 equiv of imida-
zole was added, and the NMR spectrum was recorded immediately, had
approximately twice as many isotropically shifted heme resonances as
did the NMR spectrum of the same sample recorded 12 hours later (49).
As shown in Fig. 11a, a number of resonances decreased in intensity,
such that after 12 hours there were no remaining traces of those reso-
nances, while the others increased in intensity (Fig. 11b). These results
were interpreted in terms of the well-known “heme rotational disorder”
observed in heme b (protohemin)-containing proteins (103, 105–108) in
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FIG. 11. 1D 1H NMR spectrum of the hyperfine-shifted region of a sample of 4 mM
NP1–ImH in D2O at pH* 7 (50 mM phosphate buffer) and 37◦C: (a) freshly prepared
sample; (b) same sample 12 hours later. Reproduced with permission from Ref. (49).

which the apoprotein has been freshly reconstituted with protohemin,
an unsymmetrical molecule. Protohemin can insert itself randomly into
the chiral protein pocket in one of two ways that interchange the posi-
tions of the vinyl and methyl groups at the 1,4 and 2,3 b-pyrrole posi-
tions, hence providing double the number of unique heme substituent
resonances for the chiral heme protein (108). In most cases, the two ro-
tational isomers are not of equal stability, so that over a period of hours,
the heme “turns itself over” to adopt the preferred orientation. (In fact,
it is much more likely that the heme leaves and reenters the heme
binding cavity many times until it randomly reaches the equilibrium
ratio of the more stable to less stable orientation for that particular
protein, than that it is able to turn itself over within the heme cavity.)
There is probably little functional significance to this heme rotational
isomerism, which results in only very small differences in reduction
potentials of the two cytochrome b5 heme rotational isomers (103), for
example (however, see Ref. 108), but its presence can certainly compli-
cate the interpretation of the NMR spectral data for heme b-containing
proteins. For the case of NP1, the existence of heme orientational disor-
der in a freshly prepared sample suggests that upon lyophilization the
heme dissociates from the protein, so that it reinserts randomly when
the lyophilized sample is dissolved in D2O. For NP1–ImH, the ratio of
more to less stable heme orientation must be greater than 20 : 1, based
upon the undetectably small amount of the “minor” heme orientational
isomer of Fig. 11b (49).
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FIG. 12. A portion of the 500 MHz DEFT-NOESY spectrum of NP1–ImH, recorded at
30◦C in 50 mM phosphate buffer, pH* 7.0, D2O. Note the strong EXSY cross peak between
the 3-Me signal at 24.9 ppm and a minor 3-Me signal at 26.4 ppm. This is not the other
heme orientational isomer, as is evident by comparison of spectrum (a) of Fig. 11. This
chemical exchange is also observed for many protein side chains, suggesting fluxionality
of some loop, probably the A-B loop that passes close to the heme. In the text, the small
peak is defined as species “Y,” and the large as species “X.”

b. Chemical Exchange Observed for NP1–ImH The most detailed
NMR studies of low-spin forms of NP1 and NP2 have been carried out
on the imidazole complexes. However, for the imidazole complex of NP1,
chemical exchange between at least two sets of resonances of similar
chemical shift plagued the attempts to assign the heme resonances.
In each case, one set is nearly unobservable in the 1D spectrum, as
shown for the small peak near 27 ppm in Fig. 11b, yet gives very strong
chemical exchange cross peaks in the DEFT-NOESY/EXSY spectrum,
as shown in Fig. 12. This chemical exchange is in the slow-exchange
regime in terms of the 1D spectra, as shown in Fig. 11b, but is very
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readily observed in the NOESY/EXSY spectrum of Fig. 12. It can be
further slowed on the NMR time scale by cooling the sample to 12–
14◦C, but at this temperature the resonances are much broader and the
multiple species are still present. The species interconvert too rapidly
to involve dissociation, rotation, and reassociation of the hemin, and
the pattern of chemical exchange cross peaks is also not consistent
with heme rotation. Rather, the multiple resonances must involve some
change in conformation of one or more protein side chains, cis–trans
isomerization about the disulfide bonds of the protein, or, an even more
likely possibility, the cis–trans isomerism of the two prolines in the
A-B loop, made by residues 32–41 (Fig. 4), which is very poorly defined
in the NP1 and NP4 structures solved thus far (46, 48) (except for the
structure of the NO complex of NP4 (47), as discussed in Section III) and
may thus be quite fluxional. Preliminary analysis of the diagonal and
cross peak intensities (Fig. 12) in terms of a two-site chemical exchange
process, X←→ Y, where Y represents the species giving rise to the small
peak, yields rate constants of the order of kYX ≈ 70–90 s−1 and kXY ≈
7–10 s−1, Keq≈ 0.1, at pH 7.0, 30◦C (85).

No such chemical exchange is observed for NP2–ImH or NP3–ImH,
for which WEFT-NOESY spectra have cross peaks due only to through-
space nuclear Overhauser effect interactions (91). Interestingly, these
two proteins have only one proline in the A-B loop (Fig. 4). However,
considerable additional NMR investigation needs to be carried out in
order to determine whether the chemical exchange process shown in
the NOESY spectra of NP1–ImH is indeed due to the dynamics of the
A-B loop.

c. Heme Resonance Assignments for the Nitrophorin-Imidazole Com-
plexes As discussed in Section II,E,1 for the high-spin forms of the
nitrophorins, the NMR spectra of the low-spin imidazole complexes of
the pairs NP1, NP4 and NP2, NP3 also differ significantly, as shown
in Fig. 13. In contrast to an earlier report (109), deuterated methyl-
labeled hemins have confirmed that only one heme methyl resonance of
NP1–ImH, observed at 25 ppm at 38◦C (91), Fig. 13a, is resolved out-
side the diamagnetic envelope, while the other three are buried in the
diamagnetic region of the NMR spectrum (−1 to 11 ppm). The peak at
13 ppm that was earlier believed to be a methyl resonance (109) is not
changed in intensity upon substitution of any of the deuterated hemins
(91). NP4–ImH also behaves in this manner (Fig. 13b). In contrast,
three heme methyl resonances, more closely spaced, at 15.7, 12.4, and
11.3 ppm, are observed for NP2-ImH (Fig. 13c), and a similar pattern
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FIG. 13. 1D 1H NMR spectra of the downfield hyperfine-shifted region of (a) NP1–ImH,
(b) NP4–ImH, (c) NP2–ImH, and (d) NP2–NMeIm, showing the similarity in chemical
shifts of heme resonances for NP1,4–ImH and the difference for NP2–ImH. The spectrum
of NP3–ImH is similar to that for NP2–ImH. Spectra recorded in D2O, pH* 7 (50 mM
phosphate buffer), and 37◦C.

is observed for NP3–ImH. The NMR spectrum of NP4–ImH is similar
to that of NP1–ImH, as shown in Fig. 13b. From the high-resolution
crystal structures of NP4 and several of its ligand complexes (32, 48), it
is known that both heme orientations exist for NP4, in a 60:40 ratio, but
this is not apparent from comparison of the NMR spectra of NP1–ImH
and NP4–ImH (Fig. 13a,b). For NP1–ImH and NP2–ImH, whose NMR
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spectra have been investigated in the greatest detail (91), only one heme
rotational isomer is observed, despite the deceptively open-looking
nature of the distal pocket. This is probably because of the tight pack-
ing of a number of phenylalanines and tyrosines around the vinyl and
methyl substituents of the protohemin in the nitrophorin heme cavities
(46, 48, 49).

The situation is much more favorable for complete assignment of the
heme resonances of NP2–ImH and NP3–ImH than it is for the other two
proteins, because of the three resolved heme methyl resonances, as well
as the lack of chemical exchange cross peaks in the NOESY/EXSY spec-
tra. Whereas the order of chemical shifts is 3À (5,1,8) for NP1,4–ImH,
with unknown order of the latter three resonances, which are all buried
in the diamagnetic envelope (−3 to 10 ppm), it is 3> 5> 1, with the 8-
methyl buried in the diamagnetic envelope, for NP2–ImH (Fig. 13c).
Because the NOESY and COSY spectra showed cross-peak connectiv-
ities that were consistent with two possible assignments of the heme
methyl resonances (91), the heme 5-methyl resonance of NP2–ImH was
assigned and the 8-methyl resonance was shown not to be resolved out-
side the diamagnetic envelope of the protein, as described earlier for the
high-spin nitrophorins, by using deuterated hemins supplied by Kevin
M. Smith. The relative order of the 5- and 1-methyl resonances is al-
ways 5> 1, because of the substituent effects of the adjacent propionate
and vinyl groups, respectively (109). Hence, knowing that the 5-methyl
is the second heme methyl resonance and that the 8-methyl peak is not
resolved outside the diamagnetic envelope fixes the assignment of the
3- and 1-methyl resonances (91). Methyl-8 of NP2–ImH has been lo-
cated at 1.8 ppm from the natural-abundance 1H/13C HMQC spectrum
(91). It was not possible to locate the 5-, 8-, and 1-methyl resonances of
NP1–ImH from HMQC spectra of that protein because of the chemical
exchange phenomena described in Section II,E,2,b.

The chemical shift of the single resolved heme methyl resonance of
NP1–ImH places the orientation of the ligand plane(s) between 125◦

and 145◦ from the heme N–N axis connecting pyrrole rings II and IV,
since according to the predictions of the effect of ligand plane orienta-
tion on the chemical shifts of the heme methyls (109), it is only in this
range of angles that the other three methyl resonances should lie at
less than 10 ppm (Fig. 14). This is indeed within the expected range of
angles, as shown by the crystal structures of NP1 and its ligand com-
plexes (31, 49), for which the imidazole plane of His 59 in molecule I
is oriented 11◦ counterclockwise of the line connecting the b,d meso-H,
or 146◦ counterclockwise of the porphyrin N–N axis connecting pyrrole
rings II and IV, whereas the imidazole plane of the histamine ligand
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FIG. 14. Dependence of heme methyl and meso-H chemical shifts on the orientation of
the axial histidine and other planar ligand. (Left inset) Heme structure with definition of
axes and ligand plane orientation angle, f. For NP1–ImH it is known that His59 makes
an angle of 146◦ with the x-axis, whereas ImH probably makes an angle of 106◦ with that
axis, if it is aligned as is the imidazole ring of histamine in the structure of NP1–Hm
(31). The best fit of the one resolved heme methyl, Fig. 13(a), 3-Me, is with an angle of
125◦ to 145◦, suggesting that either both ligands are equally important or His59 is more
important in determining the orientation of the heme e(p) orbital nodal plane. For NP2–
ImH, the imidazole ring of His57 makes an angle of +124◦ with the x-axis; however, the
heme methyls match an angle of about+155◦, suggesting that in this case, the exogenous
imidazole ligand is at least as important in determining the orientation of the heme e(p)
orbital nodal plane as is His57. Modified from Ref. (109), with permission.

of NP1–Hm in molecule I is oriented 29◦ clockwise of the line connect-
ing the b,d meso-H, or 106◦ counterclockwise of the same porphyrin
N–N axis (Fig. 14, left). Thus, either the two ligands contribute equally
in determining the orientation of the nodal plane of the e(p)-orbital
that is involved in spin delocalization to the porphyrin ring (average
angle 126◦), or else His59 plays a more important role than does the
added histamine or imidazole ligand. The conclusion reached in the
ESEEM investigations of NP1–Hm (89), discussed in Section II,D, was
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that His59 plays a more important role. Because only one heme methyl
is resolved, NMR spectroscopy cannot provide supporting information
for this conclusion.

In contrast, the difference in the chemical shifts of the three resolved
methyl resonances of NP2–ImH suggested that the orientation of the
imidazole plane of His57 of NP2 was rotated at least 10◦ counterclock-
wise from the position of His59 of NP1 (31, 49), an angle of 155◦ in
Fig. 14. On this basis, it was predicted that once the crystal structure
of NP2 was solved, the imidazole plane of His 57 would be found to
be aligned at about 10◦ counterclockwise of the line connecting the b,d
meso-H. However, when the crystal structure of NP2 was solved, it was
shown that although the positions and angles of the histidine ligands
of the two proteins are almost identical, the heme orientation of NP2
was reversed as compared to that for NP1, putting His 57’s alignment
at about 124◦ counterclockwise of the porphyrin N–N axis connecting
pyrrole rings II and IV, or about 10◦ clockwise of the line connecting the
b,d meso-H (110). And although the structures of neither the histamine
nor the imidazole complexes of NP2 have been solved, by analogy to the
structure of the histamine complex of NP1 (31), the orientation of the
imidazole plane of that ligand should be at about 164◦ counterclockwise
of the porphyrin N–N axis connecting pyrrole rings II and IV, or about
30◦ counterclockwise of the b,d meso-H line.

Hence, the methyl 1H NMR shifts suggest an angle of the nodal plane
of the porphyrin orbitals of the unpaired electron of 155◦, while the
His 57 ligand is positioned at 124◦ and the added imidazole ligand is
probably at about 164◦. The average position of the two ligand planes
(144◦) is closer to the angle indicated by the methyl shifts of Fig. 14
(155◦) than it is to the position of His57, but it is smaller than the
predicted angle. Thus, it appears that the exogenous ligand is at least
as important in determining the heme methyl shifts of NP2 than is
its proximal histidine ligand, and, in fact, either it is more important,
or else its angle is greater than expected, based upon the structure of
NP1–Hm (31), and thus it is equally important in determining the heme
methyl shifts as is the His57 ligand plane.

3. Connections between Low- and High-Spin Forms
via Saturation Transfer

Although the kinetics of imidazole exchange between NP2 and its
low-spin imidazole adduct are very slow and no chemical exchange cross
peaks in the NOESY/EXSY spectrum of a mixture of the high-spin and
low-spin forms of NP2 are observed, the N-methylimidazole complex
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has faster ligand exchange kinetics that allowed us to connect the as-
signed heme methyl (and other residue) peaks of the high-spin form of
the protein that has no added ligand to those of the low-spin N-MeIm
complex (91). Based upon the assignment of the 5-methyl resonance of
NP2 in its high-spin form (Fig. 10 and discussion), the 5-methyl reso-
nance of the low-spin N-methylimidazole complex was assigned by sat-
uration transfer experiments carried out on a sample containing both
species (91). The 1- and 3-methyl resonances were then assigned based
upon the predictions of the angular plot of Fig. 14. The fact that ori-
entation of the N-methylimidazole ligand is somewhat different from
that of the imidazole ligand is indicated by the even smaller spread of
the three resolved methyl resonances (Fig. 13d), the difference in order
(5> 1,3 vs 3> 5> 1, respectively), and the fact that the 1- and 3-methyl
resonances of the former cross each other at temperatures between 30
and 37◦C indicate that the nodal plane of the porphyrin orbital respon-
sible for the methyl contact shifts in NP2–NMeIm has a slightly larger
angle (160–162◦) than in NP2–ImH (155◦).

4. Proton NMR Spectroscopy of the Protein as a Whole

Finally, preliminary investigation of the proton resonances of the dia-
magnetic part of the NMR spectrum of NP2–ImH indicates that the
protein is well behaved for detailed NMR studies of the protein aimed
at determining its 3D structure in solution in order to allow study of
protein dynamics and protonation/deprotonation equilibria of carboxy-
lates near the heme. Approximately 120 NH–CaH or related cross peaks
are resolved in the DQF-COSY spectrum, which bodes well for the pos-
sibility of determining the structure and studying the dynamics of the
protein by NMR techniques. Single (15N), double (15N,13C), and triple
(15N,13C,2H) labeling of the protein is currently underway to facilitate
these goals.

III. Crystallization and Structure Determination of Nitrophorins

A. ISOLATION AND CRYSTALLIZATION OF NATIVE AND RECOMBINANT

NP1–NP4

The initial crystals of NP1 were obtained with protein painstakingly
isolated from Rhodnius salivary glands by the Ribeiro laboratory (44).
This group also cloned all four nitrophorins (44, 45), which unfortu-
nately resulted only in inclusion bodies or degraded protein in various
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expression systems (including E. coli, insect, and yeast cells). In order to
obtain sufficient protein for the planned experiments, numerous condi-
tions for renaturing the nitrophorins from the E. coli–derived inclusion
bodies were examined, and eventually conditions were found for obtain-
ing>100mg of purified, fully active protein per preparation (31, 46–49),
as detailed in Section I,C,4. This required not only refolding the protein,
but also heme insertion and the formation of two correctly linked disul-
fide bonds. For NP2, several codons early in the coding sequence were
altered to be those most commonly used by E. coli, which resulted in
increased expression. We also showed that the renatured proteins be-
have identically to the insect-derived material, based on spectroscopic
and kinetic analyses (31, 46–50). Prior to this, only a few milligrams
of protein per year could be obtained from the insects. Now, sufficient
amounts of all four nitrophorins can be produced for crystallographic,
NMR, and various other spectroscopic analyses.

1. General Information about Rhodnius Nitrophorin Structures

We have completed several structures each of NP1, NP2, and NP4
(31, 46–49, 110). These structures reveal the Rhodnius nitrophorins to
have a fold dominated by an eight-stranded antiparallel beta-barrel,
as shown in Fig. 15, and to rely on a remarkable ligand-induced con-
formational change for NO transport, described later. The structures
confirm that the nitrophorins are completely unrelated to the globins,
the only other heme-based gas transport proteins whose structures are
known. Rather, their fold places them in the lipocalin family, for which
several other examples are known (111–113). Our initial nitrophorin
structure was of NP1 and was determined using standard MIR and

FIG. 15. Ribbon and ball-and-stick diagrams of the NP1–CN structure. The view in (b)
is rotated approximately 90◦ about the vertical axis from the view (a) on the left. The
mobile loops are above and next to the heme in this view. Reproduced with permission
from Ref. (31).
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molecular averaging approaches, but with the somewhat unusual heavy
atom derivatives of a mercury inserted into a disulfide bond, and a
4-iodopyrazole bound to the distal side of the heme (31). Structures of
other complexes of NP1, as well as NP4 and NP2, have been determined
by molecular replacement.

The nitrophorin heme is inserted into one end of the beta-barrel (the
other end is closed) and is ligated on the proximal side to His59, much
like the proximal histidine of myoglobin. The distal side is quite open
in the absence of NO and does not contain a distal histidine, unlike
most myoglobins and hemoglobins. Crystals grown in the presence of
(NH4)2HPO4 have an NH3 bound in the distal position (NH4

+ does
not bind), whereas crystals grown in polyethylene glycol (PEG) have
a weakly ordered water molecule bound to this site. The distal pocket
contains at least four additional water molecules under these condi-
tions. The proximal histidine is oriented in part through a hydrogen
bond to a buried water molecule in NP1 and NP4, which is further
hydrogen bonded to a buried aspartate, Asp70. It has been suggested
that Asp70 is protonated even at pH 7.5 because of its buried position
and a second hydrogen bond to one of the heme propionates (Fig. 16),
which is not buried and forms a strong hydrogen bond to Lys125 (31).
Support for this comes from the structure of NP2 (110), which has an
asparagine at this position that is positioned identically to Asp70 in
NP1 and NP4 (sequences, Fig. 4). (However, the NMR data discussed
in Section II,E,2,c suggest some difference in proton acceptor strength
of Asp70 and Asn68 in the two subgroups of nitrophorins.)

Our electrostatic calculations (using DelPhi (114)) suggest that sev-
eral negatively charged residues near the heme result in an overall neg-
ative charge in the heme pocket, which may serve to stabilize the ferric
form of the heme (formal charge = +1; see Section V, A and Ref. 115
for an example of Glu and Asp mutants stabilizing ferric myoglobin).
Another stabilizing factor may be a series of aromatic amino acids that
have face-to-heme edge contacts (Y28, F86, and Y105) or edge-to-heme
face contacts (Y40 and F68), which may influence the heme through p
orbital overlap (116). The heme itself is highly “ruffled” (117, 118), as
is evident in Figs. 16 and 17, with an overall largest out-of-plane devi-
ation of the heme meso-carbons of ∼0.8 Å, making the nitrophorins the
only known proteins with noncovalently linked protohemin to display
a highly ruffled heme conformation (119). A second unusual feature
is that the imidazole plane of His59 is significantly tilted (about 10◦)
with respect to the normal to the heme plane. Both ruffling and his-
tidine imidazole plane tilt may influence sixth-ligand binding through
modifications to the iron d-orbitals.
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FIG. 16. Histamine binding to the heme of NP1. Shown are hydrogen bonds between
histamine and Asp30 (2.7 Å), Glu32 (3.1 Å), Leu130 (2.7 Å), and an ordered water molecule
(2.8 Å), which further hydrogen bonds to Thr121 (3.2 Å, not shown), Leu123 (3.0 Å), and
Gly131 (2.7 Å). Van der Waals contacts are made to Leu123 (3.7 Å), Leu130 (4.2 Å), and
Leu122 (3.7 Å). Also shown are hydrogen bonds between an ordered water molecule and
residues His59 (2.7 Å) and Asp70 (2.6 Å), and between Asp70 and a heme propionate
(2.5 Å). The other heme propionate has been omitted for clarity. Reproduced with permis-
sion from Ref. (31).

2. Comparison of NP4 to Other Lipocalins

The lipocalin fold was originally discovered in retinol binding pro-
tein, the protein required for retinol transport (120). Since then, it has
become clear that a marvelous variety of biological functions depend
on the lipocalin fold. Despite the growing size of the family of well-
characterized lipocalins, detection of this fold at the sequence level
has proved difficult because the proteins show a low degree of amino
acid identity. In fact, as mentioned in Section I, the nitrophorin se-
quences align as well with the helical globins as they do with the
b-barrel-containing lipocalins, and they were not recognized as lipoca-
lins until the structure of NP1 was determined (31). Nevertheless, tak-
ing a structure-based approach to the alignment of lipocalin sequences,
some interesting relationships are detected among some proteins of ex-
tremely diverse function.
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FIG. 17. Structure of the active site of NP4–NO, showing the highly ruffled heme ring
and the off-axis binding of the proximal histidine. Only the heme iron and pyrrole rings
are included, to emphasize the heme ruffling. Also shown are Leu123 and Leu133, which
form close contacts with the heme and may help to induce ruffling. The pyrrole ring
rotations are defined to be positive for a clockwise rotation when looking from the pyrrole
to the iron. Pyrroles trans to one another rotate in opposite directions. The rotation
angles range, in absolute value, from 7.5 to 13.6◦ for NP4–NO, and smaller values (4.0–
8.9◦) for NP4–NH3 and NP4–H2O. The angle between the His59 imdazole ring plane in
the proximal bond (f) is defined as the angle between the bond and the (positive) ring
normal and is 170◦ for NP4–NO, 169.9◦ for NP4–NH3, and 169.8◦ for NP4–H2O.

The structure of NP4 has been superimposed with those of five other
lipocalins by first identifying analogous structural regions through in-
spection, and then determining a least-squares best fit between pairs
of structures. The five structures were those of butterfly bilin binding
protein (BBP) from Pierus brassicae (113), moth insecticyanin (INS)
from Manduca sexta (112), human retinol binding protein (RBP) (120),
bovine b-lactoglobulin (LAC) (121), and rat epidydimal retinoic acid
binding protein (ERB) (122). These proteins are typical lipocalins and
contain the same secondary structural elements as the nitrophorins.
From these superpositions, an amino acid sequence alignment was
derived that was used to determine the true degree of amino acid iden-
tity of nitrophorins with other lipocalins and to determine structurally
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equivalent positions within the group (48). The most similar structures
were INS and BBP (41% identical, rms deviation in the core atoms of
1.2 Å), while BBP and ERB have very different sequences (12% identi-
cal), yet have rms deviation in the core atoms of 1.3 Å. Likewise, NP4 has
most sequence homology with the insect-derived proteins BBP (16%)
and INS (15%), but the core region aligns better with human-derived
RBP (1.3 Å as compared to 1.7 and 1.8 Å), with which it has only 8%
sequence identity.

Nevertheless, other features suggest that the insect proteins are more
closely related to each other than to the other lipocalins examined. Com-
parison of disulfide bonding patterns among the proteins shows that in-
deed, the three insect-derived proteins have the same pattern, whereas
the mammalian proteins have different patterns of disulfide bonds. NP4
contains two disulfide bonds, one connecting Cys2 at the N terminus
with Cys122 on strand G of the b barrel, and the other connecting
Cys41 on strand B with Cys171 at the C-terminus, as shown diagram-
matically in Fig. 18. The positions of these cysteines and the pattern of
disulfide bonding are identical among NP4, NP1, NP2, and the insect
lipocalins BBP and INS. In contrast, the mammalian lipocalins contain
from one to three disulfide bonds, and different residues are involved.
All of the mammalian proteins examined have a cysteine residue near
position 65 on strand D that is not present in insect lipocalins and is
disulfide bonded with a cysteine residue near the C-terminus of the

FIG. 18. Disulfide bonding patterns in the aligned lipocalins. Individual strands of the
b sheet are shown as rectangles, helices as ovals, and the disulfide bonds as connecting
lines. Helix 3 does not occur in BBP and INS. Reproduced with permission from Ref. (48).
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protein. Thus, disulfide binding patterns appear to be a better predic-
tor of evolutionary relatedness among the lipocalins than overall rms
deviations in the protein structure.

3. Comparison of the Ligand-Binding Pocket of
NP4 with BBP and INS

Both insecticyanin (INS) and biliverdin binding protein (BBP) bind
the breakdown product of heme, biliverdin. These yellow pigments are
formed in mammals by the enzyme heme oxygenase (HO), in which the
protein HO binds hemin, undergoes 1-electron reduction from Fe(III)
to Fe(II), then binds molecular oxygen, and then undergoes another
1-electron reduction to produce a peroxy-bound Fe(III) center (123).
However, rather than undergoing O–O bond homolysis, as is the case
in the cytochromes P450 (124) and peroxidases (124, 125), the bound
peroxide of heme oxygenase reacts electrophilically with the heme itself,
at one of the meso-carbon positions (123). For the mammalian enzymes,
the attack is at the a-meso carbon. The final products of this reaction
are carbon monoxide (CO), free ferric ion, and a-biliverdin (123). In
contrast, the biliverdin isomer present in INS and BBP is g-biliverdin
(112, 113). Despite this difference, the question was raised as to whether
the original tetrapyrrole molecule bound in the b-barrels of these two
proteins might have been heme, rather than biliverdin (48). Hence, the
structures of INS and BBP were inspected carefully for the presence
of a histidine in a similar position to the His59 of NP4. Indeed, BBP
has a similarly positioned histidine, His61 (113). However, INS has
phenylalanine at this position, but inspection of the distal pocket of
INS reveals that His 131 is positioned with its side chain projecting
toward the heme iron in such a way that it would be possible for this
histidine to bind to the metal, if some rearrangements of side chains
occurred (48). Preliminary results with NP1 and NP4 show that incu-
bation with hydrogen peroxide (126) and NADPH-cytochrome P450 re-
ductase (the redox partner of mammalian heme oxygenase (127)) leads
to degradation of heme in both proteins. These structural observations
and biochemical data suggest that biliverdin production and binding
may have served as an evolutionary preadaptation for the nitric oxide
binding function of the nitrophorins (48).

B. LIGAND BINDING: NO INDUCES COMPLETE DISTAL POCKET BURIAL,
WHILE HISTAMINE STABILIZES AN OPEN CONFORMATION

Structures of nitrophorin complexes with ammonia, histamine, cya-
nide, and nitric oxide have been obtained (31, 46–49, 110). These
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structures reveal a remarkable feature: the nitrophorins have a broadly
open distal pocket in the absence of NO (31, 46, 48, 110), as well as for
NP1 in the presence of NO, but reduced to Fe(II) (49). However, upon
NO binding to the physiologically relevant Fe(III) form of NP4, signif-
icant changes in the region of the entrance to the distal pocket take
place that result in the burial of the bound ligand (47), as discussed in
Section III,B,1.

The highest-resolution structural data for the nitrophorins are from
a small crystal of the NP4–NH3 complex, pH 7.5, that was flash-frozen
and examined at the European Synchrotron Radiation Facility, lead-
ing to a model at 1.15 Å nominal resolution (128). These data are su-
perb, allowing for fewer restraints during refinement (using SHELX
(129)), anisotropic temperature factor refinement, hydrogen atom in-
clusion, multiple atomic position refinement, and atomic resolution in
electron density maps. The heme is extremely well defined, and it is
clear that it is discretely disordered in the crystal, with ∼60% of the
heme molecules “right-side-up” and ∼40% “upside-down,” such that all
four possible vinyl positions (two for up and two for down) are partially
occupied, and is significantly ruffled. Most other heme proteins appear
to have identical properties in the two orientations, and therefore no
functional consequences are expected, much like the case of cytochrome
b5 (103).

These results with regard to heme disorder differ from those observed
in solution by NMR spectroscopy, where one heme orientation is at least
highly favored (Section II,E,2). The difference in conditions (high salt,
PEG) may be involved in the fact that different ratios of the two heme
orientations are observed in the crystalline state than in solution. The
difference in heme orientation ratios of 1.5:1 and 10:1, for example,
represents a 1G difference of only 4.9 kJ/mol.

The ruffled heme appears to result from Ile123 and Ile133 pushing
down from the distal pocket side (3.4 and 3.5 Å), and from His59, the
proximal histidine, pushing up from below (3.4 and 3.5 Å), Fig. 17.
Despite the ultrahigh resolution of the structure, residues 31–37 are
sufficiently disordered that side-chain positions cannot be modeled.

1. Structures of the Physiologically Relevant NP4III–NO Complex

A crystal of NP4–NO was prepared by soaking an NP4 crystal grown
in PEG at pH 5.6 in an anaerobic solution containing NO. As discussed
later, NO release at low pH is quite slow, and a solution of NP4 prepared
under similar conditions was stable for several days, even when exposed
to air. Release of NO under these conditions was quickly achieved by
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blowing argon over the solution, indicating that ferric heme was present
(49). The NP4–NO crystal was flash-frozen and data measured at the
University of Arizona to 1.4 Å resolution, leading to a map with clear
electron density for the NO (47). It was found that NO binding to the
ferric heme induces an extensive conformational change that results in
complete burial of the ligand. Closure involves the expulsion of three
solvent molecules, the burial of Asp 30, the formation of an extensive hy-
drogen bonding network, and the packing of hydrophobic groups around
the NO molecule, resulting in a filled distal pocket (47). Residues 125
to 132 shift toward the distal pocket, allowing Leu130 to pack directly
against the NO molecule, as shown in Figs. 19 and 20. Residues 31–37

FIG. 19. Stereoviews of loop ordering in the NP4–NO pH 5.6 structure. (Upper) Loops
130–133 and 31–37 order over the distal pocket. Asp30 (open bonds) forms two hydrogen
bonds and becomes buried in the process. L123, L130, L133, and V36 pack around the
NO. (Lower) D30 (open bonds), E32, D35, D129, and the N-terminus cluster together in
the closed conformer. Reproduced with permission from Ref. (47).
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FIG. 20. Space-filling views of distal pockets in NP4–NO (left) and NP4–NH3 (right)
structures. View is from above the distal pocket, with heme, solvent, and ligands shown
in black. Waters 1–3 (right) are expelled as L130 and loop 31–37 pack against NO (left).
Reproduced with permission from Ref. (47).

order over the distal pocket entrance, leading to Val36 packing against
Leu130 and Leu133, further burying the bound NO. The new positions
for these loops are stabilized through an extensive hydrogen-bonding
network formed by Asp30, Glu32, Asp35, Asp129, and the N-terminus
(47). It is hypothesized that Asp30 and Asp35 are protonated in this
arrangement (Fig. 19). The driving force for the conformational change
is not yet clear, but it possibly results from the packing of NO with
hydrophobic groups (NO is 70 times more soluble in n-hexane than in
water (130, 131)), and by the release of three water molecules from the
now more hydrophobic distal pocket (Fig. 20). The key residues involved
in this ordering are conserved among the four nitrophorins, suggesting
that all four undergo this ligand-induced transition.

The NO in this structure appears to be bound equally in two orienta-
tions, a component that is “linear” (Fe–N distance of 1.6 Å and Fe–N–O
angle of 170◦, Fig. 17), and a second component that is “bent” (Fe–N ≈
2.0 Å, Fe–N–O ≈ 110◦). To account for this, the NO molecule has been
refined as a mixture of both orientations. The roughly linear orienta-
tion is indicative of a ferric (FeIII ) NO complex (2, 65), indicating that
the NP4–NO structure represents the first ferric heme–NO complex for
any protein. However, the bent orientation is similar in geometry to a
ferrous heme–NO complex (2, 65). The bend directs the NO toward a
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small hydrophobic cavity at the back of the distal pocket that is occu-
pied by a solvent molecule in the NP4–NH3 structure. It is not yet clear
if the multiple orientations are due to multiple oxidation states for the
heme iron (as could occur by photoreduction), or if the bent conforma-
tion results from a steric conflict with Leu130, which is a very close
3.2 Å to the linear NO, but a more reasonable 3.9 Å to the bent NO in
the current model. The Leu130 terminal side-chain atoms are less well
ordered than the rest of the residue, possibly because of these contacts
with NO. That two orientations for the ferric-NO complex exist in so-
lution is supported by the occurrence of two release rates (discussed in
Section IV) and two NO stretching frequencies for NP1–NO (measured
by FTIR (49), Section II,B).

The NP4–NO structure has been examined under several other con-
ditions to further explore the NO-induced conformational change. The
closed conformer also exists for NP4–NO at pH 7.5 and at room temper-
ature, but does not occur for the NP4–H2O or NP4–CN− complexes at
low pH. That cyanide, which is isosteric with NO binding but carries a
negative charge, fails to induce the conformational change may support
the hypothesis that hydrophobicity drives closure of the binding pocket,
although a formal positive charge must be present on the metal or de-
localized over iron and the ligand in the formally Fe(III)–NO complex.
Thus, NO once again proves to have unusual capabilities for binding
and signaling in heme proteins.

2. Structure of the Photoreduced NP1II–NO Complex

Binding of NO to NP1 was also examined at room temperature, pH
7.5, which yielded an open conformation and a completely ferrous-NO
complex, apparently due to photoreduction (49). The increased photo-
reduction may be due to the more open binding pocket, which may in
turn be due to unfavorable crystal contacts and an extra N-terminal
amino acid. This is because the recombinant NP1 N-terminus has the
initial methionine still present, which is not present in the insect-
derived protein, where the N-terminus is formed by cleavage of the
translocation signal sequence (44). However, for NP4, mass spectrome-
try, N-terminal sequencing, and the crystal structures all indicate that
the N-terminal methionine has been cleaved during synthesis (47). The
NP4 N-terminus hydrogen bonds to Glu 32 and Asp 129 (Fig. 19), but the
importance of these contacts is not yet clear, since similar binding and
release kinetics occur for recombinant NP1 and NP4 (see Section IV).

It is interesting that the NP1 ferrous-NO complex has the proxi-
mal histidine in place, unlike the heme of soluble guanylyl cyclase,
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where the proximal histidine is thought to detach from the heme on NO
binding, leading to a conformational change and increased catalytic ac-
tivity (132–134). Similar results have been reported for the myoglobin
and hemoglobin nitrosyl complexes (135, 136). However, the affinity
for the added “proximal” imidazole is greatly decreased in the nitrosyl
complex of the mutant myoglobin from which the proximal histidine has
been mutated to glycine (137), and, as discussed in Section II,A and in
Section V, NP2–NO and NP3–NO lose their proximal histidine ligands
at pH values of 7.0 and lower, when reduced to the Fe(II)–NO forms.

3. Structure of the NP1–Histamine Complex

Histamine binding has only been examined so far in NP1, where
the ligand is found to be sandwiched between Leu123 and Leu133, oc-
cupying the NO binding site and forming four hydrogen bonds to the
protein, as shown in Fig. 16 (31). The amino group displaces the water
molecule that hydrogen bonds to Asp30 in the aqua complex, leading to
an arrangement that stabilizes the open conformation of the A-B loop.
The extensive histamine–protein contacts lead to tight binding (Kd = 5–
15 nM at pH 8, Section IV) and underscore the specific role of this ligand
in NO release.

C. STRUCTURE OF NP2

NP2 and NP3 have diverged considerably from NP1 and NP4, and
several potentially critical residues have been modified (Fig. 4), result-
ing in considerably tighter NO binding for NP2 (discussed in Section
IV). NP2 binds NO ∼300-fold tighter than NP1/NP4 and, in addition,
contains a third antihemostatic activity, that of Factor X inhibition in
the coagulation cascade (Fig. 1). The structure of NP2 at 2.0 Å reveals
the protein to have the same general fold as NP1 and NP4 (110). The
proximal pocket is nearly identical to NP1/NP4, but the heme has set-
tled into a single orientation in the heme pocket, the reverse of that of
the major form of NP4. Asp70 is an Asn in NP2, but lies in the identical
position (110). The distal pocket has greater changes. First, two lysines
and a propionate are removed from the entrance, leading to a more
open binding pocket. Lys125 is changed to Glu, and the loop containing
it and Lys128 rotates away from the binding pocket, causing a heme
propionate to move from the distal to the proximal side of the heme
(110). Second, at the back of the binding pocket, residue 121 is changed
from Thr to Ile, resulting in increased hydrophobicity.

Away from the binding pocket, another interesting feature occurs.
Invariant residues Lys14 and Tyr82 occupy entirely new positions in
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NP2. In particular, Tyr82 flips from outside the protein in NP1/NP4,
where it contacts bulk solvent, to inside the protein in NP2, where it hy-
drogen bonds to Glu55 (110). Thus, modeling the NP2 structure based
on those of NP1 and NP4, and, as is normally done, keeping the invari-
ant residues structurally conserved, would lead to errors. Structures of
protein families such as the nitrophorins therefore provide key informa-
tion for the future improvement of structure prediction and structural
genomics.

D. STRUCTURES OF NP4 AT MULTIPLE PH

Release of NO by the Rhodnius insect is assisted by a change in pH
from ∼5 in the insect salivary gland to ∼7.5 in the host tissue (24).
Binding of NO is about 10-fold tighter at low pH for each of the ni-
trophorins than it is at neutral pH, with a transition pKa of 6.5 for the
whole-gland homogenate (24). On comparison of the room temperature
NP4 pH 7.5 and pH 5.6 structures, the only changes found were in
the protein interior, relatively far from the ligand binding site. Three
buried water molecules that were hydrogen bonded to Glu55, Tyr17,
Tyr105, and Ser72 were lost, and nearby amino acids collapsed inward
to fill the resulting gap, most notably Phe107 (138). The water molecules
reappeared in a crystal grown at pH 5.6 and moved to pH 7.5 before
data measurement. Oddly, the opposite occurred when the pH 7.5 NP4
crystals were flash-frozen: The buried water molecules were apparently
expelled during freezing. Whether these apparent electrostatic changes
in the protein interior could alter NO affinity will be explored in experi-
ments currently underway. Glu 55 mutants of NP4 have been prepared
for study of the NO binding and release kinetics (see Section IV), and
it is hoped that the crystal structures of these mutants can be solved in
the near future.

IV. Kinetics and Thermodynamics of Ligand Binding

In order to understand how the nitrophorins function as NO trans-
port proteins and vasodilators, an understanding of the nitrophorin lig-
and release kinetics and ligand affinities is required, in addition to the
structures of the relevant complexes. Several approaches for obtaining
these data have been used, all of which rely on changes in the Soret
absorption that occur with changes in heme ligation, as was shown
in Fig. 5. First, simple difference spectral measurements have been
used to obtain ligand dissociation constants (Kd). Second, stopped-flow
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TABLE I

EQUILIBRIUM DISSOCIATION CONSTANTS, Kd (µM) FOR NP–NO AND

NP–HISTAMINE COMPLEXESa (50)

NO (pH 5.0) NO (pH 8.0) Histamine (pH 8.0)

NP1 0.12± 0.02 0.85± 0.06 0.011± 0.008
NP2 0.05± 0.003 0.54± 0.02 0.010± 0.001
NP3 — 0.02± 0.004 0.009± 0.001
NP4 — — 0.018± 0.003

a Temperature = 25◦C.

spectrophotometry has been used to measure second-order NO asso-
ciation rates (kon), where a solution containing NO at a defined con-
centration is placed in one syringe and rapidly mixed with nitrophorin
protein from the other syringe, while monitoring the spectral change.
Third, laser photolysis in the submillisecond time frame is being used
as another method for obtaining kon, by monitoring reassociation of NO
from bulk solution after NO has been flashed off the protein by ab-
sorbing light from a laser pulse. The two methods for measuring kon

are in good agreement. Fourth, NO displacement by histamine in a
stopped flow apparatus or spectrophotometer has been used to mea-
sure koff values. Approaches 1–4 have been completed for all four ni-
trophorins, NP1–NP4 (50). Nano- and picosecond time resolution stud-
ies of geminate recombination of NO with the iron of NP4 are under way
in collaboration with Professors John Olson and Quentin Gibson at Rice
University.

A. EQUILIBRIUM DISSOCIATION CONSTANTS, Kd

The four nitrophorins can be divided into two groups based not only
upon sequence homology (Fig. 4), but also on the basis of their rates
of NO binding and release. NP2 and NP3 bind NO more tightly, giving
smaller values of the equilibrium dissociation constants, Kd, as well as
larger second-order association rate constants and smaller dissociation
rate constants, than NP1 and NP4.

The pH dependence of Kd could be due to changes in A-B loop disor-
der rates, perhaps the chemical exchange phenomenon observed for
NP1–ImH (Section II,E,2,b), or to changes in ligand bond strength.
The change in Kd lies in the off-rates (Tables I–III) consistent with the
loop disorder model. Plots of Kd vs pH display an excellent fit with the
equation for a titration curve (Fig. 21), indicating that the transition
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TABLE II

ASSOCIATION REACTION RATE CONSTANTS FOR NO BINDING TO NP1–4 (50)

pH 5.0 pH 8.0

k1(µM−1s−1) k−1 (s−1) k2 (s−1) k1(µM−1s−1) k−1 (s−1) k2 (s−1)

NP1a 1.5 5.1 — 1.5 4.3 —
NP4a 2.1 3.4 — 2.3 6.3 —
NP2a 22 52 51 33 32 42
NP2b 7.3 26.5 29.0 6.8 27.4 25.2
NP3b 7.0 15.9 23.3 6.7 30.2 33.0

a 25◦C.
b 12◦C.

from high to low affinity is governed by a single titratable group, with
a pKa between 6.5 and 7, depending on the protein in question. That
the transition is not due to increased bond strength is also suggested
by the measured nitrophorin reduction potentials, which are largely
pH independent (discussed in Section V). However, the only pH de-
pendent structural changes found so far concern Glu55 (138), which is
distant from the A-B loop. A recently prepared E55Q mutant of NP4
does not show this pH dependence (139), indicating that Glu55 is in-
deed the residue responsible for the pKa of 6.5–7 (Fig. 21). Mutants
of Asp30 (D30A, D30N), part of the A-B loop, show faster off-rates
at all pH values, but the pH dependence of the Kds (Fig. 21) is still

TABLE III

FAST AND SLOW PHASE DISSOCIATION RATE CONSTANTS (koff, S−1) FOR NO,
MEASURED BY HISTAMINE DISPLACEMENT OF NO AT PH 5.0 AND 8.0a (50)

pH 5.0 pH 8.0

koff (s−1) koff (s−1)

Fast Slow % Fastb Fast Slow % Fastb

NP1 0.20c 0.02d 86 2.2c 0.6d 50
NP4 0.14c 0.01d 22 2.6c 0.6d 39
NP2 0.05c 0.006d 30 0.12c 0.01d 96
NP3 0.05c 0.005d 23 0.08c 0.01d 80

a Temperature = 25◦C.
b Percentage of the total amplitude of the exponential as fast phase.
c Rate constant for fast phase.
d Rate constant for slow phase.
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FIG. 21. pH dependent NO release. Plot of Kd vs pH for NP4, fit to the equation for a
simple titration curve. The transition from low to high affinity corresponds to the titration
of a single ionizable group with a pKa of∼6.5. Reproduced with permission from Ref. (50).

observed (140). Apparently there is something favorable about the
Asp30 hydrogen bonds, even though they become buried in the NO-
bound complex (Figs. 19, 20). Further study of these mutant proteins,
including solution of their structures, will be required in order to fully
understand the role of Asp30 and to elucidate the effects of mutation of
Glu55.

B. ASSOCIATION RATE CONSTANTS, k1

Although the association kinetics of NO binding to NP1 and NP4
appear to indicate simple, one-step reactions, the kinetics of NO binding
and release are biphasic for NP2 and NP3 (50). The biphasic association
kinetics were analyzed as a two-step reaction in which the first step is
represented by the fast phase:

NP+ L
k1
⇀↽
k−1

NP*–L
k2
⇀↽
k−2

NP–L. (1)

The bimolecular association rate constant k1 and the monomolecular
reverse rate constant k−1 were obtained from the fast reaction phase
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and determined using the simple expression from the first step of
Eq. (1) alone;

kobs= k1[L] + k−1, (2)

where kobs in this case would be the observed pseudo-first-order rate
constant for the fast phase of the reaction (50). The first-order rate
constant k2 was determined by fitting Eq. (3) with the assumption that
k−2 is small relative to k2 and k−1:

ks = k1k2[L] /(k1[L] + k−1+ k2). (3)

In Eq. (3), ks is the observed first-order rate constant for the slow phase
of the binding reaction. Values of k1, k−1, and k2 for the four nitrophorins,
measured at pH 5.0 and 8.0, are summarized in Table II (50).

Consistent with the X-ray crystal structures of NP1, NP2, and NP4
discussed in Section III, the association rate constants (k1≈ 1× 106 to
3× 107 M−1s−1) for the nitrophorins suggest binding with a heme iron
having a coordinated water molecule that is not stabilized by hydrogen
bonding with the protein. The association rates for NP1 and NP4 are
faster (50) than those seen for sperm whale metmyoglobin (141) and
iNOS (142), but 10-fold slower than that for elephant metmyoglobin
(141). For NP2 and NP3, k1 is larger than for NP1 and NP4, and about
the same as for elephant metmyoglobin (50, 141). The faster association
rates for the nitrophorins are likely due to the open binding pocket found
in the absence of NO, where only a weakly ordered water molecule must
be replaced, as has been suggested for ligand binding to elephant myo-
globin and several of its distal pocket mutants (143). Consistent with
this is the more open binding pocket found in NP2 (110), which has the
fastest nitrophorin k1 (50). For NP2, both propionates lie on the proxi-
mal side of the heme, and the loop containing residue 125 is pulled away
from the distal pocket. That changes in both bimolecular and geminate
rates of association can be achieved through changes in the distal pocket
has been demonstrated for myoglobin, although the effect of individual
changes can be difficult to predict (144). Biphasic association kinetics
are seen with NP2 and NP3 that indicate a fast NO association followed
by a slower stabilization of the complex, of the order of 51 and 42 s−1

for NP2 at 25◦C (50). The slow phase is not observed in NP1 and NP4,
but it is probable that a similar, yet faster, stabilization step occurs. It
should be noted that the rate process observed by NMR spectroscopy
for NP1–ImH (Section II,E,2,b, Fig. 12) has first-order rate constants
kYX ∼ 70–90 s−1 and kXY ∼ 7–10 s−1. Further investigation is required to
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determine whether the rate process observed by NMR spectroscopy is
related to that observed for NO binding.

C. DISSOCIATION RATE CONSTANTS, koff

Histamine binds to the nitrophorins at rates that are roughly sim-
ilar to the NO association rates at pH 8.0. The NO dissociation rate
constants were measured by displacement of NO with histamine, ac-
cording to the reaction

NP–NO+ Hm
koff
⇀↽
k1

NP+NO+Hm
k1H
⇀↽

k−1H

NP–Hm+NO (4)

(Hm=histamine), which results in a shift in the Soret maximum from
near 420 nm to near 413 nm. In conditions of large histamine excess,
histamine binds rapidly relative to NO and with high affinity (50). The
first-order rate constant for NO release was estimated in a displacement
reaction using

koff-obs= koff/{1+ (k1[NO]/k1H[Hm])}, (5)

in which koff-obs is the observed first-order rate constant for the change
in absorbance at 423 nm, k1 is the bimolecular rate constant for NO
binding, k1H is the bimolecular rate constant for histamine binding, and
koff is the overall dissociation rate constant. In the two-step mechanism
described in Eq. (1), the rate constant k−2 can be estimated from koff

using Eq. (6):

k−2 = koff (k−1+ k2)/(k−1− koff ). (6)

The NO dissociation rate constants are summarized in Table III (50)
and are smaller than those seen with NO–metmyoglobin complexes.
NP2 and NP3 (koff ≈ 0.1 s−1) release NO approximately 10 times more
slowly than NP1 and NP4 (koff ≈ 2–3 s−1) at pH 8.0, and the NO release
rate for all nitrophorins decreases as the pH is lowered to 5.0. The
NO release curves cannot be fit with a single exponential, indicating
two off rates at each pH, as previously noted for both recombinant and
insect-derived NP1 (46), and which has also been recently reported for
recombinant NP2 (145). The biphasic kinetics suggest the presence of
slowly interconverting conformations. The values obtained are pH and
protein dependent, ranging from 2.6 to 0.05 s−1 (Table III) (50), values
that are considerably slower than found for sperm whale metmyoglobin
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(141), elephant metmyoglobin (which does not have a distal histidine)
(141), or iNOS (142).

One possible explanation for the slow nitrophorin off-rates is the
burial of the distal pocket that occurs on NO binding (Figs. 19 and
20). For this to be the case, loop disordering must be slow and rate lim-
iting for NO release. Alternatively, the NO–heme bond strength could
be greater in the nitrophorins than in metmyoglobin or iNOS. Experi-
ments, including fast kinetic measurements, are planned to distinguish
between these two possibilities. In our initial nanosecond kinetic stud-
ies (in collaboration with Dr. Olson) no geminate recombination was
found at either pH 8 or pH 5. However, the quantum yield at pH 5 was
low, suggesting that either faster (picosecond) recombination occurs at
this pH, or a stronger bond exists. For biphasic NO release to occur, two
forms of the protein that do not rapidly interchange must exist. Again,
a possible explanation for this is that two forms of the closed protein
exist, giving rise to a faster and a slower escape path. Alternatively, the
two NO positions found in the NP4–NO structure may be responsible
for the two off-rates. Other possibilities can also be envisioned, and con-
siderably more kinetics data must be obtained before the explanation
of the biphasic NO release rates is complete.

We have also obtained the ferrous (FeII ) NO equilibrium dissocia-
tion constants for the nitrophorins by combining the electrochemical
(Table IV) and ferric equilibrium dissociation constant data (Table I),
as discussed in Section V. As expected, binding of NO by the ferrous
proteins is ∼107-fold tighter than by the ferric proteins. Similar results
are obtained with the globins (reviewed in Ref. 141). Strikingly, iNOS
apparently does not display significantly tighter binding to the reduced
heme (142). The NOS family of proteins differs from the globins and ni-
trophorins in that the proximal ligand is cysteine, the heme is domed,
and substrates and cofactors bind in the distal pocket (146–148). The
NOS proteins also apparently suffer from product inhibition due to NO
binding to either the ferric or ferrous form of the heme, although bind-
ing is not particularly strong (142, 149, 150).

V. Reduction Potentials of Nitrophorins in the Absence and Presence of NO,
Histamine, and Other Ligands

A. RESISTANCE OF THE NITROPHORINS TO AUTOREDUCTION BY NO

It is generally true that Fe(III)–NO species are readily autoreduced to
Fe(II)–NO in the presence of excess NO. This is certainly true not only of
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TABLE IV

REDUCTION POTENTIALS MEASURED FOR MYOGLOBIN AND THE FOUR NITROPHORINS, AND THE

DERIVED LIGAND DISSOCIATION CONSTANTS OF THE NITROPHORINSa (49, 50, 55)

E◦ Slope of Nernst Kd
III

Heme protein pH (mV vs NHE) Plot (mV) (µM) Kd
II

Mb 5.5 28± 1 61± 1
7.5 0 ± 2 61± 1

NP1 5.5 −274 ± 2 60± 1
7.5 −303 ± 4 60± 2

NP1–NO 5.5 +154 ± 5 62± 7 ∼0.1 ∼6 f M
7.5 +127± 4 61± 11 ∼1.0 ∼59 f M

NP1–Hm 5.5 −339± 2 60± 1 —b Kd
III /Kd

II 12.3
7.5 −403± 1 59± 2 ∼0.02 ∼1 µM

NP1–ImH 5.5 −421± 2 73± 4 8 2.7 mM
7.5 −425± 18 59± 3 24 2.7 mM

NP1–4IPzH 5.5 −161± 2 60± 2 27 33 nM
7.5 −206± 1 62± 2 48 1.1 µM

NP4 5.5 −259± 2 57± 2
7.5 −278± 4 58± 3

NP4–NO 5.5 +94± 5 62± 7 ∼0.04 ∼47 f M
7.5 —c —c ∼0.6 —

NP4–Hm 5.5 −393± 2 59± 2 —b Kd
III /Kd

II 179
7.5 −404± 1 65± 3 ∼0.01 ∼1.3 µM

NP4–ImH 5.5 −398± 3 60± 4 4 0.86 mM
7.5 −409± 5 60± 8 12 1.9 mM

NP4–4IPzH 5.5 −148± 2 59± 2 25 330 nM
7.5 −198± 3 60± 4 57 2.6 µM

NP2 5.5 −287± 5 59± 7
7.5 −310± 5 62± 5

NP2–NO 5.5 +49± 3 60± 3 —b Kd
III /Kd

II 2.3× 10−6

7.5 +8± 3 61± 2 ∼0.02 ∼91 f M
NP2–Hm 5.5 −410± 3 58± 5 —b Kd

III /Kd
II 116

7.5 −452± 4 61± 4 ∼0.01 2.4 µM
NP2–ImH 5.5 −418± 5 62± 12 7 1.1 mM

7.5 −434± 2 59± 3 23 2.8 mM
NP2–4IPzH 5.5 −279± 6 61± 11 37 27 µM

7.5 −313± 5 58± 6 22 25 µM

NP3 5.5 −321± 5 54± 7
7.5 −335± 3 57± 7

NP3–NO 5.5 +33± 4 59± 1 —b Kd
III /Kd

II 1.1× 10−6

7.5 +3± 5 66± 6 —b Kd
III /Kd

II 2.1× 10−6

NP3–Hm 5.5 −353± 8 60± 6 —b Kd
III /Kd

II 3.4
7.5 −445± 3 59± 8 ∼0.02 1.4 µM

NP3–ImH 5.5
7.5

NP3–4IPzH 5.5
7.5

a Temperature = 27± 1◦C.
b Too small to measure.
c Could not be measured because of facile dissociation of NO.



P1: FMW
Advances in Inorganic Chemistry PS006-07 August 14, 2000 16:14 Stylefile version:April 24, 2000

NO-RELEASING HEME PROTEINS FROM Rhodnius prolixus SALIVA 345

model hemes (62, 64), but also of the NO complexes of hemoglobin and
myoglobin (49, 52, 151), as well as many other heme proteins. However,
the nitrophorins from the saliva of R. prolixus are not readily autore-
duced (24, 49) and thus represent the first examples of stable Fe(III)–
NO centers that are in need of full characterization. In order to deter-
mine quantitatively the relative tendencies for the ferriheme–NO cen-
ters of myoglobin and the nitrophorins to be reduced to the ferroheme–
NO states, detailed electrochemical investigations have been carried
out. First, cyclic voltammetric methods were investigated because they
could be carried out more rapidly than spectroelectrochemical titra-
tions. However, as has been reported previously for metmyoglobin (152),
both this protein and the nitrophorins produced cyclic voltammetric
waves that were at best quasi-reversible, and usually irreversible in
shape (153), probably because of the dissociation of the axially bound
water molecule of the high-spin Fe(III) oxidized form upon reduction
to Fe(II), and slow reassociation upon reoxidation. Hence, spectroelec-
trochemical titrations were carried out utilizing very thin electrochem-
ical cells with optically-transparent thin layer gold mesh electrodes
(49, 50, 55, 87, 103, 154–157). Potentiometric and optical spectral data
consisting of absorbance vs applied potential were obtained, as shown
in Fig. 22. This method has the further advantage that because op-
tical spectra are obtained, it is usually possible to identify the species
present, as in the case of the base-off complexes of NP2II –NO and NP3II –
NO at pH 5.5 discussed later, and to detect nonisosbestic behavior that
indicates the presence of more than two absorbing species in solution.

A typical set of optical spectra for the spectroelectrochemical titra-
tion of a nitrophorin–NO complex, NP1–NO at pH 5.5, is shown in
Fig. 22. These experiments are carried out by setting the potential
at some value Eo′ and waiting until the optical spectrum does not
change with time, then recording the optical spectrum, followed by
setting a new potential Eo′ and repeating the process, etc. As is evi-
dent, clear isosbestic behavior is observed, indicating a smooth reduc-
tion of the chromophore as the applied potential is lowered, with only
two species present. The insert shows the plot, based upon the Nernst
equation,

Eo′ = Eo+ 2.303(RT/nF) log10 ([Ox]/[Red]) (7)

where Eo′ is the applied potential, Eo is the reduction potential deter-
mined from these data, and [Ox] and [Red] are the concentrations of the
Fe(III) and Fe(II) states, respectively, in the presence of either no ligand
or a high enough concentration of ligand to ensure full complexation
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FIG. 22. UV-visible spectra of recombinant Rhodnius NP1–NO at pH 5.5 as a function
of applied potential. In order of decreasing Soret band heights: +200, −60, −70, −80,
−90, −100, −110, and −400 mV vs Ag/AgCl, respectively (add 205 mV for potential vs
NHE). (Inset) Nernst plot of the spectroelectrochemical data. Reprinted with permission
from Ref. (49).

of both oxidation states. [Ox] and [Red] are calculated from the opti-
cal spectra using Beer’s law. Eo is determined as the intercept of the
plot of log([Ox]/[Red]) vs applied potential Eo′. The slope of this plot is
2.303RT/nF = 59 mV at 25◦C.

For NP2–NO and NP3–NO at pH 5.5, very different spectral changes
upon electrochemical reduction are seen, as were shown in Fig. 6c for
NP3–NO. The Soret band shifts to 395 nm, and both the wavelength
maximum and shape of the Soret band are typical of five-coordinate
heme–NO centers, including guanylyl cyclase upon binding NO (133,
134). The reduction of NP2–NO was therefore investigated at pH 5.5,
6.5, 7.0, 7.5, and 8.0. At pH 7.5 and 8.0 the spectral changes are typical
of those shown in Fig. 6a, indicating that the proximal histidine (His59)
is bound at pH 7.5 and above (50). At intermediate pH values, 6.5 and
7.0, nonisosbestic behavior, typical for the presence of three absorbing
species in the solution, is observed, whereas at pH 5.5 the spectra again
show isosbestic behavior, with the Soret band positions shown in Fig. 6c.
It thus appears that the proximal histidine has a pKa of about 6.5–6.8
for the reduced form of NP2–NO, and the bond to the iron is lost upon
binding NO below this pH. Both NP2–NO and NP3–NO exhibit similar
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pH dependence of the absorption spectra, whereas NP1–NO and NP4–
NO do not show any pH dependence of their absorption spectra over
the pH range 5.5–7.5 (50). In spite of this loss of the proximal histidine
ligand at pH 5.5, the change in reduction potential as a function of pH
is similar for NP2–NO and NP3–NO to that observed for NP1–NO and
NP4–NO.

Using the spectral data of Fig. 22, and similar data obtained for the
nitrophorins in the absence of NO and in the presence of histamine,
imidazole, or 4-iodopyrazole, Nernst plots such as that shown in the
insert of Fig. 22 were constructed, and the midpoint potentials of the
nitrophorins and their NO and histamine complexes were calculated.
The results are summarized in Table IV, where they are compared to
those obtained earlier for NP1 (49, 50, 55). All potentials are expressed
vs NHE (+205 mV with respect to the Ag/AgCl electrode used in the
spectroelectrochemical titrations and the Nernst plot shown in the in-
sert of Fig. 22). It can be seen that the reduction potentials of all four
nitrophorins in the absence of NO or histamine are within 20–40 mV
of each other. The reduction potentials of their NO complexes, however,
differ significantly from each other. For example, the reduction poten-
tial of NP4–NO is about 350 mV more positive than that of NP4 in the
absence of NO, as compared to a 430 mV shift for NP1 upon binding
NO, and the positive shifts for NP2–NO and NP3–NO are somewhat
smaller (318 and 336 mV, respectively, at pH 7.5) (49, 50). These dif-
ferences relate to the ratios of the dissociation constants for the two
oxidation states, as discussed later.

The reduction potentials of the nitrophorins differ from that of met-
myoglobin in the absence of NO by about 278–335 mV (49, 50), depend-
ing on pH (Table IV), with the nitrophorins having much less tendency
to be reduced. However, the reduction potentials differ slightly, with
that of NP4 being 15–25 mV more positive than that of NP1, that of
NP2 being 7–13 mV more negative than that of NP1, and that of NP3
being 25–36 mV more negative than that of NP2 (49, 50). The 278–
335 mV difference corresponds to a 1G◦ difference of 27–33 kJ/mol for
the reduction half-reactions of the two classes of proteins, with metmyo-
globin having the more negative 1G◦, and hence the greater tendency
to be reduced. The same relative ease of reduction obviously applies
to the NO complexes of the two proteins, although the difference in
1G◦ cannot be determined because it is not possible to measure the
reduction potential of metmyoglobin–NO (49).

As discussed in detail previously (49, 50), the difference in reduction
potential of all four of the nitrophorins and metmyoglobin in the ab-
sence of NO cannot be a result of a difference in ligation, since each of
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these proteins has a proximal histidine ligand. Rather, the 278–335 mV
more negative reduction potentials is most likely due to the difference
in buried charges near the heme in the two types of proteins (49, 50).
Myoglobin has an uncharged distal pocket (158), and when charges are
introduced by mutation of valine E-11 to glutamate or aspartate, the re-
duction potential is lowered by nearly 200 mV (115). Unlike myoglobin
(158), the nitrophorins have a number of potentially charged residues
in or near the heme pocket, as shown in Fig. 16. For NP1 and NP4, these
include Asp30, which is near the heme and in the histamine complex of
NP1 forms a hydrogen bond to one of the histamine amino protons (31)
(Fig. 16); Glu32, which is near the surface of the protein on the distal
side of the heme; and Glu55 and Asp70 on the proximal side. Asp70
makes a hydrogen bond to an ordered water molecule that in turn is
hydrogen-bonded to the proximal histidine ring NδH and is most likely
uncharged (31). Most buried of all is Glu55, which is at the back of the
heme pocket (31). The pH-dependent structural changes observed in
the region of Glu55 (Section III,D) indicate that this residue may have
a pKa of approximately 6.5, and recent kinetics results for mutants of
this residue confirm this (139). However, this pKa makes it unlikely that
Glu 55 has a major effect on the reduction potential of the heme, since
the potential changes only slightly over the pH range 5.5 to 7.5 (Table
IV). Asp30 and Glu55 are conserved among the four nitrophorins, and
Glu32 is conservatively replaced by Asp, while Asp70 is nonconserva-
tively replaced by Asn in NP2 and NP3 (Fig. 4). Hence, there are a
number of candidates for charged residues that may be responsible for
the−280 to−310 mV shift in the reduction potential of the nitrophorins
as compared to metmyoglobin. Investigation of the electrochemistry of
site-directed mutants, now in progress, will be required to determine
the importance of each.

In answer to the originally posed question of why the nitrophorins
are stable to autoreduction by excess NO for long periods of time, while
metmyoglobin is not, the approximately −300 mV shift in reduction
potential in the absence of added ligands (Table IV) is certainly part of
the reason, but this alone probably does not account for the large dif-
ference in the rate of autoreduction of the two types of proteins. Rather,
it is likely this factor is combined with the negative charges near the
binding site of the NO, since it has been shown that for autoreduction
of metMb–NO, the mechanism involves attack of hydroxide ion on the
NO+ form of the bound ligand (leaving behind Fe(II)), leading to dissoci-
ation of nitrite ion and the proton, followed by rapid binding of a second
molecule of NO to the Fe(II) center (159). Negatively charged residues
near the binding site of NO would discourage hydroxide attack.
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B. DEPENDENCE OF REDUCTION POTENTIAL ON PH

The similarity in pH dependence of the reduction potentials of myo-
globin and the nitrophorins, 10–15 mV per pH unit, suggests that the
nitrophorins are, like myoglobin (160, 161), between acidic and basic
pKas of heme carboxylates (162), bound water (163), and histidine im-
idazole ring NH deprotonation (164–166) over the pH range 5.5–7.5,
and that this general medium effect is sufficient to explain the small
observed pH dependence of the reduction potential of all of the ni-
trophorins. The NO, histamine, imidazole, and 4-iodopyrazole complexes,
however, show somewhat varying pH dependences of their reduction
potentials (49, 50, 55), but the pH dependences for a given ligand are
within experimental error of 10–20 mV/pH unit. This includes the pH
dependence of the reduction potentials for the NO complexes of NP2
and NP3, which involve loss of the proximal histidine below pH 7, as
discussed in Section V,A. The pH dependence is slightly larger for NP2–
NO (21 mV/pH unit) than for NP1–NO (14 mV/pH unit), but that for
NP3–NO (15 mV/pH unit) is quite similar to that for NP1–NO, which
remains six-coordinate upon reduction, so the differences are within
the error limits of the measurements and do not appear to suggest
major consequences in terms of redox stability or NO dissociation con-
stant (see next section) because of the loss of the proximal histidine at
lower pH.

C. REDUCTION POTENTIALS OF LEWIS BASE COMPLEXES AND THE

CALCULATION OF DISSOCIATION CONSTANTS FOR THE FE(II) COMPLEXES

In contrast to the NO complexes of the nitrophorins, their histamine
and imidazole complexes have much more negative reduction potentials
than the nitrophorins in the absence of added ligands by 100–150 mV
at pH 7.5 (50, 55), whereas the 4-iodopyrazole complexes have less neg-
ative or nearly the same reduction potentials (55) as the ligand-free
nitrophorins. The more negative potentials for the imidazole-based lig-
ands are indicative of the fact that the Fe(III) histamine and imida-
zole complexes are more stable (have smaller dissociation constants,
Kd

III ) than their corresponding Fe(II) complexes (50, 55). In contrast,
the large positive shifts of the reduction potentials of the nitrophorin–
NO complexes (49, 50) indicate that the Fe(II)–NO complexes are much
more stable than their corresponding Fe(III)–NO forms. The shift of
the FeIII /FeII reduction potential when a ligand L is bound to the iron
is a measure of the ratio of the Fe–L dissociation constants for
the two oxidation sates, since the Nernst equation ((Eq. (7)) can be
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rewritten as

Eo
c = Eo+ (RT/nF) ln(Kd

III /Kd
II ) (8)

where Eo
c is the measured potential for the nitrophorin fully complexed

to the ligand L, Eo is the measured potential for the nitrophorin in the
absence of L, and Kd

III and Kd
II are the dissociation constants for lig-

and L from the Fe(III) and Fe(II) states, respectively (49, 50, 55, 167).
This ratio of dissociation constants, Kd

III /Kd
II , is equal to the ratio of the

concentrations of oxidized to reduced species, Eq. (7), in the presence
of a large excess of ligand. From Eq. (8), the ratio of the dissociation
constants for the two oxidation states is thus exp[−(Eo

c − Eo)F/RT]. As
can be seen in Table IV, the Kd values for the Fe(II)–NO complexes
are thus calculated to be 4.5× 10−6 to 5.9× 10−8 times smaller than
those for the respective Fe(II)–NO complexes, with NP1 showing the
largest decrease in Kd when the metal is reduced. The ratio Kd

III /Kd
II

either remains constant or decreases by about a factor of 2 as the
pH is increased, which, combined with the fact that Kd

III increases
with pH (see Section IV), means that Kd

II increases with pH about the
same amount or less than does Kd

III . Combined with the Kd
III values of

Table I, and as reported previously for NP1 (49), the Fe(II)–NO dissocia-
tion constants for the nitrophorins are smaller by more than a factor of
10−5–10−7 than those for Fe(III)–NO, and for NP1 are a factor of 10
smaller than those of most other heme proteins (39).

In contrast, for the histamine and imidazole complexes, it is Kd
III

that is smaller than Kd
II , and the Fe(III)–histamine complexes are 48

and 132 times more stable than the Fe(II) complexes for NP1 and NP4,
respectively, at pH 7.5, with somewhat larger difference in stability
of the two oxidation states for NP2 (244 times), and less difference
for NP3 (71 times) (50). In the same way, but to a greater extent, the
Fe(III)–imidazole complexes are 113 and 158 times more stable than the
Fe(II)–ImH complexes for NP1 and NP4, respectively, at pH 7.5, with
similar differences in stability of the two oxidation states (122 times) for
NP2 (55). Thus, the Fe(III) oxidation state of the nitrophorins, which is
stabilized by the negative charges near the heme, favors the dissociation
of NO and the binding of histamine, whereas the Fe(II) oxidation state
would do the opposite. Clearly, the nitrophorins have been engineered
to be stabilized in the Fe(III) form in order to perform their roles of
releasing NO and binding histamine.

In comparing histamine to imidazole as ligands to the nitrophorins,
at pH 7.5 (the approximate pH of the tissues of the victim), the his-
tamine complex is 1200 times more stable for NP1 and NP4, and about
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2300 times more stable for NP2 (55). (The imidazole and 4-iodopyrazole
binding constants have not yet been measured for NP3.) These compar-
isons point out the importance of the protonated amino side chain of
histamine in helping to stabilize its complexes with the nitrophorins.
Comparing the two ligands having no protonated amino side chain, the
imidazole complex is more stable than the 4-iodopyrazole complex by a
ratio of 2 for NP1 and 4.75 for NP4, but is equally stable for NP2. How-
ever, in contrast to the imidazole and histamine complexes, it is the
Fe(II) complexes that are more stable than the Fe(III), by factors of 44
and 22 for NP1 and NP4, respectively, but the stability order switches
for NP2, where the Fe(III) complex is slightly more stable than the Fe(II)
(ratio of 1.1) (55) (Table II). The crystal structure of NP1–4-iodopyrazole
shows the iodine atom to be twofold disordered (55), suggesting that
hydrogen-bonding of the N–H group of the 4-iodopyrazole is not impor-
tant in stabilizing the complex.

VI. Summary and Future Directions

The nitrophorins from the salivary glands of Rhodnius prolixus are
novel heme proteins that are bound to NO at the low pH of the glands
and release NO when they are injected into the victim, by dilution and
pH increase. These proteins are able to release NO because the heme
is stabilized as Fe(III), which has NO dissociation constants of 0.02 to
0.1 µM, rather than the more common Fe(II) state, which has NO dis-
sociation constants of 6–90 fM at pH 7.5. Negative charges near the
NO binding pocket are likely responsible for this redox stabilization of
Fe(III)–NO. The structure of at least one form of each of three of the
four nitrophorins has been determined by X-ray crystallography, and
it is found that the structures are those of novel beta-barrel proteins
called lipocalins, which have the heme near the mouth of the open end of
the barrel. Upon NO binding, a conformational change takes place that
involves the ordering of the A-B loop, the N-terminus, and several other
residues to expel water molecules in the distal pocket and close the NO
inside. Infrared spectroscopic investigations have provided support for
the Fe(II)–NO+ electron configuration, whereas Mössbauer, EPR and
NMR spectroscopies cannot differentiate between this electron config-
uration and that of Fe(III)–NO.. The proton NMR resonances of the
heme substituents have been assigned for both the high-spin form of
NP2 and also for its imidazole and N-methylimidazole complexes by a
combination of isotopic labeling, 2D NMR, and 1D saturation transfer
techniques. It is found that the pattern of heme methyl shifts suggests
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that the orientation of the nodal plane of the heme in NP1–ImH is
controlled mainly by the protein-provided ligand, His59, while it is the
exogenous imidazole ligand that controls the orientation of the nodal
plane of the heme in NP2–ImH. Pulsed EPR (ESEEM) studies of NP1–
histamine also support the conclusion that His59 is most important in
determining the orientation of the in-plane g-values, gxx and gyy. Spec-
troelectrochemical investigations of the Fe(III)/Fe(II) reduction show
that the nitrophorin hemes are much more difficult to reduce than is
the heme of metmyoglobin. Reduction potentials of the NO, histamine,
imidazole, and 4-iodopyrazole complexes of the nitrophorins have been
utilized to determine the ratio of the ligand dissociation constants in the
two oxidation states, Kd

III /Kd
II . It is found that the NO complexes of the

nitrophorins in the oxidized state are ∼107 times less stable than those
of the reduced state, making the Fe(III) state nitrophorins excellent as
nitric oxide carriers. On the other hand, the histamine complexes of
the nitrophorins in the oxidized state are ∼100times more stable than
those of the reduced state, and 50–100 times more stable than the NO
complexes of the oxidized state, making the Fe(III) state excellent for
binding the histamine released by the mast cells of the victim in re-
sponse to the bite, and even in displacing the NO. The results of these
outcomes for the insect are summarized in Fig. 23. The kinetics and
equilibria of NO binding and release have been investigated for the

FIG. 23. The dissociation constants and redox stability of the NO and histamine com-
plexes of the nitrophorins from the saliva of Rhodnius prolixus, and how they aid the
insect in obtaining a sufficient blood meal. Modified from Ref. (31).
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Fe(III) forms of the nitrophorins. It is found that both association and
dissociation kinetics are biphasic, and that dissociation constants Kd

vary as expected for a pH titration curve, indicating a pKa of 6.5–7 for
the four nitrophorins. Preliminary investigations of Glu55 mutants of
NP4 identify this residue as the one responsible for this pH dependence.
Investigation of the kinetics, electrochemistry, structures, NMR spec-
tra and other spectroscopies of additional site-directed mutants, to be
prepared in the near future, will be required in order to better under-
stand the basis of the conformational change in the A-B loop and other
residues highlighted in Figs. 18 and 20. It may be anticipated that ad-
ditional fascinating details concerning the mechanism of action of these
novel NO- and histamine-binding heme proteins will be uncovered in
the process.
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I. Introduction

The action of heme oxygenase is graphically (but perhaps unsuspect-
ingly) familiar to anyone who has observed the gradual discoloration
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FIG. 1. Metabolism of heme via biliverdin to bilirubin. The abbreviations for the sub-
stituents throughout the figures are V, vinyl; Pr, propionic acid.

of a bruise from its initial “black and blue” to green and then yellow.
The initial dark color is due to the heme-Fe from the hemoglobin be-
ing released into the damaged tissue by ruptured blood vessels. This
heme (i.e., heme-Fe) is oxidized by heme oxygenase to biliverdin, which
conveys the green tint, and the biliverdin is subsequently reduced to
bilirubin, which is responsible for the yellow color (Fig. 1). Heme and
biliverdin are highly lipophilic and are relatively difficult to eliminate,
but bilirubin is readily excreted in the bile after conjugation with
glucuronic acid (1).

Heme oxygenase is highly unusual in that it uses heme as both its
substrate and its prosthetic group. It is also mechanistically and func-
tionally distinct from the other classes of well-known hemoproteins,
including the cytochromes P450, peroxidases, catalases, nitric oxide
synthases, prostaglandin synthases, thromboxane synthases, and pros-
tacyclin synthases. Nevertheless, the reactions catalyzed by heme oxy-
genase are part of the same heme-supported reactivity manifold that
underlies the catalytic action of all hemoproteins, and elucidation of its
mechanism can be expected to shed considerable light on the function
not only of heme oxygenase but of all hemoproteins.

Heme oxygenase catalyzes the oxidation of heme to biliverdin, CO,
and free iron in a reaction that requires molecular oxygen and NADPH
(2). The transfer of electrons from NADPH to heme oxygenase is medi-
ated by cytochrome P450 reductase, the same flavoprotein that trans-
fers electrons to the cytochrome P450 enzymes (3, 4). The native enzyme
is membrane bound and regiospecifically oxidizes heme at the a-meso
position (Fig. 2) (5, 6). Mass spectrometric analysis of the origin of the
two oxygen atoms incorporated into biliverdin and the oxygen incor-
porated into the CO shows that all three oxygens derive from O2 (7).
Indeed, the process requires three distinct molecules of O2 (2, 8): one
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FIG. 2. The distinct steps in the oxidation of heme to biliverdin catalyzed by heme
oxygenase. The substituted carbons of the porphyrin ring are labeled, as are the meso-
positions. The oxygens introduced in the catalytic process are shown in bold type.

for the formation of a-meso-hydroxyheme, a second for the conversion
of a-meso-hydroxyheme to verdoheme, and the third for conversion of
verdoheme to biliverdin (Fig. 2).

The existence of two heme oxygenase isoforms, denoted HO-1 and
HO-2, is now well established (9–11), and a third form (HO-3) with low
catalytic activity has been reported (12). HO-1 is a heat shock protein
also known as HSP32 and is the form that has been primarily exam-
ined because it is induced by a variety of agents, including heme, metals,
hormones, oxidizing agents, and drugs (13, 14). HO-2, which was dis-
covered more recently, is primarily localized in the brain and testes and
is resistant to induction by exogenous factors (9). The only inducers of
HO-2 that have been identified to date are the adrenal glucocorticoids
(15). Within the primary sequence of HO-2 are two Cys–Pro pairs
flanked by a hydrophobic residue, in this case a Phe, which are the con-
served core of the recently identified heme regulatory motif (HRM) (16).
The HRM represents a new class of heme binding module that binds
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FIG. 3. Alignment of the primary sequences of HO-1 and HO-2. The most highly con-
served region is shown in bold, the proximal histidines are shown in bold and are under-
lined, and the C-terminal membrane anchors are underlined. The residues are numbered
for HO-1.

heme transiently and reversibly, allowing changes in heme concentra-
tion to be sensed (17). However, the role in HO-2 of these noncatalytic
heme binding domains remains unknown.

The molecular masses of human HO-1, HO-2, and HO-3 are 33, 36,
and 32 kDa, respectively. Comparison of their protein sequences shows
that the human HO-1 and HO-2 isoforms are 42% identical, a value
somewhat lower than, for example, the 88% identity between the rat
and human HO-2 isoforms (18). The amino acid sequence of HO-3 differs
from that of HO-1 and HO-2 but bears a more striking similarity to
that of HO-2 (90%) (12). Regions of high sequence conservation are
found among all three proteins, most notably in the region encompassed
by residues that correspond to residues 125 to 149 in HO-1 (Fig. 3)
(18, 19). High sequence conservation is also observed in the region that
corresponds to residues 11–40 in HO-1 and 30–59 in HO-2. A histidine
located in this latter region is involved in the catalytic function of the
enzyme (see below). Although less information is available on HO-2,
it appears that its catalytic mechanism is similar to that of HO-1. The
amino acid sequence of HO-3 has one striking difference from that of the
other isoforms in that 21 amino acids that are relatively well conserved
in HO-2 (residues 86–107) and HO-1 (residues 67–88) are not present in
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HO-3. The catalytic activity of HO-3 is substantially lower than that of
either HO-1 or HO-2, giving rise to the hypothesis that it may function
as a regulatory protein (12).

II. Biological Function of Heme Oxygenase

Heme oxygenase is the only enzyme in mammals known to catalyze
the physiological degradation of heme. Alternative mechanisms of heme
degradation that lead to nonbiliverdin products have been proposed
(20, 21) and several systems that generate H2O2 and therefore de-
grade heme have been reported (22–24), but the evidence for a physio-
logical alternative heme catabolic pathway remains inconclusive. Heme
catabolism both eliminates free heme, a lipophilic potentially toxic ox-
idizing species, and provides a mechanism for the recovery and reuti-
lization of the iron atom. This is important because only 1–3% of the
iron utilized daily in the synthesis of red blood cells is obtained from
the diet. The rest of the daily iron requirement is met by recycling of
the iron in the body, most of which is present in hemoglobin, myoglobin,
and other heme proteins (25). The critical role of heme oxygenase in
mammalian iron reutilization has been confirmed with mice in which
HO-1 was knocked out by genetic methods (26). The mice developed
an anemia associated with low serum iron levels but, paradoxically,
accumulated toxic hepatic and renal iron concentrations.

The heme oxygenase reaction produces biliverdin, which is subsequ-
ently reduced to bilirubin by biliverdin reductase. Bilirubin is a power-
ful antioxidant that may play an important role in minimizing intracel-
lular oxidative damage (27). Bilirubin, however, becomes a neurotoxic
product when its concentration rises to high levels. The toxic effects of
bilirubin can be significant when its conjugation with glucuronide and
subsequent excretion are impaired, as in neonatal jaundice and in in-
dividuals with Crigler–Najjar syndrome (13, 28). Bilirubin, like many
chemicals, is thus beneficial at low levels but toxic at high levels.

The third product of heme catabolism is CO. Following theoretical
and experimental arguments for a possible role of carbon monoxide as
a neural messenger (29–31), a great deal of activity has been focused
on this potentially exciting new role for the heme oxygenases. The roles
attributed to CO by a rapidly growing body of literature include its
functions as a neural messenger in memory and learning, as a factor
in neuroendocrine regulation, as an endogenous modulator of vascu-
lar tone, and as a protective agent in hypoxia and endotoxic shock.
However, the role of CO in these processes remains controversial for
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two primary reasons. First, much of the experimental evidence is not
unambiguous because it rests on studies using tin and other metallo-
porphyrins as inhibitors of heme oxygenase. These metalloporphyrins
can inhibit other heme proteins and interact with guanylyl cyclase (32);
the receptor that mediates the action of nitric oxide and possibly CO.
Second, studies of the activation of guanylyl cyclase show that CO is
a much poorer activating ligand than NO, (33, 34); which puts into
question the proposed role of guanylyl cyclase as the receptor for CO.
However, the data against the involvement of CO are also inconclusive.
The activation of guanylyl cyclase by CO has been found to decrease as
the receptor is purified from crude tissue (34). It is therefore possible
that a factor that activates the receptor toward CO is lost in the pu-
rification. The possibility of an activator molecule gains support from
the demonstration that 1-benzyl-3-(5′-hydroxymethyl-2′-furyl)indazole,
a small organic molecule, sensitizes guanylyl cyclase toward the action
of CO and makes the receptor as sensitive to CO as it is to NO (35). The
possibility also exists that there are multiple guanylyl cyclase receptors
and that the CO-sensitive one has not been isolated. Finally, some of
the actions of CO may not depend on guanylyl cyclase, as proposed, for
example, by Coceani et al. (36). Thus, the question of a role for CO in
mammalian physiology remains open, although sufficient evidence is
now available for the possible involvement of CO in diverse regulatory
processes to be considered seriously (37).

III. Heme Oxygenase Model Systems

Mammalian heme oxygenases are membrane bound and are rela-
tively difficult to purify and study. This made investigation of the
enzyme structure and mechanism difficult and, until recombinant meth-
ods provided a soluble form of the enzyme, studies of the reaction mech-
anism were primarily carried out with model coupled oxidation sys-
tems. Coupled oxidation refers to the finding that the aerobic reactions
of myoglobin, hemoglobin, and other hemoproteins with ascorbic acid,
hydrazine, or other reducing agents partially convert their prosthetic
heme group to biliverdin (38). The same reaction is observed when an
aqueous pyridine solution of heme is allowed to react with hydrazine or
ascorbic acid (39, 40). Indeed, the HO-1-bound heme can be converted
to biliverdin by ascorbic acid in the absence of NADPH and cytochrome
P450 reductase (41).

Prior to the purification of heme oxygenase in sufficient quantities
to carry out in vitro studies, the coupled oxidation of myoglobin was
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believed to be the most accurate model for the biological process. In
early 18O2 studies it was shown for both the biological and chemical
reactions that the oxygen atoms incorporated into the final biliverdin
product were derived from two separate oxygen molecules, reinforcing
the validity of coupled oxidation as a model for biological heme cleav-
age (42). This finding led to the hypothesis that the oxygen-bridged
verdoheme (Fig. 2) might not be an intermediate on the pathway to
biliverdin, as this step would appear to be a hydrolysis. However, in a
subsequent study it was shown that verdoheme from the coupled oxi-
dation of myoglobin could be converted to biliverdin via a nonhydrolytic
mechanism (43). The overall reaction required three molecules of oxy-
gen and three pairs of reducing equivalents which again was in reason-
able stoichiometric agreement with the enzymatic reaction. The assign-
ment of an FeII oxidation state to the verdoheme was also in agreement
with preliminary data emerging on the enzymatic conversion of heme
to biliverdin. Identification of an intermediate occurring after meso-
hydroxylation and prior to biliverdin formation, which retained high
affinity for carbon monoxide and formed a species that spectroscop-
ically resembled FeII CO-verdoheme, suggested that verdoheme was,
indeed, an intermediate in the enzymatic reaction (44).

The step from a-meso-hydroxyheme to verdoheme was studied in
greater detail by Sano and colleagues (45). In this study apomyoglobin
was reconstituted anaerobically with a-meso-hydroxyheme, which was
believed to be the first intermediate formed in the degradation of heme
to biliverdin. Physical characterization of the reconstituted protein by
UV/visible and EPR spectroscopic techniques showed absorption max-
ima at 410, 590, and 640 nm and an EPR signal at g = 6.3 attributed
to a high-spin FeIII species. Reaction with 1 equiv of oxygen resulted
in a new intermediate with maxima at 408, 540sh, 660, and 704 nm.
Formation of this intermediate resulted in the extrusion of CO and
concomitantly the EPR signal at g = 6.3 disappeared and was replaced
by a radical signal at g = 2.0012. The intermediate formed was con-
cluded to be FeII verdoheme or its one-electron p-neutral radical form.
Since oxygen could not be replaced by hydrogen peroxide, and no ascor-
bate was utilized, a reductant was not necessary for the conversion of
a-meso-hydroxyheme to verdoheme. These results were later confirmed
in studies of the heme–heme oxygenase complex (see Section X).

Although the coupled oxidation reaction closely resembles the enzy-
matic reaction, it may not be identical. One clear difference is that heme
free in solution is oxidized at all four meso positions (40), heme in myo-
globin only at the a-meso position (6, 46); and heme in hemoglobin at
the a- and b-positions (6, 46). Prior to the observation that hemin in
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solution could be converted to all four isomers, it was suggested that
the regiospecificity of the coupled oxidation reaction was due to the in-
herent electronic properties of the heme (6). Subsequent identification
of all four isomers from the coupled oxidation of hemin in pyridine con-
tradicted the theory that the regiospecificity was in fact determined by
the heme (39, 40). It was then proposed that areas of hydrophobicity
within the protein cavity influenced the reactivity of the four meso po-
sitions (46). A later model based on the crystal structure of myoglobin,
and utilizing an interactive computer display model to explore the rela-
tive accessibility of all four methene bridges, proposed that the reaction
within the protein was controlled solely by steric effects (47).

Although steric effects may account for the regiospecificity observed
in the coupled oxidation of hemoglobin and myoglobin, there is evidence
that the reaction regiospecificity of heme oxygenase may be sensitive
to electronic as well as steric effects (see Section IX,E). Coupled oxi-
dation studies with perfluoroalkyl-substituted porphyrins have shown
that substituents that alter the electronic properties of the chromophore
can control the oxidation regiospecificity (48). The regiospecificity was
attributed to the electron withdrawing ability of the CF3 group, with
cleavage occurring at the meso position with the highest electron den-
sity. These results support those obtained with heme oxygenase in
which reconstitution of the protein with meso-methyl hemes (electron
donating) results in exclusive oxidation of the methyl-substituted posi-
tion and with a-meso-formyl heme (electron withdrawing) exclusively
at non-formyl-substituted sites (see Section IX,E) (49, 50).

More recently, the coupled oxidation of sperm whale myoglobin mu-
tants in which the distal His64 was relocated through the mutations
Leu29His/His64Leu, Phe43His/His64Leu, and His64Leu/Ile107His in-
creased the ratio of the g-biliverdin isomer to 97, 44, and 22%, respec-
tively. In contrast simple replacement of His64 with Leu gave no change
in regiospecificity (51). The authors suggested that introduction of a
charged histidine at these positions might introduce a biased polarity
that enhances g-specificity, and concluded that both hydrogen bonding
and polarity are critical for regiospecificity. Previous coupled oxidation
studies on the myoglobin mutant Val67Ala/Val68Ser showed no change
in regiospecificity but a substantial increase in the efficiency of the
reaction, which was again attributed to the increased polarity of the
pocket (52). The suggestion that the polarity of the active site may aid
in directing the oxygen to the a-meso edge again indicates that steric
hindrance alone may not determine regiospecificity.

The differences between the myoglobin model and heme oxygenase
that account for the increased efficiency of heme cleavage by the latter
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protein may be explained by the more polar nature of the distal face
of heme oxygenase, as evidenced by the three-dimensional structure
(see Section V) (53). The emerging evidence on the oxidative cleavage
of heme in both the biological and coupled oxidation reactions indicates
that structural, and possibly also electronic, factors contribute to the
regiospecificity of the reaction. The critical factors in the catalytic effi-
ciency of the heme oxygenase reaction when compared to the coupled
oxidation systems are most likely a combination of hydrogen bonding
interactions, the polarity of the heme binding pocket, and ligand dis-
crimination in which oxygen is bound in preference to carbon monoxide
(see Section VII).

IV. Heme Oxygenase: The Protein

A. PROTEIN EXPRESSION

Heme oxygenase HO-1 has been purified from a variety of sources,
including bovine and pig spleen and rat liver (9, 54–56), but the pu-
rification is not trivial and the protein is obtained in relatively low
yields. The difficulties in obtaining the purified protein in a tractable
state impeded elucidation of its structure and mechanism. Efforts to
alleviate these problems by heterologously expressing full-length rat
HO-1 in Escherichia coli were frustrated by the fact that the protein
can be expressed in functional form but in unacceptably low yields (57,
58). A significant advance was provided by the independent finding
in two laboratories that rat HO-1 truncated to remove the membrane
binding domain can be expressed in E. coli in excellent yields (58–60).
The recombinant proteins thus obtained are soluble, interact normally
with cytochrome P450 reductase, and are catalytically active. The pro-
teins expressed in the two laboratories differ in that one laboratory
deleted 23 amino acids from the carboxy-terminus of the recombinant
rat and human proteins (58), whereas the other deleted 26 amino acids
from the rat protein with the concomitant introduction of two muta-
tions (Ser262Arg, Ser263Leu) (59). The difference of three amino acids
in the truncated terminus, and the two mutations introduced into the
shorter protein, perhaps account for the report that the shorter protein
is partially active, in contrast to the observation that the longer protein
is fully active.

Heme oxygenase HO-2 has been partially purified from rat testes
and the full-length protein has been expressed in an active form in
E. coli (11, 61–63). Truncation of the protein at the C-terminus provides
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a soluble 33-kDa protein and improves the expression yields, but the
yields and specific activities of the proteins are significantly lower than
those of recombinant HO-1 (64). Mechanistic and structural studies on
HO-2 have consequently been more limited.

B. PROXIMAL HEME LIGAND

The first question that must be addressed with regard to the mech-
anism of any hemoprotein is the nature of the two axial ligands in the
heme–protein complex. Catalytic hemoproteins, in contrast to hemo-
proteins that function as electron carriers, have a fixed ligand on the
proximal side of the heme and no ligand, or a displaceable ligand, on
the distal side. The three common proximal ligands are a histidine ni-
trogen (e.g., myeloperoxidase) (65), a cysteine thiolate (e.g., cytochrome
P450) (66), and, less frequently, a tyrosine phenolate (catalase) (67).
The proximal ligand in the heme oxygenases has been unambiguously
shown to be a histidine. The resemblance between the absorption spec-
tra of heme oxygenase and myoglobin, including an FeII –CO complex
with a lmax at∼418 nm, provided initial evidence for proximal histidine
ligation (Fig. 4) (55, 56). The involvement of a histidine as the proximal
ligand was independently confirmed in two laboratories by resonance
Raman spectroscopy (68–70). In both studies, the FeIII porphyrin skele-
tal vibrations were consistent with a six-coordinate, high-spin protein

FIG. 4. Spectra of the human heme:HO-1 complex in the FeIII , FeII –CO, and FeII –O2

states and after conversion to the FeII verdoheme and biliverdin complexes.
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with a histidine-ligated heme. Furthermore, a band at 216 cm−1 char-
acteristic of a nFe-His vibration is observed in the spectrum of the FeII

deoxy enzyme. The position of this nFe-His band in different histidine-
ligated hemoproteins ranges from 221 cm−1 for myoglobin, in which
the histidine ligand is weakly hydrogen bonded (71–73), to ∼233 cm−1

in horseradish peroxidase, in which the imidazole is strongly hydro-
gen bonded, and ∼246 cm−1 in a cytochrome c peroxidase mutant in
which the imidazole is fully deprotonated (74, 75). The correlation be-
tween the position of the Fe–His vibration and hydrogen bonding of
the proximal imidazole suggests that the proximal histidine ligand in
heme oxygenase is not significantly hydrogen bonded or deprotonated.
This may be relevant to the enzyme mechanism because the ability of
the proximal imidazole to assist in cleavage of the dioxygen bond of a
peroxo species coordinated to the distal side of the iron is thought to
increase as the electron density on the imidazole is increased by par-
tial or complete deprotonation. To the extent that assistance from the
proximal ligand is important for cleavage of the distal dioxygen bond,
the reaction is attenuated in heme oxygenase by the lack of hydrogen
bonding interactions with the proximal histidine ligand.

The specific identity of the proximal histidine ligand has been re-
solved by a combination of site specific mutagenesis, spectroscopic, and
catalytic studies. In an early paper Ishikawa et al. aligned the sequences
of the rat, human, mouse, and chicken HO-1 enzymes and identified
four histidines that were conserved in all four proteins (59). Mutation
of each of these four histidines to an alanine showed that two of them
could be mutated with retention of approximately 40% of the activity,
whereas mutation of the other two, His25 and His132, led to essentially
complete loss of activity. The interpretation of these results was com-
plicated, however, by the fact that the His132 mutant was expressed in
such low amounts that its integrity was questionable. Subsequent mu-
tagenesis studies combined with resonance Raman and EPR character-
ization of the mutants unambiguously identified His25 as the proximal
ligand (76, 77). Most telling in this regard is the disappearance of the
nFe-His vibration in the His25Ala HO-1 mutant. As found in the early
study by Ishikawa et al. (59), the His25Ala mutant is completely inac-
tive. The possibility that both the spectroscopic changes and the loss
of activity are due to structural changes due to mutation of a histidine
other than the proximal ligand is excluded by the demonstration that
addition of exogenous imidazole leads to parallel recovery of both the
nFe-His (actually, nFe-Im) band in the resonance Raman spectrum and the
catalytic activity of the enzyme (78). The nFe-Im band in this instance is
at 228 cm−1 because the mass of the exogenous imidazole differs from
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that of a histidine residue. These results not only confirm the role of
His25 as the iron ligand, but show that tethering and subtle orientation
of the imidazole ligand are not critical for the catalytic action of heme
oxygenase.

Mutation of the proximal His25 in human HO-1 to a cysteine or tyro-
sine, as found for the His25Ala mutation, yields protein with no heme
oxygenase activity (79). A resonance Raman spectroscopic analysis in-
dicates that the iron in these proteins is five-coordinate high spin and
thus lacks the usual distal water ligand. Resonance Raman isotopic
studies confirm that the cysteine and tyrosine are coordinated to the
iron in the FeIII state of the corresponding mutants, but both ligands
dissociate from the iron when it is reduced to the FeII state. As a result,
the FeII –O2 complexes obtained upon the subsequent binding of oxygen
are destabilized and autooxidize rather than leading to productive en-
zyme turnover. Clearly, the histidine ligand plays an important role in
the mammalian heme oxygenases. Even though His25 can be function-
ally replaced by exogenous imidazole when it is mutated to an alanine,
it cannot be mutated to other common hemoprotein iron ligands with
retention of activity. The inability of a cysteine or tyrosine to substitute
for the histidine stems, at least in part, from structural factors that
disfavor stable coordination of these ligands to the iron.

An independent approach has provided evidence that His25 is the
proximal iron ligand. Incubation of the reduced HO-1:heme complex
with CBrCl3 under anaerobic conditions results in covalent binding of
the heme to the protein (80). Covalent attachment involves the vinyl
group of the heme because covalent binding does not occur when meso-
heme is used as the substrate. Tryptic digestion of the labeled protein
combined with Edman sequencing and mass spectrometric analysis of
the peptide identify His25 as the alkylated residue. The site of alkyla-
tion can be altered by mutations on the distal side of the heme pocket,
but the alkylated residues could not be unambiguously identified in the
resulting peptides. These alkylation studies parallel earlier studies of
the alkylation of the proximal histidine by the heme in the anaerobic
reaction of hemoglobin with CBrCl3 (81). Incidentally, these studies pro-
vide the first evidence that heme oxygenase, like other hemoproteins,
can catalyze the reductive activation of halocarbons to reactive radical
species (80).

Although more limited, sufficient spectroscopic data is available on
the HO-2 isoform to confirm that the proximal ligand is also an imida-
zole. A 28-kDa catalytically active fragment of human HO-2 obtained
by tryptic digestion of the enzyme expressed in E. coli was shown by op-
tical, resonance Raman, and EPR studies to have a neutral (unionized)
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histidine proximal iron ligand (62). Mutation of His151 to an alanine
in rat HO-2 expressed in E. coli yielded inactive protein (63), but it is
not possible to unambiguously interpret this finding because the protein
was not purified or spectroscopically characterized. His151 corresponds
to His132 in the rat and human enzymes and is therefore unlikely to
be the proximal ligand in the HO-2 isoform. Expression of a truncated
soluble human HO-2 has allowed the role of His152 (corresponding to
His151 in rat) as well as His45 to be readdressed. In contrast to the re-
port in which rat His151 was reported to be inactive, the purified His152
Ala mutant retained the spectroscopic and enzymatic properties of the
wild-type protein. Mutation of His45 to an alanine resulted in a pro-
tein that had lost all activity and exhibited a five-coordinate FeII –NO
EPR spectrum. The authors concluded from the lack of activity, the five-
coordinate ligation, and the conserved alignment with His25 in HO-1
that His45 is likely to be proximal ligand to the heme.

C. DISTAL HEME LIGAND

The distal iron ligand in HO-1, as suggested by the close similarity
in the absorption spectra of HO-1 and myoglobin, is a water molecule.
Evidence for this is provided by the observation that increasing the
pH causes transitions in the absorption, resonance Raman, and EPR
spectra with a pKa of approximately 8.0, similar to those observed with
myoglobin (68–70). The transition, as in myoglobin, is assigned to depro-
tonation of the distal water ligand (Fig. 5). The initial step of heme oxy-
genase catalysis therefore resembles the conversion of metmyoglobin
to oxymyoglobin, in that reduction of the iron is coupled to loss of the
distal water ligand and the binding of oxygen.

Mutation of His132 to an alanine, glycine, or serine in the trun-
cated human heme oxygenase, in accord with identification of His25
as the proximal ligand, does not alter the nFe-His band in the resonance
Raman spectrum of the FeII deoxy protein (82). The mutations result in
the formation of two separate fractions when the protein is expressed in

FIG. 5. Scheme showing the deprotonation of the distal water ligand observed with
HO-1 at approximately pH 8.
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DH5a E. coli cells. In one fraction the distal water ligand is lost, much
in the same way as the water ligand is lost in myoglobin when His64 is
mutated to a valine or leucine (83–85), and in the other the water lig-
and is retained. However, expression of the protein in BL21 E. coli cells
leads exclusively to formation of the protein retaining the distal water
ligand (86). These results indicate that His132 is not required for bind-
ing of the distal water molecule. As the His132 mutant obtained in the
BL21 cells was fully active, it is also clear that His132 is not involved
in the catalytic reaction. These results concur with those obtained in-
dependently when His132 was mutated to an alanine, glycine, or serine
in the truncated rat protein (87). The rat mutants expressed in E. coli
were obtained as inclusion bodies that were refolded to the active pro-
teins. In this instance, the three proteins had spectra identical to those
of the wild type, and the His132Ala mutant had a pH-dependent transi-
tion similar to that of the wild type. These results indicate, again, that
His132 is not required for either retention of the water ligand or cat-
alytic activity. The earlier report that mutation of His132 inactivates
the rat enzyme (59) is superseded by the more recent results because
the quality of the protein in the earlier work was not known. A similar
reservation exists concerning the finding that mutation of His151 in
the rat HO-2 protein causes loss of catalytic activity (63). As already
noted, the purified human HO-2 His152Ala mutant (which corresponds
to His151 in the rat sequence) has spectroscopic and enzymatic proper-
ties identical to those of the wild-type protein (64, 69). The absence of a
distal histidine that stabilizes the water coordinated to the iron distin-
guishes the heme oxygenases from the myoglobins, in which mutation
of the distal His64 to some but not all alternative residues results in
dissociation of the water ligand (83–85).

D. ACTIVE SITE ENVIRONMENT

1H NMR studies of truncated rat heme oxygenase indicate that the
heme group binds within the active site in two orientations that differ
by a 180◦ rotation about the a,g-axis (Fig. 2) (88). Both binding orien-
tations leave the a-meso carbon in the same place in the active site,
so the binding heterogeneity does not affect the a-meso-regiospecificity
of the enzyme. The two binding orientations are present to about the
same extent with heme, but differences in the ratio of the two ori-
entations when heme and iron deuteroporphyrin IX are bound indi-
cate that the ratio is sensitive to the nature of the substituents at the
2 and 4 positions of the heme group. This first NMR study also identified
fragments of amino acid side chains in contact with the heme but not
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the actual amino acids. More importantly, the contact shift patterns for
the heme protons determined by isotopic labeling and 2D NMR map-
ping suggested an unusual heme electronic structure characterized by
large differences in delocalized spin density in the two positions within
a single pyrrole ring, rather than the more common finding of large
differences between adjacent pyrrole rings. This distribution of spin
density suggested a direct electronic perturbation of the heme by the
protein matrix such as might be produced by the presence of an anionic
group close to the a-meso-carbon. The presence of an anionic group in
the vicinity of the heme is consistent with the finding that the char-
acteristic electronic asymmetry is pH dependent and is lost as the pH
is decreased. It is unclear whether this unusual distribution of spin
density contributes to the regiospecificity of the enzyme.

A more recent 2D 1H NMR investigation of the human heme–HO-1
complex was undertaken to characterize more fully the nature of the
substrate binding pocket (86). The NMR data revealed a cluster of at
least nine interacting aromatic residues, including three Phe and an
additional six Tyr or Phe that form part of the substrate binding site.
Although no sequence-specific determination of the individual residues
could be made, it was clear from the data that the heme pocket of
heme oxygenase is more open than that of the globins or peroxidases.
The heme was suggested to be bound with pyrrole rings I (1-methyl,
2-vinyl) and parts of pyrrole rings II (3-methyl) and IV (8-methyl) buried
toward the interior of the protein, whereas pyrrole ring III (5-methyl,
6-propionate) and parts of pyrrole ring II (4-vinyl) and IV (7-propionate)
are probably exposed to solvent. The proximal side of the heme is read-
ily available to the medium, as evidenced by the fact that both the
peptide NH and ring NdH of the proximal His25 are in rapid exchange
with the solvent. These assignments have not proven to be consistent
with the crystal structure (see later discussion). It is possible that this
inconsistency stems from the presence of one predominant heme ori-
entation in solution and another in the crystal structure that differ by
a 180◦ rotation about the a,g axis of the heme (vide supra).

Two labile protons close enough to the iron to influence ligand re-
activity were identified in the NMR study: a labile proton originating
from a His residue too far away to hydrogen bond to the bound ligand,
but close enough that it might influence the stereoselectivity, and a sec-
ond labile proton from a Tyr or His residue in van der Waals contact
with the bound ligand. The previous site-directed mutagenesis studies
in which mutation of His132 to an alanine gave a protein with identical
spectroscopic and enzymatic properties to that of the wild type, as well
as NMR evidence that the labile proton is retained in the same His132
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Ala mutant, rule out His132 as the direct hydrogen bonding residue.
The fact that mutagenesis of His84 and His119, the two conserved his-
tidines other than His25 and His132, does not result in loss of activity
suggested that a tyrosine residue might function as a distal base. Tyro-
sine as a hydrogen bonding distal residue has been reported in a number
of trematode myoglobins (71, 72). However, mutation in human HO-1 of
three of the conserved Tyr residues (i.e., Tyr134, Tyr137, and Tyr182)
to Phe causes neither loss of activity nor loss of the distal water ligand
(unpublished results). Interestingly, Tyr134 and Tyr137, like His132,
lie within the conserved 24 amino acid region believed to form part of
the distal pocket of the heme binding site. These mutagenesis results
are consistent with the recently determined X-ray structure of human
HO-1, which shows that the distal water ligand is not directly coordi-
nated to a histidine or a tyrosine or, indeed, to any other obvious active
site residue (see later discussion).

V. Human HO-1 Crystal Structure

Truncated forms of human and rat heme oxygenase-1 have been suc-
cessfully crystallized (53, 89), and the structure of the human isoform
has been determined (Fig. 6) (53). The full-length human heme oxy-
genase is a 288-residue protein, but the protein that was crystallized

FIG. 6. Structure of truncated human HO-1 showing the location of the heme binding
site (53). The heme propionic acid groups point away from the viewer, so that the d-meso
edge faces the exterior of the protein. The iron atom in the heme is not shown for clarity.
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FIG. 7. Structure of the active site of truncated human HO-1 showing residues that are
in the active site cavity (53).

retained only the first 233 amino acid residues. The 55 amino acid dele-
tion consisted of the 23 C-terminal residues that make up the lipophilic
membrane binding domain and an additional 32 C-terminal amino
acids. Despite this truncation, the catalytic activity and regiospecificity
of the protein were very similar to those of both the native enzyme and
the wild-type protein missing only the membrane-binding polypeptide
(90, 91). In addition to the truncation, the first nine and the last 10
amino acid residues in the protein were not ordered in the electron
maps and therefore could not be placed in the structure. It should be
kept in mind, therefore, that the available crystal structure is missing
a significant segment of the protein. This segment is not critical for
catalytic activity, but could play a role in protein–protein interactions
or other subtle aspects of heme oxygenase function.

The heme oxygenase core represents a novel protein fold that consists
primarily of a-helices (53). As in most hemoproteins, the heme is sand-
wiched between two helices with the propionic acid carboxyl groups
exposed at the molecular surface. As expected from the spectroscopic
and mutagenesis data, His25 is the proximate ligand to the heme iron
atom (Fig. 7). It is part of the proximal helix that also provides a number
of residues that contact the heme group. The helix on the distal ligand-
binding side is kinked about 50◦ directly above the heme because of the
flexibility introduced by the three glycines in the highly conserved se-
quence Gly139-Asp-Leu-Ser-Gly-Gly144. Two of the glycines, Gly139 and
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Gly143, are in direct contact with the heme group. The heme is also in
contact with the distal helix residues Tyr134, Thr135, Arg136, Ser142,
and Leu147 (Fig. 7). As indicated by the spectroscopic and mutagenesis
studies, His132 is not appropriately located to stabilize the distal water
ligand or to function as an acid–base catalyst in the heme oxygenase
reaction. The distal water ligand implicated by the spectroscopic data
is located in the crystal structure at a distance of approximately 1.8 Å
from the iron, but no polar side chains are found close enough to this
water molecule to hydrogen bond with it.

Of the four heme edges, only the d-meso edge is exposed at the surface
of the protein (Fig. 6). The other three edges, including the a-meso edge
that is oxidized by the enzyme, are buried in the interior of the protein.
The a-meso heme edge abuts against a hydrophobic wall consisting of
Phe214, Met34, and Phe37, but a large water-filled cavity extends from
the heme site into the protein interior directly above this heme edge.
Interactions of the propionate carboxyl groups with Lys179, Arg183,
Lys22, and Tyr134 appear to be important in binding the heme and
orienting it correctly within the active site (53).

Two different conformations of heme oxygenase are found in the
asymmetric unit cell. The two molecules differ significantly in the ori-
entation of the distal helix, a region of the molecule that also exhibits
relatively high thermal factors (53). The flexibility of the helix implied
by these results is consistent with the presence of several conserved
glycines in the sequence and suggests that motion of the helix opens
and closes the heme crevice to allow binding of the heme and dissocia-
tion of the product. In the closed structure, the distal helix lies across the
top of the heme within 4 Å of its surface, sterically obstructing access of
any iron-bound oxidizing species of the b-, g -, and d-meso carbon atoms.
This steric restriction is partially relaxed in the more open structure.

VI. Interaction with Cytochrome P450 Reductase

The crystal structure provides some insight into the interaction of
heme oxygenase with cytochrome P450 reductase, its obligatory elec-
tron donor partner. The oxidation–reduction potential of −65 mV for
the heme in heme oxygenase is appropriate for direct electron transfer
to it from cytochrome P450 reductase (79), which has potential values of
−270 mV for the le- to 2e- state, and−290 mV for the 2e- to 3e- state (92).
The crystal structure shows that the surface of the protein surrounding
the exposed heme edge is electropositive (53). It therefore provides an
attractive surface for the docking of cytochrome P450 reductase, which
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has a predominantly negatively charged surface (93). Docking of the
reductase to heme oxygenase through these electrostatically comple-
mentary surfaces would be consistent with the electrostatic comple-
mentarity observed in the binding of the FMN and heme domains in
the crystal structure of a P450BM-3 complex (94). Binding of the reduc-
tase to heme oxygenase in the vicinity of the exposed heme edge offers
the shortest route for the delivery of electrons to the heme iron atom,
although other protein binding sites with short paths to the iron are
available. If heme oxygenase and cytochrome P450 reductase dock as
suggested by the crystal structure, the docking requirements may not
be highly stringent. This inference derives from the finding that a pro-
tein constructed by fusing heme oxygenase to cytochrome P450 reduc-
tase exhibits high heme oxygenase activity (60). The heme oxygenase
and cytochrome P450 reductase domains were incorporated into this
fusion protein after deletion of their respective membrane binding pep-
tides. Ionic strength and dilution studies indicated that electrons are
transferred intramolecularly in the fusion protein, implying that the
reductase domain was able to dock and efficiently transfer electrons to
the heme oxygenase domain. It is possible that the fusion protein for-
tuitously allows normal docking of the flavoprotein domain to the heme
domain in the fusion protein, or that an alternative electron mechanism
comes into play. However, it is more likely that electron transfer occurs
normally and that docking of the two domains is suboptimal because of
steric constraints imposed by the covalent link between them, in which
case the high activity of the fusion protein suggests that the docking
interaction is forgiving.

VII. Gaseous Ligands

The binding of oxygen, carbon monoxide, and nitric oxide to heme
oxygenase is of physiological relevance, the first because it is a key sub-
strate, the second because it is a product of the enzyme that can act
as an endogenous inhibitor, and the third because it is a potential phy-
siological inhibitor that could inversely couple the synthesis of carbon
monoxide with that of nitric oxide. The oxygen affinities of the FeII HO-1
and HO-2 heme complexes are 30- to 90-fold higher than those of the
mammalian myoglobins (91). These high affinities are due to slower dis-
sociation of the oxygen from the heme oxygenase than myoglobin sites.
The affinities for the binding of CO to the FeII complexes are less than
sixfold higher than those for the binding of oxygen, in contrast to the
much higher affinity for CO and O2 of the globins. The heme oxygenases
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thus discriminate much more effectively against the binding of CO than
the myoglobins or hemoglobins, for which the Kco/Ko2 ratios are ∼40
and ∼200, respectively (95). The crystal structure of truncated human
HO-1 suggests two mechanisms for this higher discrimination against
CO (53). Although there is no distal histidine or strongly polar residue
able to hydrogen bond to the iron-coordinated ligand, the distal site is
fairly polar due to residues such as Asp140, Arg136, and Asn210 that
are near pyrrole ring B of the heme. The ligand may also be hydro-
gen bonded because of ordering of active site water molecules when
the ligand is bound. The observation of a solvent deuterium isotope
effect on the EPR spectrum of the oxy-cobalt–HO-1 complex provides
evidence that the distal dioxygen ligand is, indeed, hydrogen bonded
(96). A steric effect on the binding of CO is unlikely because resonance
Raman indicates that the Fe–CO bond, if anything, is more linear in
heme oxygenase than in the myoglobins (69). A second mechanism for
diminishing the binding of CO formed in the active site may involve
the large hydrophobic chamber located above the a-meso edge of the
heme. The CO that is formed may escape into this chamber rather
than into the more polar heme pocket, decreasing its effective inhibitory
concentration.

The binding of nitric oxide to FeII rat heme oxygenase-1 has been
demonstrated by absorption, resonance Raman, and EPR spectroscopy
(68). EPR studies have similarly demonstrated the formation of an
FeII –NO complex with human heme oxygenase-2 (62). In both instances,
the EPR superhyperfine coupling of the 15N-labeled iron-bound NO with
the nitrogen of the proximal histidine was used as part of the evidence
that the proximal ligand was a histidine. The Fe–NO bond appears to
be similar to that in the corresponding myoglobin complex. NO has
been reported to inhibit the catalytic activity of heme oxygenase in
endothelial cell preparations, and EPR studies suggested that this in-
hibition correlated with formation of the nitric oxide complex of free
heme in microsomes (97). It has also been reported, however, that ni-
tric oxide inhibits rat heme oxygenase-2 but not rat heme oxygenase-1
or mutants of heme oxygenase-2 in which the cysteine residues of the
noncatalytic heme binding motifs have been mutated to alanines (98).
These latter results led to the proposal that the inhibition was due
exclusively to an interaction of nitric oxide with the hemes in these
heme binding motifs. However, the inhibition data are not yet suffi-
ciently infinitive to unambiguously determine the effect of nitric oxide
on heme oxygenase function. Further work is necessary to determine
whether nitric oxide is a physiologically relevant inhibitor of the heme
oxygenases.



P1: FMW
Advances in Inorganic Chemistry PS006-08 August 18, 2000 13:41 Stylefile version:April 24, 2000

HEME OXYGENASE STRUCTURE AND MECHANISM 379

TABLE I

HEME OXYGENASE SUBSTRATE SPECIFICITYa

Name 2 4 Relative rate Ref.

proto IX V V 100 100
meso IX Et Et 83 100
deutero IX H H 48 100
hemato IX CHOHMe CHOHMe 86 100

COMe COMe 45 100
CHO CHO 15 99, 101
CHO 17 99, 101

CHO 34 99, 101
CH CH(CH2)2Me CH CH(CH2)2Me 45 100

CH2(CH2)3Me CH2(CH2)3Me 28 100
CHOH(CH2)3Me CHOH(CH2)3Me 4 100

CO(CH2)3Me CO(CH2)3Me 37 100
CH CHCHMe2 CH CHCHMe2 50 100
CH2CH2CHMe2 CH2CH2CHMe2 39 100

CHOHCH2CHMe2 CHOHCH2CHMe2 48 100
COCH2CHMe2 COCH2CHMe2 27 100

CH CH(CH2)9Me CH CH(CH2)9Me 45 100
CH2(CH2)10Me CH2(CH2)10Me 36 100

CHOH(CH2)10Me CHOH(CH2)10Me 0 100
CO(CH2)10Me CO(CH2)10Me 45 100

aOnly the substituents at positions 1 and 4 of the protoporphyrin IX skeleton vary. The other
substituents are the same as in protoporphyrin IX: methyl at positions 1, 3, 5, and 8, and propionic
acid at 6 and 7. V stands for CH CH2.

VIII. Substrate Specificity

The enzyme is highly specific for the heme propionic acid side chains
at positions 6 and 7, but is much less discriminating with respect to
substituents at positions 1, 2, 3, and 4 (Tables I and II; see Fig. 2 for
heme numbering scheme) (99–101). Exchanging the positions of the
methyl and propionic acid substituents at positions 5, 6, 7, and 8 yields
inactive substrates, as does decreasing the propionic acid chain length
by one carbon. Some activity is retained, however, when the propionic
acid side-chain length is increased by one carbon. In contrast, the sub-
stituents that are acceptable at one or more of positions 1–4 include
CH2CH3, CH2CH2OH, CH2CH2CO2H, CHOHCH3, CH(OH)CH2OH,
CHO, COCH3, CH CH(CH2)2CH3, CH2(CH2)3CH3, CHOH (CH2)3CH3,
CO(CH2)3CH3, CH2CH2CH(CH3)2, COCH2CH(CH3)2, CHOHCH2CH
(CH3)2, CH CH(CH2)9CH3, CH2(CH2)10CH3, and CO(CH2)10CH3

(Tables I and II). Thus, both polar residues and long hydrocarbon chains
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TABLE II

HEME OXYGENASE SUBSTRATE SPECIFICITY a

1 2 3 4 5 6 7 8 Relative rate Ref.

Me V Me V Me Pr Pr Me 100 100
Pr Me Me Pr 0 101

Me Pr 0 101
Pr Me 0 101

CH2CH2OH CH2CH2OH Me Me Pr 0 100
Pr Me Me 0 101

C4–CO2H C4–CO2H ∼50 101
CH2CO2H CH2CO2H 0 101

V Me V Me 121 100
V Me 147 100

Me Me 80 99, 101
Me 118 99, 101

Pr Pr 0 100
Pr Me Pr 0 100
CH2CH2OH Me CH2CH2OH 175 100

Pr Pr 10 100
Pr ∼50 99

aThe substituents at all 8 positions of the porphyrin ring are indicated. If no substituent is
shown, it is the same as in protoporphyrin IX, the first compound. V stands for CH CH2, Pr for

CH2CH2CO2H, and C4-CO2H for CH2CH2CH2CO2H.

at positions 1–4 are compatible with substrate binding and catalysis.
These results suggest that the heme propionic acid side chains are in-
volved in specific hydrogen bonding or ionic interactions with active site
residues and are therefore important for substrate binding, in accord
with the HO-1 crystal structure (53). The heme orientational hetero-
geneity revealed by the NMR studies is compatible with this require-
ment because the propionic acid side chains simply exchange positions
in the two heme binding orientations. In contrast, the undemanding
specificity for the substituents at positions 1–4 suggests that the active
site is relatively open in the region of the active site occupied by the
northern (a-meso) edge of the heme group (Figs. 2 and 7). An active
site structure of this type would allow the catabolism of more compli-
cated heme groups such as those that might arise from cytochrome
c, including dicysteinyl hematoheme and the heme undecapeptide ob-
tained by digestion of cytochrome c in which the heme is crosslinked
via the 2 and 4 positions to the two cysteines in the peptide VQK-
CAQCHTVE (102). The crystal structure of human heme oxygenase
shows that the active site has a fairly open water channel in the vicinity
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of the a-meso-position, although it does not appear to be large enough
to accommodate attachment to the porphyrin of a moiety as large as an
undecapeptide.

IX. The First Stage: a-meso-Hydroxylation

A. FORMATION OF THE ACTIVATED OXYGEN SPECIES

The first step in the catalytic turnover of heme oxygenase subse-
quent to the binding of heme is reduction of the heme to the FeII state
by NADPH–cytochrome P450 reductase. This step is readily observed
in the presence of CO because of formation of the spectroscopically dis-
tinguishable FeII –CO complex with an absorption maximum at 418 nm
(Fig. 4) (41, 55). Once the iron is reduced, oxygen is bound to give the
FeII –O2 complex with an absorption maximum at 410 nm (Fig. 4) (4).
The spectroscopic resemblance of the heme oxygenase and myoglobin
complexes suggests that the properties of the FeII –O2 complex may be
generally similar to those of oxymyoglobin. However, an abnormal oxy-
gen isotope shift pattern in the resonance Raman spectrum of the FeII –
O2 HO-1 complex has led to the proposal that the iron–oxygen–oxygen
bond is bent, bringing the terminal oxygen of the complex closer to the
heme periphery (103). The authors proposed that tilting of the oxygen
ligand is due to steric interactions with active site residues, although
these are not evident in the subsequently determined crystal structure
(53). Differences in the EPR spectrum of the oxy-cobalt–HO-1 complex
in D2O versus H2O suggest that the metal-bound dioxygen molecule
is hydrogen bonded (96), although the identity of the hydrogen bond
donor is again not clear from the crystal structure of the protein (53).
Support for some sort of interaction of distal ligands with the protein
is provided by 1H NMR studies of the rat enzyme, which suggest that
the cyano ligand is tilted out of a line perpendicular to the heme plane
because of interactions with protein residues (88).

B. SUBSTITUTION OF H2O2 FOR O2 AND REDUCING EQUIVALENTS

The FeII –O2 complex can be observed as an intermediate in the cat-
alytic process (Fig. 4), but must be reduced further for heme oxidation
to occur (4). A two-electron reduction of molecular oxygen produces a
species formally equivalent in oxidation state to H2O2. We therefore
examined the possibility that H2O2 might be a viable substitute for
molecular oxygen and reducing equivalents in supporting the catalytic
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turnover of heme oxygenase. Indeed, incubation of the HO-1:heme com-
plex with 1 equiv of H2O2, as judged by the observation of a decrease
in the Soret absorption coupled with an increase in the absorbance at
∼680 nm, results in rapid oxidation of the heme to give the HO-1:verdo-
heme complex (58). Extraction of the prosthetic group from the pro-
tein in the presence of pyridine gave the characteristic peaks at 400,
504, 536, and 680 nm of the verdoheme complex. Finally, addition
of cytochrome P450 reductase and NADPH to the verdoheme com-
plex formed with 1 equiv of H2O2 produces the expected biliverdin IXa
(58). H2O2 is thus equivalent to a molecule of oxygen and two elec-
trons in supporting the oxidation of the heme group as far as verdo-
heme, but H2O2 does not readily support the conversion of verdoheme
to biliverdin. Later studies confirmed that H2O2 similarly supports the
HO-2-catalyzed conversion of heme to verdoheme (62). Thus, the oxida-
tion of the heme group involves an oxidizing species equivalent to FeIII

heme plus H2O2. Anaerobic reaction of the HO-1:heme complex with
1 equiv of H2O2 produces a distinct intermediate that is stable in the
absence of oxygen (104). This intermediate is identical by absorption
and resonance Raman spectroscopy to the complex formed anaerobi-
cally between synthetic a-meso-hydroxyheme and HO-1 (105). The fact
that the a-meso-hydroxyheme:HO-1 complex formed by reaction of the
heme complex with H2O2 (104) or by reconstitution of the apoenzyme
with synthetic material (105–107) is a competent precursor of verdo-
heme definitively establishes that a-meso-hydroxyheme is a key inter-
mediate in the normal reaction pathway of heme catabolism. The ear-
lier conversion of a-meso-hydroxyheme to biliverdin in model systems
supports this conclusion (45, 108–110) and is consistent with the find-
ing that the oxygen in the carbon monoxide that is eventually released
derives from molecular oxygen (7).

In one study, it has been reported that radiolytic reduction of the FeII –
O2 heme oxygenase complex at 77 K produces the FeIII –hydroperoxy
(FeIII –OOH) complex with spectroscopic properties similar to those re-
ported previously for the corresponding complex of hemoglobin b-chains
(111). The FeIII –OOH heme oxygenase complex exhibits a rhombic EPR
signal at g= 2.37, 2.18, and 1.93. ENDOR spectra identify an exchange-
able proton of the hydroperoxide with a hyperfine coupling A(g1) of
approximately 10.5 MHz. When this FeIII –OOH complex is annealed
at 200 K it is transformed into FeIII a-meso-hydroxyheme. This study
confirms that the FeIII –OOH species proposed to be formed with H2O2

is indeed formed when the FeII –O2 complex is reduced by one electron.
Furthermore, it solidifies the evidence that the reactive species in heme
oxygenase is the FeIII –OOH complex.
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C. REACTION WITH PERACIDS AND ALKYLHYDROPEROXIDES

The nature of the species involved in hydroxylation of the heme group
is further defined by studies with meta-chloroperbenzoic acid (58). Re-
action with this oxidizing agent produces an intermediate with the spec-
troscopic properties of a ferryl (FeIV O) species analogous to that of a
peroxidase compound II intermediate (112). The ferryl intermediate ac-
counts for only one of the two oxidizing equivalents of H2O2. The second
oxidizing equivalent appears to be used to oxidize the protein because
freeze–quench experiments show that a transient EPR detectable radi-
cal analogous to that obtained in the reaction of myoglobin with H2O2 is
simultaneously formed (113–115). The spectroscopically observed ferryl
species reverts to the starting FeIII state when it is reduced by reaction
with ascorbic acid or phenol (58). If guaiacol (ortho-methoxyphenol) is
used instead of phenol or ascorbic acid, the telltale color change due
to peroxidation of the phenolic substrate is observed. Although this
peroxidase activity is of some interest, the key finding is that the fer-
ryl intermediate is not converted to verdoheme. Furthermore, addition
of 1 equiv of H2O2 to the enzyme after reaction with 1 equiv of meta-
chloroperbenzoic acid also does not produce verdoheme, which indicates
that the ferryl intermediate actually protects the heme from the reac-
tion with H2O2 that produces verdoheme. Clearly, the compound II–like
ferryl species is not an intermediate in the normal reaction catalyzed
by heme oxygenase! This finding is important because a ferryl moiety is
the activated oxidizing species responsible for the reactions catalyzed
by most hemoproteins, including the P450 monooxygenases and hemo-
protein peroxidases.

The reactions of the HO-1:heme complex with tert-butylhydroper-
oxide, cumene hydroperoxide, and ethylhydroperoxide have also been
examined (58, 116). Reaction with the first two peroxides follows a
course similar to the reaction with meta-chloroperbenzoic acid in that a
ferryl species appears to be formed, although the reaction is accom-
panied by some degradation of the heme to nonbiliverdin products.
The reaction with ethylhydroperoxide is the most interesting (116).
Although it also gives rise to a ferryl species, reduction of this in-
termediate with ascorbic acid to prevent oxidative degradation of the
prosthetic group followed by its isolation and HPLC purification shows
that the heme group has been partially modified to give iron a-meso-
ethoxyprotoporphyrin IXa (Fig. 8). The structure of this modified heme
was firmly established by absorption and NMR spectroscopy and mass
spectrometry. The formation of a-meso-ethoxyheme exactly parallels
the formation of a-meso-hydroxyheme, the first step of the normal
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FIG. 8. Structure of the product obtained in the HO-1-catalyzed oxidation of heme
supported by ethylhydroperoxide.

reaction. The a-meso-ethoxy product is stable toward the downstream
reactions of the catalytic process because they depend on deprotonation
of the hydroxyl group in the normal a-meso-hydroxy intermediate (see
later discussion). The ethylhydroperoxide reaction specifically rules out
a mechanism in which the terminal oxygen of an FeIII –peroxo anion
(FeIII OO−) adds as a nucleophile to the porphyrin ring because the
terminal oxygen in the ethylhydroperoxide complex is blocked. In view
of the evidence that the ferryl species is also not involved, the ethylhy-
droperoxide results implicate an electrophilic addition of the terminal
oxygen of the FeIII –OOH complex to the aromatic ring (Fig. 9), a reaction
that could be insensitive to the presence of a peroxide ethyl substituent.

FIG. 9. Electrophilic oxidation of the porphyrin ring by the FeIII –OOH complex formed
in the catalytic turnover of heme oxygenase. The heme group is shown in a truncated
form.
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FIG. 10. a-meso-Methyl-substituted heme groups and their oxidation to biliverdin prod-
ucts. The substituent R in the heme structure is a methyl in the symmetric porphyrin
and an ethyl in mesoheme.

D. THE CATALYTIC OXIDATION OF a-meso-METHYL HEMES

Given that a-meso-hydroxylation is the first committed step in the
conversion of heme to biliverdin, it should be possible to block, or di-
vert, the reaction by placing a substituent at the a-meso position. For
these studies we first used a symmetric iron porphyrin in which all the
substituents were methyl groups except for the 6- and 7-propionic acid
groups. The parent iron porphyrin and a derivative with an a-meso-
methyl substituent were used because their symmetry would facili-
tate identification of any unusual porphyrin-derived products (Fig. 10).
As expected from the substrate specificity of the enzyme, the meso-
unsubstituted iron porphyrin was oxidized normally to the biliverdin
product and CO. To our amazement, the a-meso-methyl derivative was
also oxidized, albeit without the formation of CO, to exactly the same
biliverdin product (49)! Similar results were subsequently obtained
with a-meso-methylmesoheme (Fig. 10) (50). The failure to form CO
rules out the possibility that the methyl group was oxidatively removed
and the protein then underwent normal a-meso-hydroxylation. Thus,
the mechanism involved in hydroxylation and extrusion of the a-meso-
carbon as CO can be diverted by a-meso-substitution to yield the same
biliverdin product, but with the formation of a product other than CO.
Efforts to isolate and identify the a-meso-carbon containing product,
including studies with a 13C-labeled meso-methyl group, have excluded
acetaldehyde and acetic acid but have not successfully identified the
fragment (117). It is possible that the fragment eliminated in the oxi-
dation of the a-meso-methyl substrate is volatile or is a highly reactive
species that binds covalently to the protein.
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E. REGIOCHEMISTRY OF HEME OXIDATION

The finding that a-meso-methyl hemes are oxidized to biliverdin prod-
ucts led us to examine, initially as control experiments, the oxidation of
the other three meso-methylmesoheme regioisomers (50). The required
b-, g -, and d-meso-methylmesohemes were synthesized and their re-
giochemistry was assigned by 1H NMR studies (118). Given the high
specificity of HO-1 for oxidation of the a-meso-carbon, we expected
that the enzyme would oxidize the b-, g-, and d-meso-methyl substi-
tuted mesohemes at the unsubstituted a-position to give the three
methyl-substituted mesobiliverdin IXa isomers. Contrary to expecta-
tion, the g-meso-methylmesoheme isomer, as shown by HPLC and mass
spectrometric analysis of the product, was oxidized exclusively at the
g-meso position to give unsubstituted mesobiliverdin IXg. The d-meso-
methyl isomer was oxidized both at the d-meso-position, yielding meso-
biliverdin IXd, and at an unsubstituted (presumably a) position to give
a methyl-substituted mesobiliverdin IX isomer. Finally, the b-meso-
methyl derivative was a very poor substrate, even though its a-meso
position was not blocked.

It has been postulated, in part from modeling studies based on the
crystal structures of sperm whale myoglobin and human hemoglobin
(47, 119), that the oxidation regiochemistry is determined by steric ori-
entation of the iron-bound dioxygen ligand. This steric “steering” de-
termines the extent to which the terminal oxygen is located above each
of the meso positions. Myoglobin and hemoglobin were used as mod-
els for the heme oxygenase reaction because coupled oxidation of their
heme groups produces low yields of biliverdin isomers (6, 120). In sperm
whale myoglobin, coupled oxidation of the heme occurs exclusively at
the a-meso position, but in human hemoglobin the oxidation occurs at
both the a- and b-meso positions (47, 121). The modeling studies were
consistent with these experimental product distributions. However, the
finding that the regiochemistry of heme oxidation by heme oxygenase is
drastically altered by meso-methyl substitution is not easily reconciled
with the predominant role of steric steering in governing the oxidation
regiospecificity that is suggested by both the globin coupled oxidation
studies and the crystal structure of heme oxygenase (53). It is diffi-
cult to rationalize inversion of the reaction regiochemistry to favor the
g- over the a-position when a methyl group is placed at the g-position by
a straightforward steric mechanism. Similar difficulties exist in steri-
cally rationalizing oxidation of the d-meso position when a methyl is at
that position. A mechanism is therefore needed that reconciles the oxi-
dation of the meso-methyl-substituted hemes with the strong evidence
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for a dominant role of steric effects in controlling the reaction regio-
chemistry.

F. ELECTRONIC EFFECTS ON THE REACTION REGIOCHEMISTRY

In addition to steric effects, the oxidation regiochemistry might be
sensitive to electronic effects. The changes in heme oxidation regio-
chemistry due to methyl substitution support such an electronic control
mechanism. If the heme oxidation reaction involves electrophilic addi-
tion of the oxidizing agent to the meso-carbon, as we believe it does,
the addition reaction should be facilitated by electron donating groups.
Thus, placement of a methyl group on the a-meso carbon should re-
inforce oxidation of that position resulting, as observed, exclusively in
a-meso oxidation. On the other hand, introduction of the methyl at the
g-meso position would increase its reactivity toward the electrophilic
oxygen and, if it overcomes whatever mechanism normally channels
the reaction to the a-position, could result in oxidation of the g-meso
carbon. Methyl substitution at the d-meso position would similarly in-
crease its reactivity toward oxidation, as observed, but the fact that
oxidation occurs at both the d and (probably) a positions indicates that
the d-meso methyl is not as effective as the g-meso methyl in overriding
the factors that normally favor a-meso oxidation.

To further explore the potential electronic role in controlling the oxi-
dation regiochemistry, the effect of an electron withdrawing rather than
donating group was tested by synthesizing the four meso-formyl meso-
heme regioisomers and examining their HO-1 catalyzed oxidation (122).
The key finding here is that the formyl-substituted carbon is never the
site of the oxidation reaction. Thus, a-meso-formylmesoheme is oxidized
with essentially quantitative formation of CO to a biliverdin shown by
mass spectrometry to retain the meso-formyl group. The other three
regioisomers are similarly oxidized with the formation of CO. The dif-
ference between the site of oxidation in the methyl versus formyl substi-
tuted series of hemes confirms that the reaction involves electrophilic
addition to the porphyrin ring and provides strong evidence that elec-
tronic effects can influence the regiochemistry of heme oxidation by
HO-1.

If the a-meso regioselectivity of hydroxylation is not inherent to the
heme group, as indicated by the fact that all four isomers are obtained
by coupled heme oxidation (40), how is the regiochemistry of heme oxi-
dation influenced by electronic factors? One possibility is that the puck-
ering or ruffling of the porphyrin caused by steric clashes between the
meso and flanking substituents in the meso-substituted heme probes
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(123, 124) alters the heme oxidation mechanism. This would appear to
be an unlikely explanation because the meso-methyl and meso-formyl
substituents gave rise to quite different oxidation regiochemistries,
whereas the porphyrin distortions caused by both types of substituents
should be similar. Indeed, the different consequences of meso-methyl
and meso-formyl substitution suggest that selective enhancement of the
electron density at the meso positions is important. As already noted,
NMR studies of the rat heme:HO-1 complex indicate that there are large
differences in electron density at the two b-carbons in a given pyrrole
ring rather than the more conventional pattern of similar densities at
the b-carbons of a given pyrrole ring with large differences between the
b-carbons of adjacent pyrrole rings (88). Electron density patterns sim-
ilar to that observed for the heme:HO-1 complex have been observed
with iron porphyrins bearing electron donating or withdrawing meso-
substituents, and the patterns have been modeled by theoretical studies
(125, 126). It is therefore possible, in principle, that an anionic group
near the a-meso position could induce an electronic asymmetry that fa-
vors oxidation of the a-meso carbon. However, there is no such anionic
group in the immediate vicinity of the heme in the crystal structure of
human heme oxygenase (53). The apparent electronic control observed
with the meso-substituted hemes, and its relevance to the normal re-
action with unsubstituted heme, thus remain unclear. One possibility
is that the meso-substituent, or the porphyrin ruffling associated with
it, interferes with closing of the distal helix on top of the heme group.
This might decrease the steric control that favors a-meso oxidation and
allow the electronic properties of the meso substituents to determine
the oxidation regiochemistry. A hint that incomplete closing of the dis-
tal helix can make additional meso-positions available for oxidation is
provided by the structure of the more open of the two proteins in the
asymmetric crystal unit, in which the d-meso carbon is also accessible
for oxidation. The bottom line, however, appears to be that steric effects
are primarily responsible for the observed a-meso regiochemistry of the
normal HO-1 catalyzed heme oxidation.

X. The Second Stage: a-meso-Hydroxyheme to Verdoheme

The conversion of a-meso-hydroxyheme to verdoheme is an oxygen-
dependent process because the HO-1:a-meso-hydroxyheme complex,
whether obtained by reconstitution of the apoenzyme with synthetic
a-meso-hydroxyheme or from oxidation of the heme complex with H2O2,
is stable under anaerobic conditions (104, 105). EPR analysis of the
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FIG. 11. EPR of the radical in the a-meso-hydroxyheme-HO-1 complex: (A) The FeIII

heme:HO-1 complex, (B) the a-meso-hydroxyheme-HO-1 complex formed anaerobically
with 1 equiv of H2O2; (C) the a-meso-hydroxyheme complex after subtraction of the spec-
trum of unreacted heme from trace (B); and (D) the spectrum in B after the addition of
CO to form the FeII -CO complex. The spectra are taken from Liu et al. (104).

anaerobic HO-1:a-meso-hydroxyheme complex shows the presence of
a rhombic signal at g= 6.07 and 5.71 attributable to the FeIII and a
signal at g= 2.008 due to an organic radical. Addition of CO to the
anaerobic system results in virtual disappearance of the g = 5–6 sig-
nals and enhancement of the signal at g= 2.008 (Fig. 11) (104). This
finding indicates that an FeIII heme species without an organic radi-
cal is in equilibrium with an FeII heme species with an organic radical
(see Fig. 12), and that coordination of CO to the FeII shifts the reso-
nance equilibrium toward the radical containing species. The forma-
tion of a CO complex is supported by a shift in the Soret maximum
of the HO-1:a-meso-hydroxyheme complex from 405 to 408 nm in the
presence of CO. Independent support for this equilibrium is provided
by resonance Raman data indicating that deprotonation of the FeIII
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FIG. 12. Proposed mechanism for the HO-1-catalyzed conversion of FeIII a-meso-
hydroxyheme (shown deprotonated) to FeII verdoheme. In an equally good variant of
this mechanism, the oxygen molecule binds to the FeII before it binds to the carbon of the
porphyrin to give the same peroxo-bridged intermediate.

a-meso-hydroxyheme produces an oxophlorin- rather than porphyrin-
like structure (105). The resonance equilibrium (Fig. 12) was not ob-
served in the EPR by Matera et al., possibly because the EPR con-
ditions saturated the radical signal (105). However, they observed a
radical signal at g= 2.004 when oxygen was added to a solution of HO-
1:a-meso-hydroxyheme under an anaerobic atmosphere of nitrogen and
CO. This signal was attributed to an FeII heme with an oxygen bound to
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the porphyrin radical, giving rise to an oxygen radical. Together, these
experimental results establish a mechanism in which a deprotonated,
free radical form of a-meso-hydroxyheme binds molecular oxygen to
give a peroxy radical species (Fig. 12).

Exposure to oxygen of an anaerobic solution of the HO-1:a-meso-
hydroxyheme complex produced from the heme complex with 1 equiv
of H2O2 results in immediate conversion of the substrate to FeIII ver-
doheme (104). Resonance Raman and absorption spectroscopy indi-
cate that this FeIII verdoheme can be reduced by dithionite to the FeII

verdoheme normally obtained in the presence of reducing agents or
NADPH–cytochrome P450 reductase. This basic finding was confirmed
by the subsequent demonstration that the reconstituted FeIII a-meso-
hydroxyheme:HO-1 complex is converted by an approximately stoichio-
metric amount of oxygen to the FeIII biliverdin complex (127). These
results indicate that the only requirement for the HO-1-catalyzed con-
version of FeIII a-meso-hydroxyheme to FeIII biliverdin is one molecule
of O2. These results are consistent with the report that conversion of
myoglobin-bound a-meso-hydroxyheme to verdoheme does not require
exogenous reducing equivalents (45). Matera et al., and subsequently
Migita et al., have argued that the HO-1-catalyzed conversion of a-meso-
hydroxyheme to biliverdin requires not only one molecule of oxygen but
also one electron (105, 128). However, in their earlier experiments they
monitored the formation of verdoheme not as the FeIII product but as
the FeII –CO complex. There is no question that the formation of FeII

verdoheme requires one electron—the question is whether the electron
must be introduced prior to the formation of FeIII verdoheme. The ob-
servation that FeIII verdoheme is formed in good yield from the endoge-
nously formed or reconstituted a-meso-hydroxyheme:HO-1 complex in
the absence of any reducing equivalents clearly establishes that an
electron is not required for this transformation. However, under physi-
ological conditions, in the presence of both cytochrome P450 reductase
and NADPH, two possible reaction pathways are possible. In one, FeIII

a-meso-hydroxyheme may be converted to FeIII verdoheme, followed by
verdoheme reduction, whereas in the other pathway an electron may be
introduced prior to the extrusion of CO, resulting directly in the forma-
tion of FeII verdoheme. The relative importance of these two pathways
will depend on the relative rates of the various steps in the two alterna-
tives, and the endogenous concentrations of NADPH, cytochrome P450
reductase, and oxygen.

The minimal mechanism required for the conversion of a-meso-hy-
droxyheme to verdoheme requires deprotonation of a-meso-hydroxy-
heme to produce an FeII radical species that binds oxygen to give an FeII
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peroxy radical intermediate (Fig. 12). As already indicated, EPR evi-
dence exists for both of these intermediates. Direct interaction of the
peroxy radical with the FeII , or after internal transfer of an electron to
give the FeIII –hydroperoxy species, leads to production of an unstable
ferryl alkoxy radical. Formation of the alkoxy radical, which is reac-
tive enough to drive the cleavage of a carbon–carbon bond, provides a
trigger for elimination of the a-meso-carbon as CO. Elimination of the
CO generates an unstable carbon radical that can be oxidized inter-
nally to the cation by electron transfer to the ferryl species. Trapping
of the cation by the pyrrole carbonyl generated upon extrusion of CO
then yields FeIII verdoheme. No direct evidence exists for the individ-
ual steps of the mechanism subsequent to binding of oxygen to the
porphyrin radical. However, the mechanism is reasonable and is un-
likely to differ much, except perhaps for changes in the order of the
steps, including the possible uptake of an electron prior to verdoheme
formation.

XI. The Third Stage: Verdoheme to Biliverdin

The least information is available on the conversion of verdoheme to
biliverdin, the final stage of HO-1-catalyzed heme oxidation. The ori-
gin of the oxygen atoms in the final biliverdin product provides impor-
tant information in this regard. Under an atmosphere of 16O–16O and
18O–18O, the biliverdin produced by HO-1 incorporates one atom each of
16O and 18O (8). The two oxygen atoms incorporated into biliverdin thus
derive not from one oxygen (7), but from different molecules of oxygen.
This rules out a hydrolytic mechanism for the conversion of verdoheme
to biliverdin, in accord with the finding with both a coupled oxidation
system and HO-1 that the reaction requires reducing equivalents and
O2 (43, 44, 58). The incorporation of an atom of molecular oxygen into
biliverdin starting with verdoheme generated by coupled oxidation has
been specifically demonstrated (43).

It is of some interest that H2O2 does not substitute effectively for O2

and NADPH–cytochrome P450 reductase in this stage of the transfor-
mation (58). Indeed, in the presence of excess H2O2, the majority of the
verdoheme is degraded to nonbiliverdin products, only a small amount
of biliverdin being formed. This side reaction may decrease the yield
of biliverdin when the reaction is experimentally initiated with H2O2

rather than with NADPH–cytochrome P450 reductase (58). This side
reaction may stem from the fact that the products of the reaction of
verdoheme with H2O2 terminate with the tetrapyrrole system in too
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FIG. 13. Hypothetical mechanism(s) for the conversion of verdoheme to biliverdin. Two
alternatives are shown that differ in the sequence in which the electrons are introduced
and whether the oxygen molecule binds initially to the FeII or to the porphyrin radical.

high an oxidation state. The formation of biliverdin from FeIII verdo-
heme requires a two-electron reduction, a reduction that is not possible
when H2O2 is the only reagent present in the medium. Alternatively,
the stepwise reaction of O2 may permit delivery of the oxygen to the
carbon framework, whereas reaction with H2O2 may result in a side
reaction with the iron to give alternative products.

A schematic but hypothetical mechanism that accommodates the
foregoing considerations is shown in Fig. 13. Reduction of the verdo-
heme iron to the FeII state, binding of dioxygen, and a second one-
electron reduction produce an intermediate formally equivalent to that
obtained by reaction of FeIII verdoheme with H2O2. A hypothetical se-
quence of steps involving dioxygen bond cleavage to give either an
alkoxy anion or radical species, followed by ring cleavage and a two-
electron reduction, produce the desired FeIII biliverdin product. The
principal uncertainty in the mechanism is the stage at which the two
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electrons required to produce biliverdin are introduced. The formation
of an FeV O species is shown, but if such an intermediate is involved,
it is likely to be an FeIV O in conjunction with a porphyrin or protein
radical of some kind. Other variations are possible, but most of the ele-
ments shown in the mechanism (Fig. 13) are likely to be present in the
actual mechanism. In addition, in the presence of an electron source the
iron is reduced once more to form FeII rather than FeIII biliverdin. Ini-
tial evidence for this was provided by the finding that coupled oxidation
of the heme:heme oxygenase complex produces what appears to be an
FeIII biliverdin complex that is not suitable for reduction by biliverdin
reductase. The same reaction supported by NADPH–cytochrome P450
reductase produces free biliverdin that is readily reduced to bilirubin
(41). Direct confirmation of the need to reduce FeIII to FeII biliverdin to
facilitate product release is provided later (129).

XII. Kinetics of the Heme Oxygenase Reaction Sequence

The catalytic sequence of heme oxygenase encompasses a minimum
of three distinct catalytic reactions separated by the two clearly identi-
fied intermediates, a-meso-hydroxyheme and verdoheme. The complete
process consumes two molecules of oxygen and five electrons provided
by NADPH–cytochrome P450 reductase and releases three products:
carbon monoxide, biliverdin, and iron (2). As might be expected, the
kinetics of the reaction sequence are not simple. Analysis of the kinetic
sequence is complicated by the fact that heme is poorly water solu-
ble at physiological pH and is usually present in the form of protein
complexes, and the fact that a coupled assay involving the conversion
of biliverdin to bilirubin by biliverdin reductase is commonly used to
monitor the reaction (55). In overall terms, the Km value for heme us-
ing the recombinant human protein without the 23 C-terminal amino
acids is 3 mM, in close agreement with the values for the rat liver and
bovine spleen enzymes (55, 56, 60). The Vmax value for the recombinant,
truncated protein is 40 nmol h−1 nmol−1 (60).

A single turnover study of the conversion of the heme–HO-1 complex
to free biliverdin has elucidated the relative rates of the catalytic steps
(129). This transient kinetic study indicates that the conversion of FeIII

heme to FeIII verdoheme is biphasic. Electron transfer to the FeIII –heme
HO-1 complex occurred at a rate of 0.11 s−1 at 4◦C and 0.49 s−1 at 25◦C
with a 0.1:1 ratio of NADPH–cytochrome P450 reductase to heme:HO-1
complex. Oxygen binding to the reduced iron was sufficiently rapid un-
der the experimental conditions that the species actually monitored
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was the FeII –O2 complex. Electron transfer to this FeII –O2 complex,
which occurred at a rate of 0.056 s−1 at 4◦C and 0.21 s−1 at 25◦C, led to
the formation of a-meso-hydroxyheme and its immediate O2-dependent
fragmentation to give the Fe3+–verdoheme HO-1 complex. The HO-1
catalyzed conversion of Fe3+–verdoheme to Fe3+–biliverdin also exhib-
ited biphasic kinetics. Reduction of the FeIII verdoheme complex to the
FeII state occurred at a rate of 0.15 s−1 at 4◦C and 0.55 s−1 at 25◦C.
Rapid oxygen binding and a second electron transfer to the putative
FeII –dioxy verdoheme intermediate, with rates of 0.025 s−1 at 4◦C and
0.10 s−1 at 25◦C, produced the Fe3+–biliverdin complex (129). The final
conversion of Fe3+–biliverdin to free biliverdin was triphasic. Reduc-
tion of the Fe3+–biliverdin complex to the FeII state occurred at a rate of
0.035 s−1 at 4◦C and 0.15 s−1 at 25◦C. The iron was then rapidly released
from the FeII enzyme complex at a rate of 0.19 s−1 at 4◦C and 0.39 s−1

at 25◦C, followed by slower dissociation of the biliverdin at a rate of
0.007 s−1 at 4◦C and 0.03 s−1 at 25◦C. These results clearly establish
that FeII is released prior to release of the biliverdin. The fact that iron
is released in the FeII rather than relatively insoluble FeIII state may be
important, given the central role of heme oxygenase in the recycling of
iron and the maintenance of physiological iron homeostasis.

The rate-limiting step in the single-turnover studies of the heme–
heme oxygenase complex was release of biliverdin from the enzyme,
the final step in the catalytic sequence. However, when biliverdin re-
ductase was present, biliverdin release was accelerated and the rate-
limiting step in the single-turnover studies was the conversion of Fe2+–
verdoheme to Fe3+–biliverdin. This implies that biliverdin reductase
interacts with the biliverdin–heme oxygenase complex in some manner
that facilitates either dissociation of the biliverdin or its direct trans-
fer to the reductase. One speculative but attractive possibility is that
biliverdin reductase, for which no structure is yet available, interacts
with the electropositive surface surrounding the exposed heme edge in
the human HO-1:heme complex (53) and allosterically promotes release
of the product. Two factors must be considered in reaching a conclusion
concerning the rate-limiting step under physiological conditions. The
role of heme binding, if any, in determining the overall reaction rate
is difficult to evaluate because the state in which heme is available
under physiological conditions is uncertain. Furthermore, the rates of
the electron transfer steps are sensitive to the NADPH–cytochrome
P450 reductase:heme oxygenase ratio and thus to the physiological con-
centrations of the proteins and cosubstrates. Nevertheless, it appears
likely that the rate-limiting step in the overall process will be the con-
version of Fe2+ verdoheme to biliverdin, or the release of biliverdin if
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FIG. 14. Manifold of reactive species produced from the reaction of a heme group with
oxygen and two reducing equivalents. The rate of conversion of A to B limits the lifetime
(and therefore reactivity) of the FeIII peroxo anion. The rate of formation of the ferryl
species C via the FeIII –OOH complex B competes with the intramolecular hydroxylation
reaction to give hydroxyheme. Reactions of the FeIII –hydroperoxy complex B with exoge-
nous electrophilic substrates must compete with conversion of the intermediate to both
C and meso-hydroxyheme. The FeIII –OOH complex B can also be formed directly with
H2O2.

the cytochrome P450 reductase to heme oxygenase ratio approaches
unity.

XIII. Implications of Electrophilic Heme Oxidation by an FeIII –OOH Intermediate

Studies of the catalytic mechanisms of hemoproteins that employ ei-
ther oxygen or H2O2 as a cosubstrate have provided evidence for two
types of oxygen reactivity. The most common oxidative intermediate is
the ferryl species (Fig. 14, structure C). A ferryl complex coupled with a
porphyrin radical cation (e.g., horseradish peroxidase) or a protein rad-
ical (e.g., cytochrome c peroxidase) is well established as the oxidative
intermediate in the peroxidases (112, 130). This intermediate under-
goes two stepwise electron transfers from substrate molecules, the first
of which reduces the porphyrin or protein radical, and the second the
ferryl species to the resting FeIII state. A similar but less well charac-
terized ferryl intermediate, formed in situ by two-electron reduction
of molecular oxygen, is thought to be the primary oxidizing species of
cytochrome P450 enzymes (131). However, cytochrome P450 enzymes
normally transfer the ferryl oxygen to a substrate. As a general obser-
vation, the ferryl species is by far the most common intermediate in
hemoprotein oxidative catalysis.
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A less common reactive species is the FeIII peroxo anion expected from
two-electron reduction of O2 at a hemoprotein iron atom (Fig. 14, struc-
ture A). Protonation of this intermediate would yield the FeIII –OOH
precursor (Fig. 14, structure B) of the ferryl species. However, it is
now clear that the FeIII peroxo anion can directly react as a nucle-
ophile with highly electrophilic substrates such as aldehydes. Addition
of the peroxo anion to the aldehyde, followed by homolytic scission of
the dioxygen bond, is now accepted as the mechanism for the carbon–
carbon bond cleavage reactions catalyzed by several cytochrome P450
enzymes, including aromatase, lanosterol 14-demethylase, and sterol
17-lyase (133). A similar nucleophilic addition of the FeIII peroxo anion
to a carbon–nitrogen double bond has been invoked in the mechanism
of the nitric oxide synthases (133).

The heme oxygenase-catalyzed hydroxylation of heme by an FeIII –
OOH species reviewed here is the first well-documented example of
a new hemoprotein reactivity. The reactivity of this complex resem-
bles that of the flavin or pteridine hydroperoxides in proteins that uti-
lize these prosthetic groups. With both of these prosthetic groups, the
terminal oxygen of what is essentially an alkylhydroperoxide (ROOH)
reacts as an electrophile with heteroatoms or aromatic rings. In the
same way, the terminal oxygen of the FeIII –OOH intermediate reacts
with the porphyrin framework of the heme group (Fig. 14, structure
B). The rapid reaction of the FeIII –OOH intermediate to give a-meso-
hydroxyheme illuminates a fundamental aspect of hemoprotein mech-
anisms. Thus, if an FeIII –OOH intermediate is formed by reductive acti-
vation of O2 or by reaction with H2O2, the intermediate must decay to a
ferryl species rapidly enough to avoid self-oxidation of the heme group.
This conclusion is strengthened by the fact that hydroxylation of the
heme group is not unique to heme oxygenase. Myoglobin, hemoglobin,
and, indeed, most hemoproteins have been shown to give low to fair
yields of biliverdin products when subjected to coupled oxidation (38,
46). This argues that the hydroxylation reaction is inherent to the
heme FeIII –OOH complex rather than to a specific hemoprotein envi-
ronment. Heme hydroxylation thus appears to be a self-destructive
“clock” reaction of the heme FeIII –OOH species against which the nor-
mal catalytic mechanism must compete. This self-destructive (“apop-
totic”) process built into the FeIII –OOH intermediate suggests that it is
unlikely to function effectively as an electrophilic oxidizing agent for
exogenous substrates because its reaction with exogenous substrates
would have to compete with a favored intramolecular hydroxylation
reaction. Such a competition is unlikely to be successful except with
highly nucleophilic compounds. In this context it is relevant that the
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epoxidation of olefins by cytochrome P450 enzymes has been proposed,
at least in mutants in which the machinery required to promote oxygen–
oxygen bond heterolysis is disabled by mutagenesis, to partially re-
sult from reaction of the olefin with an FeIII –OOH intermediate
(134, 135).

XIV. Heme Degradation in Plants and Bacteria

The role of heme oxygenase in biological systems is not restricted to
heme catabolism, but also plays a significant biological role in the syn-
thesis of the tetrapyrrole containing chromophores of photosynthetic
organisms. In the cyanobacterium Synechocystis sp. PCC 6803 (136),
the red algae Cyanidium caldarium (137) and Rhodella violacea (138),
and the higher plant Arabidopsis thaliana (139), heme oxygenase plays
an important role in the biosynthesis of the tetrapyrrole containing phy-
cobilins and phytochromobilins. In contrast to the mammalian micro-
somal heme oxygenase, the cyanobacteria and rhodophyte biosynthetic
heme oxygenases are soluble proteins (137, 140) and their biological
activities have been shown to be ferredoxin dependent (136).

Although there is very little data on the mechanistic aspects of the
biosynthetic enzymes, it is thought that their reaction mechanisms are
very similar to those of the mammalian heme oxygenases. Indirect ev-
idence that the mechanism of action of the biosynthetic enzymes is
similar to that of the mammalian heme oxygenases was provided by
18O-labeling studies showing that the biosynthesis of phycocyanobilin
occurred via a two-molecule mechanism (141, 142) comparable to that
of the mammalian heme oxygenases (8).

More recently, the hmuO gene, which codes for a protein with 33%
identity and 70% similarity to human HO-1, was identified in the Gram-
positive pathogen Corynebacterium diphtheriae (143). The gene product
appeared to play a vital role in the acquisition of iron, an element essen-
tial for the organism’s survival and pathogenicity. The hmuO gene is
negatively regulated at the transcriptional level by the iron-dependent
DNA binding protein DtxR and is positively regulated by heme (144).
A two-component signal transduction system involved in the regula-
tion of hmuO expression has been identified in C. diphthteriae (145). A
response regulator (chrA) and its sensor kinase (chrS) were shown to
strongly activate transcription in a heme-dependent manner (145).

The molecular mechanisms by which Gram-positive bacteria such
as C. diphtheriae acquire heme are not known. However, based on the
similarities of heme transport with siderophore uptake in the Gram-
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negative pathogens, it is reasonable to postulate that a similar mech-
anism may operate in Gram-positive bacteria (146, 147). Identification
of an hmuO gene capable of complementing mutants deficient in heme
utilization strengthens the evidence for such a specific mechanism of
heme transport and utilization.

Initial studies have shown that the product of the hmuO gene is
a soluble protein with a molecular weight of 25 kDa on SDS-PAGE,
which oxidatively cleaves heme to biliverdin with the release of car-
bon monoxide and iron (148). The heme was exclusively oxidized at the
a-meso-carbon as previously observed for the mammalian heme oxy-
genases. The purified heme oxygenase (Hmu O) forms a 1 : 1 complex
with heme with a Kd of 2.5 mM. The FeIII heme–Hmu O complex has a
Soret maximum at 404 nm and a characteristic charge transfer band at
632 nm. Reduction of the heme–Hmu O complex with dithionite under a
carbon monoxide atmosphere yields an FeII –CO spectrum with a Soret
at 421 nm and a/b bands at 568 and 538 nm, respectively. Following
passage of the FeII –CO heme–Hmu O complex through Sephadex G-25
the Soret band shifts from 421 to 410 nm and the a/b bands to 570 and
540 nm because of formation of the FeII –O2 complex.

A synthetic hmuO gene was subsequently utilized to further charac-
terize the Hmu O protein (149). The spectrophotometric characteristics
of the FeIII heme–Hmu O complex were identical to those described
earlier (148). Utilizing ascorbic acid as a reductant and a partial at-
mosphere of carbon monoxide the authors identified verdoheme as an
intermediate on the pathway to biliverdin. In addition, the conversion
of the reconstituted a-meso-hydroxyheme–Hmu O complex to verdo-
heme, and subsequently to biliverdin, provided evidence that a-meso-
hydroxyheme is also an intermediate on the pathway of heme degra-
dation by Hmu O. The preliminary evidence suggests that oxidative
cleavage of the heme in Hmu O is very similar to that of the mam-
malian heme oxygenases.

Resonance Raman and EPR characterization of the recombinant
Hmu O has identified the proximal ligand as a histidine, most likely
that of His20, which aligns with the conserved proximal His25 ligand
in HO-1 (150). We have confirmed His20 as the proximal ligand in
site-directed mutagenesis studies (151). Site-directed mutagenesis of
residue His20 to an alanine gave a shift in the Soret band with evi-
dence of a high-spin marker at 622 nm. The resonance Raman data
confirmed loss of the proximal ligand with the disappearance of the
FeII –His stretching mode at 222 cm−1. Titration of the heme–Hmu
O complex with imidazole restored full catalytic activity to the en-
zyme, and coordination of the imidazole to the heme was confirmed by
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resonance Raman with the appearance of a new FeII –His stretching
mode at 228 cm−1.

However, in contrast to the human His25Ala HO-1:heme complex,
which has no detectable activity in the absence of imidazole (78), the
His20Ala Hmu O:heme complex in the presence of NADPH and
NADPH–cytochrome P450 reductase was found to catalyze the initial
meso-hydroxylation of the heme (151). The product of the reaction was
FeII verdoheme, as judged by the electronic absorption spectrum and
the detection of carbon monoxide as a product of the reaction. Hy-
drolytic conversion of the verdoheme product to biliverdin and sub-
sequent HPLC analysis confirmed that the oxidative cleavage of the
porphyrin macrocycle was specific for the a-meso-carbon.

The reason why the HmuO His20Ala mutant, in contrast to the equiv-
alent mutants of human HO-1 and HO-2, is capable of carrying out the
initial hydroxylation of heme is still not known. The regiospecificity of
meso-hydroxylation in the Hmu O His20Ala mutant is retained, sug-
gesting that the proximal ligand is not essential in orienting the heme
for selective hydroxylation of the a-meso-carbon. This agrees with the
three-dimensional structure of human HO-1, in which charge inter-
actions with the propionic acid groups have been found to be critical
for orienting the heme, and specifically the a-meso carbon, for selec-
tive hydroxylation (53). The apparent differences between the reactiv-
ity of the bacterial Hmu O and that of mammalian heme oxygenases
may not be intrinsic to the proximal ligand, but to the protein’s ability
to bind the heme so as to allow interactions with critical constituents
on the distal side of the heme. The subtle differences between the ac-
tive sites of Hmu O and those of the mammalian heme oxygenases are
highlighted by work showing that the HS to LS transition occurs at a
higher pH value than that reported for the mammalian enzymes (see
later discussion).

It is unclear why the His20Ala HmuO:heme complex terminates
at the level of the FeII verdoheme complex and does not proceed to
biliverdin. The reaction of the His20Ala HmuO:heme complex with
NADPH–cytochrome P450 reductase generates an FeII verdoheme com-
plex, as evidenced by the band at 650 nm in the electronic absorption
spectrum similar to that reported for the FeII verdoheme–CO complex
(152). In contrast, five-coordinate FeIII verdoheme complexes have a
band at 690 nm (104). Magnetic circular dichroism (MCD) studies on
the His20Ala Hmu O:heme complex when titrated with imidazole show
a spectrum typical of a mix of 6cLS and 6cHS species (unpublished
data). The MCD spectrum is similar to that of cytochrome b5, although
the intensity is somewhat weaker.
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Studies of the H63M mutant of cytochrome b5 have shown that the
protein is capable of carrying out the coupled oxidation of heme (153).
The reaction was arrested at verdoheme and did not proceed to give
biliverdin. The formation of verdoheme rather than biliverdin was pro-
posed to stem from the formation of a six-coordinate His–Met FeII verdo-
heme complex. It has previously been shown in coupled oxidation reac-
tions that the high-affinity binding of ligands to both the fifth and sixth
coordination sites inhibits the reaction from verdoheme to biliverdin
(154). This is consistent with inhibition by CO of the conversion of the
FeII verdoheme to biliverdin, which confirms that only five-coordinate
verdoheme complexes are capable of undergoing further oxidation to
biliverdin (155). It is possible that formation of the FeII verdoheme com-
plex in the His20Ala Hmu O mutant is due to bis-coordination, with the
sixth ligand coming either from a protein residue (histidine or meth-
ionine) or from CO released as a consequence of oxidative cleavage.

Again, in contrast with the mammalian heme oxygenases, the heme–
Hmu O complex does not react very efficiently with hydrogen peroxide
(149). One possible explanation for this decreased reactivity is the na-
ture of the distal pocket. The deprotonation of the peroxide to generate
the reactive peroxo-intermediate has previously been proposed to be fa-
cilitated by an ionizable group in the distal pocket (68, 70). However, if
the deprotonation of the H2O2 is deficient or weaker in Hmu O, forma-
tion of the reactive intermediate would be inhibited. Support for such
a hypothesis was provided by a pH titration of the heme:HmuO com-
plex, which showed a transition to the alkaline form at a pKa of 9 (150).
However, the absorption and resonance Raman spectra indicated that a
substantial fraction of the high spin heme–Hmu O complex remained.
The mixed spin species observed at alkaline pH is not evident in the
heme–HO-1 complexes, which are predominantly in the low spin state
(68, 70). Again, the mixed spin state is thought to be due to the weaker
deprotonation efficiency of the distal residue, which therefore forms
a weaker hydrogen bond to the bound H2O. In the three-dimensional
X-ray structure of human HO-1 there is no polar side chain analogous
to the distal histidine previously observed in the globins and peroxi-
dases that directly stabilizes bound ligands: i.e., there is no polar or
basic residue within hydrogen bonding distance of the bound H2O (53).
The only functions close enough to be involved in such an interaction
are the carbonyl group of Gly139 and the nitrogen of Gly143. Although
there is no specific ionizable group on the distal side of the heme, the
enzyme has an active site that is considerably more polar than that
of the globins. The asymmetry of the polar groups, most of which are
located in the vicinity of the heme b-pyrrole ring, may account for the
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hydrogen-bonding interactions through their effect on polarization and
orientation of the internal solvent molecules. If so, subtle changes in the
active site of Hmu O that reduce the active site polarity may account
for the differences observed in the reactivity of the protein. The specific
differences observed between the bacterial Hmu O and the mammalian
HO-1 await further structural characterization of the Hmu O protein.
The recently reported preliminary crystallization and diffraction anal-
ysis of recombinant Hmu O should in the future provide an explanation
for the observed differences (156).
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I. Introduction

In its purest and most challenging form, de novo design involves
the construction of a protein, intended to fold into a precisely de-
fined 3-dimensional structure, with a sequence that is not directly
related to that of any natural protein. (1) With permission, from the
Annual Review of Biochemistry, Vol. 68, 1999, by Annual Reviews
www.AnnualReviews.org.
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Since de novo design is a constructive approach, it allows precise tests
of fundamental hypotheses about protein structure/function relation-
ships (2). Additionally, rapidly advancing chemical synthesis method-
ologies (3–5) allow chemists to explore regions of sequence space (6)
unpopulated by natural proteins in the hope of designing proteins with
novel functions (7). De novo design has proven an invaluable tool in deci-
phering the basic protein folding tenets of secondary structure, protein
stability, and conformational specificity (8–12). Born out of studies over
the past 20 years, de novo protein design has progressed from the design
of stably folded monomeric helices in solution to aggregated structures
with well-defined hydrophobic cores. Currently, protein design is at the
stage where the design of small, that is, less than 150 amino acids, sta-
bly folded protein scaffolds of predictable structure is becoming routine
(1). Notable successes include the emerging X-ray and NMR structures
of de novo designed protein scaffolds, including helix–turn–helix hair-
pins (13), three-stranded coiled-coils (14, 15), three-α-helix bundles (16),
four-α-helix bundles (17–20), beta sheet proteins (21), and mixed α/β
architectures (22, 23), as well as the design of highly stable and robust
designed proteins as models of hyperthermophilic enzymes (24–26).

At its current stage of development, de novo protein design has
evolved beyond the design of simple protein scaffolds to include the
incorporation of transition metal ion binding sites (27–29) with greater
biological import to impart their catalytic (30), structural (31, 32), reg-
ulatory (33), and electron transfer properties (34–36). These designed
metalloproteins provide biologically relevant ligands within a protein
scaffold as a bioinorganic model complex (37, 38) for the investigation
of fundamental chemical issues of metalloprotein assembly, structure,
and function under physiological conditions. As such, these novel met-
alloproteins provide a more elaborate ligand scaffold to the inorganic
coordination chemist for the design of metalloenzyme mimetics.

Given that hemes were one of the earliest recognized inorganic biol-
ogical cofactors having been structurally elucidated by Hans Fischer, it
is only fitting that they were one of the initial de novo design metallo-
protein targets. These novel designed heme proteins attempt to access
the diverse range of metabolic, regulatory, and structural roles that
hemes play in a multitude of biological systems. As an inherently con-
structive approach, the de novo design of heme proteins complements
site-directed mutagenesis studies of heme proteins (39–41), as well
as structure-based redesign efforts to modify natural heme proteins
(42, 43) and the total chemical synthesis (44–46) of natural metallo-
proteins. However, the use of de novo design protein scaffolds coupled
with automated solid-phase peptide synthesis (SPPS) (3, 47) offers the
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advantage that the choice of scaffold, sequence or liganding amino acids
is not strictly limited by biological constraints.

The focus of this review is on de novo designed proteins that bind a
metalloporphyrin, regardless of encapsulated metal or peripheral por-
phyrin architecture. The designed heme proteins are classified as to
whether their protein architecture contains a stable hydrophobic core
in the absence of heme (protein systems) or whether heme binding
induces folding and/or association of the peptide scaffold (peptide sys-
tems). Simple systems, containing single or multiple copies of one type
of metalloporphyrin, are reviewed before delving into the complex sys-
tems containing different types of hemes and hemes with other
biochemical cofactors. The chemical, physical, and spectroscopic prop-
erties of the designed heme proteins are compared to each other and
to natural systems to evaluate the success of the design concepts. The
redox chemistry of designed heme proteins is a fundamental facet of
their biological chemistry that is directly compared to that of natural
heme proteins and enzymes. Functional aspects, including the induc-
tion of protein secondary structure, dioxygen reactivity, and proton cou-
pled electron transfer, are discussed in light of recent papers that offer
insight into the details of peptide–porphyrin interactions. The mate-
rials science applications of de novo designed heme proteins are also
reviewed. Finally, this overview of the collection of de novo designed
heme proteins is presented so as to assess the current status of this
emerging field and areas in need of further research.

II. Natural Protein Engineering

Heme proteins are ubiquitous in biological systems, underscoring
their functional importance, which varies from biological energy con-
version (48) to programmed cell death (49, 50). As with all proteins,
the global fold of a protein lies at a free energy minimum and is fully
encoded within the amino acid sequence (51). The primary structure
folds into secondary structure elements such as α-helices and β-sheets,
which in turn form tertiary and quaternary structures. The bulk of
the driving force for the collapse of an amino acid chain into a singular
global protein fold is provided by the hydrophobic effect, with lesser con-
tributions from hydrogen bonding interactions and electrostatic effects
(1). In this section we survey three primary functions of heme proteins
(biological electron transfer, reversible dioxygen binding, and dioxygen
activation) to illustrate how the protein ligand greatly influences the
chemical properties of the bound heme. In fact, the multifunctional
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utility observed for the heme cofactor is not restricted only to hemes;
it is also becoming recognized in other inorganic cofactors such as the
iron–sulfur proteins (52). As such, this may represent how natural sys-
tems utilize to greatest advantage a limited collection of biochemical
cofactors and prosthetic groups, both inorganic and organic, with a
restricted number of global protein folds in a combinatorial manner.

A. ELECTRON TRANSFER

Cytochromes serve as electron donors and electron acceptors in biol-
ogical electron transfer chains, and with >75,000 members (53) they
provide the bulk of natural heme proteins in biology. Cytochromes may
be fixed into place within an extended electron transfer chain, such
as the membrane-bound bL and bH of the cytochrome bc1 complex, or
may be soluble and act as mobile electron carriers between proteins,
for example, cytochrome c (54). In either role, the cytochrome may be
classified by the peripheral architecture of the porphyrin macrocycle.
Figure 1 shows the dominant heme types in biological systems, which
are hemes a, b, c, and d, with cytochomes b and c being most prevalent.
The self-association of a protein with heme via two axial ligands is a

FIG. 1. Chemical structures of the predominant biological hemes illustrating their
respective peripheral architectures.
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common theme used in the construction of hemes a, b, and d. The incor-
poration of iron(protoporphyrin IX) signifies a b-type heme, such as the
bis-histidine ligated cytochrome b5 (55). Heme a, a derivative of heme b
that contains a formyl group and a farnesyl side chain on the porphyrin
periphery, is utilized only in terminal oxidases, such as cytochrome c
oxidase, and is the site of dioxygen reduction to water in aerobic respi-
ration. Cytochrome d of cytochrome cd1 (56), utilized both in respiration
and in denitrification, contains peripheral ketone groups. The covalent
attachment of the heme moiety via cysteine residues indicates a c-type
heme, such as cytochrome c, which also includes cytochrome f of the
cytochrome b6 f complex from plants (57). The covalent attachment of
the heme moiety to cytochromes c is affected by the highly conserved
-CXXCH- sequence, which not only affixes the heme macrocycle but also
provides an axial ligand, the histidine. Both of these biologically rele-
vant heme-protein construction methods, self-assembly and covalent
linkages, have been employed in de novo heme protein design.

As with any metalloprotein, the chemical and physical properties of
the metal ion in cytochromes are determined by the both the primary
and secondary coordination spheres (58–60). The primary coordination
sphere has two components, the heme macrocycle and the axial ligands,
which directly affect the bound metal ion. The pyrrole nitrogen donors
of the heme macrocycle that are influenced by the substitutents on the
heme periphery establish the base heme properties. These properties
are directly modulated by the number and type of axial ligands derived
from the protein amino acids. Typical heme proteins utilize histidine,
methionine, tyrosinate, and cysteinate ligands to affect five or six coor-
dination at the metal center.

The heme microenvironment is further established beyond its pri-
mary coordination sphere where the low dielectric protein interior al-
lows a multitude of factors to indirectly adjust the properties of the
bound heme. The simple act of inserting the heme into a low dielec-
tric environment destabilizes the formally charged ferric state alter-
ing the heme electrochemistry (61–63). Hydrogen bonding between the
primary coordination sphere and second shell amino acids plays crit-
ical roles in the push–pull mechanisms (64) of heme peroxidases (65)
and oxygenases (66). Steric hinderance with tightly packed hydropho-
bic cores may result in distortions of the porphyrin ring system, which
has been proposed to affect the spectroscopy (67) and electrochem-
istry (68) of c-type cytochromes. The local electrostatic field established
by coulombic charge interactions transmitted within low dielectric
hydrophobic cores has been calculated from the heme protein struc-
ture and generally found to agree with the observed trends in heme
reduction potentials (69, 70).
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FIG. 2. Comparison of the X-ray structures of (top) ferric cytochrome b562 (middle) apo
cytochrome b562, and (bottom) ferric cytochrome c′.

Since the primary structure of a peptide determines the global fold
of any protein, the amino acid sequence of a heme protein not only pro-
vides the ligands, but also establishes the heme environmental factors
such as solvent and ion accessibility and local dielectric. The prevalent
secondary structure element found in heme protein architectures is the
α-helix; however, it should be noted that β-sheet heme proteins are
also known, such as the nitrophorin from Rhodnius prolixus (71) and
flavocytochrome cellobiose dehydrogenase from Phanerochaete chrys-
osporium (72). However, for the purpose of this review, we focus on the
structures of cytochromes b562 (73) and c′ (74) shown in Fig. 2, which
are four-α-helix bundle protein architectures and lend themselves as
resource structures for the development of de novo designs.

Figure 2 shows the X-ray structure of Fe(III) cytochrome b562 at
1.4 Å resolution (73, 75, 76). The unit cell comprises two 106 amino
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acid four-helix-bundle monomers with 83% helical content. The helices
are each composed of 20–23 amino acids and pack inclined 20◦ to one
another into a left-handed twist. The heme binding residues, M7 and
H102, are found on the N-terminal and C-terminal helices, respectively,
and the heme propionates are oriented toward the solvent. An interest-
ing structural detail at the heme binding site is high-level interactions
between aromatic residues and the heme macrocycle. The phenylala-
nines (F61 and F65) form the top of a clamp with the tyrosines (Y101
and Y105) at the base with the heme macrocycle in between.

The apocytochrome b562 solution NMR structure is shown for compar-
ison (77). Apocytochrome b562 maintains the general overall topology
observed in the holo structure, but with significant loss of secondary
structure in the C-terminal helix that provides the histidine ligand.
Rearrangements of the interhelix hydrophobic packing lead to exposure
of the heme binding pocket to solvent. These structural differences be-
tween the apo and holo forms are not unique to cytochrome b562. The
binding of heme to apoproteins invariably induces formation of the fi-
nal structure, which is partially to completely disordered in the absence
of the heme macrocycle (78, 79). The binding of heme not only deter-
mines the final structure, it is also involved in the folding process with
adventitious ligand binding being a predominant misfolding event in
cytochrome c (80, 81).

Figure 2 also shows the X-ray structure of the Fe(III) cytochrome c′

monomer as determined to 1.67 Å resolution (74). The structure con-
sists of a pair of identical 128 amino acid four helix bundle subunits
containing 73% helical content. The helical regions are connected by
well-structured turn regions including a very short one between he-
lices C and D. The high-spin, five-coordinate histidine ligated heme is
covalently linked to helix D, the C-terminal helix, and is nestled in
a group of aromatic amino acids. The heme propionates are partially
buried within the interior of the protein with one hydrogen-bonded to
a conserved arginine on helix A. Finally, the similarities (82) between
cytochrome b562 and cytochrome c′ have been exploited for the conver-
sion of cytochrome b562 into a c-type cytochrome by the judicious choice
of cysteine mutants (83–85).

B. DIOXYGEN TRANSPORT

The first three-dimensional structure of a protein determined was the
dioxygen transporter myoglobin isolated from sperm whale in the ferric
form (86, 87). A 153 amino acid globular protein, myoglobin contains
eight helical regions (A to H) with a single heme bbound between helices
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E and F. The heme is coordinated to a single histidine residue, H8 of
helix F, via the Nε nitrogen with the sixth coordination site open for
reversible dioxygen binding, which binds in a bent geometry (88). The
prototype globin fold, myoglobin shares some stuctural similarity to the
subunits (2α and 2β) of the tetrameric hemoglobin (89). However, struc-
tural studies of a hemoglobin, FixL from Bradyrhizobium japonicum,
which serves as a dioxygen sensor in the nitrogen fixing bacteria demon-
strate a novel protein fold. In the FixL structure, the five-coordinate
heme b is bound to H200 on the central α-helix of a mixed α/β architec-
ture. The distal face of the heme macrocycle is protected from solvent
by a five-strand antiparallel beta sheet. The structure of FixL clearly
demonstrating that reversible dioxygen binding is plausable in non-
globin protein folds (90, 91).

C. DIOXYGEN ACTIVATION

Cytochromes P450 are a class of heme monooxygenases that cat-
alyze the hydroxylation of aromatic and aliphatic substrates by molec-
ular oxygen (92, 93). These heme proteins serve numerous critical bio-
chemical roles, including drug metabolism and steroid biosynthesis.
The structure of the soluble bacterial cytochrome P450cam with bound
camphor substrate consists of 414 amino acids in a mixed α/β protein
scaffold composed of 13 helical segments, helixA–helixL, connected by
loop regions and strands of β-sheet (64, 65). The thiolate ligated heme
resides buried in the protein interior, 8 Å from the protein surface, be-
tween the L-helix and the I-helix with the heme propionates in a cluster
of hydrogen bonding and charged residues. The mechanism of dioxygen
activation by cytochromes P450 has been explored using time-resolved
X-ray crystallography, which may provide insight into the functional
heme protein design (94).

The four-electron/four-proton reduction of dioxygen to water is car-
ried out by the terminal oxidases of the respiratory chain with the
concomitant pumping of protons across the membrane for use in ATP
synthesis (95). The bacterial (96) and mammalian (97) cytochrome c ox-
idases are membrane bound heme proteins containing four redox cen-
ters: the dinuclear CuA center, heme a, heme a3, and CuB. The CuA
center resides in the intermembrane space bound to subunit II close
to the proposed site of cytochrome c docking. The hemes, heme a and
heme a3, are equidistant from CuA and are buried within the mem-
brane spanning helices. The CuB site lies above the heme a3 macrocycle
forming the site of dioxygen binding and reduction.
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III. De Novo Heme Proteins

The goal of the de novo heme protein designer is to understand the
various factors that specify a singular global fold that suitably orients
amino acid ligands for heme ligation. Additionally, the heme protein
designer may wish to modulate the properties of the bound heme via
environmental factors such as solvent accessibility and local dielectric
that must be encoded in the primary structure. Because of the preva-
lence of α-helical heme proteins (98, 99) and the well-established rules
of de novo helix design (1, 2, 100–102), protein designers have utilized
helical scaffolds for de novo heme protein design. The full complement
of design strategies developed for scaffold design are being utilized for
heme protein design. For the purposes of this review, we differentiate
the designs into two groups based on the status of the hydrophobic
core in the absence of heme: heme–peptide systems and heme–protein
systems. Heme–peptide systems are those designs that are mostly un-
folded in the apo-state, and metal ligation induces the formation of sec-
ondary structure. These heme–peptide systems are generally smaller
than the corresponding heme–protein systems, which possess stably
folded hydrophobic cores prior to heme incorporation. Just as observed
in natural heme proteins, the incorporation of heme into either type
of system generally causes structural reorganization, since the metal
ligation and hydrophobic interactions of the heme with the protein are
intimately coupled to protein folding (78, 81, 103, 104).

A. PEPTIDE SYSTEMS

The coupling of short alanine based peptides based on the work of
Baldwin and co-workers (105–107) to hemes provides several related
heme–peptide systems whose minimal nature allow for detailed ex-
amination of the individual factors controlling heme protein function.
Benson’s initial report of the synthesis of a heme–peptide system re-
lied on the covalent attachment of lysine side chain amino groups in a
13 amino acid peptide to the propionic acids groups of iron(III) meso-
porphryin IX (108). Figure 3 shows the resulting di-α-helical heme con-
struct, termed a peptide-sandwiched mesoheme or PSM, and the mono-
α-helical construct that were utilized to study the induction of helical
structure by the porphyrin moiety and the factors contributing to in-
duced heme CD signals. Because of the diastereomeric nature of the
initial PSMs, the synthesis of iron(III) mesoporphyrin II, a C2 symmet-
ric heme, and its incorporation into PSMs has been described (109).



P1: FKH/ZBS P2: FXS/FXB QC: FKF/ABE T1: FKF

Advances in Inorganic Chemistry PS006-09 August 14, 2000 16:29 Stylefile version:April 24, 2000

418 GIBNEY AND DUTTON

FIG. 3. Chemical structures of (top) the peptide sandwiched mesoheme (PSM) and
(bottom) its monopeptide analog. Reprinted with permission from Ref. (108). Copyright
1995 American Chemical Society.

The mono-α-helical construct is reminiscent of the microperoxidases,
c-heme peptide conjugates derived from cytochrome c (110–112), and
provides the first examples of the design of five-coordinate hemes in
de novo heme design. A second synthetic strategy for the synthesis of
five-coordinate hemes is to affix both ends of the peptide to the por-
phyrin periphery. Geier and Sasaki utilized thioether linkages to bind
a 14 amino acid peptide to a modified free base tetraphenylporphyrin
(113). In an elegant approach, Karpishin and co-workers utilized Cu(II)
binding as the sites of peptide attachment to a Zn(II)–porphyrin (114).

In a covalent architecture related to the PSMs, Pavone and co-
workers have synthesized covalent heme–peptide conjugates, called
mimochromes, utilizing the free base of deuteroporphyrin (3,7,12,17-
tetramethylporphyrin-2,18-dipropionic acid) and a nine amino acid
peptide based on the β-chain F helix of human deoxyhemoglobin (115).
The resulting mimochrome architecture possess the advantage that the
synthetic method allows for the insertion of various transition metal
ions; to date these include Fe(III)/Fe(II) and Co(III) (116, 117). Figure 4
shows the NMR-derived solution structures of the resolved 3 and 1

isomers of the diamagnetic, exchange inert Co(III)–mimochromes (118).
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FIG. 4. Stereoscopic views of the (top pair) 1 and (bottom pair) 3 isomers of Co(III)
mimochrome I complex structure as determined by NMR spectroscopy. Reprinted with
permission from Ref. (118); copyright 1997 Wiley-VCH.
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TABLE I

COMPARISON OF DESIGNED HEME PROTEIN PROPERTIESa

Peptide Ligation motif Kd Em (mV vs NHE) Ref.

Heme peptide systems
PSM His/His CA ND 108
monopeptide-PSM His/- CA ND 159
porphyrin template 4 free base CA NA 113
Assembly I Zn (II) CA NA 114
Mimochrome I His/His CA ND 115
His-2α His/His mesoheme 119

3.5 µM ND
H2α-17 His/His mesoheme 121

91 nM ND
H2α (17)-L6 His/His mesoheme 123

178 nM
H2α (17)-L4 His/His mesoheme 123

137 nM ND
cH2α (17)-L4 His/His mesoheme 123

137 nM ND
H2α (17)-L4S His/His mesoheme 123

120 nM ND
cH2α (17)-L4S His/His mesoheme 123

100 nM ND
H2α-17-FF His/His mesoheme 120

21 nM ND
H2α-17-LV His/His mesoheme 120

333 nM ND
AA-A His/His a0.23 mM−2 Fe (CP-I) 125

−223
FF-Aib His/His a47 mM−2 Fe (CP-I) 125

−304
SS-Aib His/His a0.25 mM−2 Fe (CP-I) 125

−218 mV
Heme protein systems

VAVH25(S-S) His/His 700 nM −170 126
retro-(S-S) His/His 10 nM −220 126
[H10H24]2 His/His 200 nM, 3 µM −80, −130 127

−180, −230
[H10A24]2 His/His heme b heme B 127,

15 nM, 800 nM −170, −265 148,
160

heme a heme A
0.1 nM, 5 nM −45
mesoheme mesoheme
ND −196

[A10H24]2 His/His 800 nM, 20 µM −75, −205 127
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TABLE I (Continued )

Peptide Ligation motif Kd Em (mV vs NHE) Ref.

[H11A24]2 His/His 9.5 µM −166 168
[α-`-α]2 His/His 0.1 nM, 50 nM −110, −190 135

800 nM, 10 µM −235, −270
[α-`-α-SS-α-`-α] His/His 0.1 nM, 50 nM −110, −190 135

800 nM, 10 µM −235, −270
[H:α-`-α]2 His/His 35 nM, 135 nM −105, −220 149
[H:Fl-α-`-α]2 His/His 130 nM, 1.5 µM −153 149
Protein 86 His/Met 740 nM ND 137
Protein F His/His 12 µM ND 137
Protein G His/His 2 µM ND 137
DG-1 His/His 80 nM ND 139

TASP systems
MOP1 His/His <1 µM −110, −170 143
Ru-MOP2 His/His <1 µM −170 mV 150
Ru-MOP3 His/His <1 µM −164 mV 150

CA, covalently attached; ND, not determined; NA, not applicable.
a Expressed as a binding constant between peptide and metalloporphyrin forming a

2 : 1 complex.

These NMR structures reveal that the 1 isomer conforms to the de-
sign hypothesis, whereas the less regular peptide conformation of the
3 isomer forms an alternate structure.

The use of disulfide linked di-α-helical peptides for the self-assembly
of a heme–peptide model compounds has also been explored by Benson
et al. (109). Conceptually analogous to the larger heme-protein systems
utilized by Dutton and co-workers, to be detailed later, the incorpora-
tion of C4 symmetric Co(III)–porphyrins, based on coproporphyrin and
octaethylporphyrin, resulted in helical induction comparable to that
observed in the covalent PSM systems.

Mihara and co-workers (119–124) have prepared a variety of plat-
forms for de novo heme protein design, including utilizing a series
of disulfide linked di-α-helical peptides of variable length. The initial
designs contained helical regions of 14, 17, or 21 amino acids with
heme binding histidines at helical position 9 and homodimerized by
C-terminal β-Ala–Cys linkers. Consistent with protein design princi-
ples, the longer peptides were more helical in solution (123). The iden-
tity of the loop regions was altered in later designs by the incorporation
of GGGC loops on one or both ends of the helical regions with the bis-
disulfide linked di-α-helical peptide having the highest helical content
and greatest affinity for heme, Kd values of≈100 nM as given in Table I
(123). Incorporation of heme into some of these di-α-helical peptides
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results in assembly of tetrameric structures (eight helix bundles), il-
lustrating the ability of heme ligation to alter the preferred peptide
aggregation state (121).

Finally, Huffman et al. have described a peptide–heme system that
utilizes monomeric peptides containing a single histidine residue to
ligate Fe(III)–coproporphyrin in aqueous solution (125). The solution
spectroscopy of the peptide–heme coordination compounds is similar
to bis-histidine ligated Fe(III)–coproporphyrin. Although this system
bears the largest entropic barrier to complex formation, significant
peptide–heme binding constants lead to stable complexes that have
been electrochemically characterized (vide infra).

These minimalistic peptide scaffolds potentially provide a biologically
relevant laboratory in which to explore the details of heme–peptide
interactions and, with development, perhaps approach the observed
range of natural heme protein function. These heme–peptide systems
are more complex than typical small molecule bioinorganic porphyrin
model compounds, and yet are seemingly not as enigmatic as even the
smallest natural heme proteins. Thus, in the continuum of heme protein
model complexes these heme–peptide systems lie closer to, but certainly
not at, the small molecule limit which allows for the effects of single
amino acid changes to be directly elucidated.

B. PROTEIN SCAFFOLDS

Designed heme proteins potentially offer more diversity in peptide
scaffold compared to designed heme peptide systems because of the
presence of stably folded hydrophobic cores. As protein design advances,
the number and variety of global protein folds available for heme–
protein design will expand. In practice, however, the majority of protein
designers have so far limited themselves to a small subset of protein
architectures, most being based on four-α-helix bundles akin to those
originally described by Ho and DeGrado (100). The similarity of these
four-helix-bundle heme protein scaffolds facilitates comparison of their
properties, and the development of novel scaffolds remains an exciting
and demanding area of research as the field of protein design continues
to mature.

Two reports in 1994 began to develop the concepts of coordina-
tion chemistry based self-assembly of heme into designed protein scaf-
folds. In collaborative work, the laboratories of DeGrado and Dutton
provided two related architectures for de novo heme protein design
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based on Ho and DeGrado’s α2 peptide. Choma et al. (126) utilized
a series of helix–loop–helix peptides containing one histidine residue
dimerized via N-terminal cysteine residues to form monomeric four-α-
helix bundles with a single bis-histidine heme binding site. All of the
designs, including α2(S-S), which contained no potentially ligating histi-
dine residues, bound heme tightly enough to elute with the four-α-helix
bundles in size exclusion chromatography, which provided a dissocia-
tion constant (Kd value) estimate of 100 µM. Indeed, it was surprising
that the introduction of the histidine residues into α2(S-S) to produce
H25 did not yield a bis-histidine ligated heme as evidenced by optical
spectroscopy. The inclusion of histidine residues and introduction of a
hydrophobic cavity in VAVH25 enhanced the heme affinity to 700 nM,
given in Table I, with spectroscopic and electrochemical properties typ-
ical of bis-histidine ligated b-type cytochromes. The affinity for heme
was further improved to 10 nM in retro(S-S), shown in Fig. 5, which
was partially unfolded in the absence of heme.

In a contemporaneous report, Robertson et al. (127) introduced multi-
heme synthetic proteins using a helix–disulfide–helix monomer archi-
tecture containing one or two bis-histidine binding sites between the
parallel helices as shown in Fig. 6. These (α-SS-α) architectures sponta-
neously self-associate in solution to yield four-α-helix bundles,
(α-SS-α)2, with either two or four heme binding sites named [H10A24]2
and [H10H24]2, respectively. The design of the spacing of the heme
binding sites in (α-SS-α)2 was derived from an analysis of the known se-
quences of cytochrome bc1 complexes that contain a pair of bis-histidine
ligated hemes whose ligands are separated by 14 amino acids. In ad-
dition to the ligands, a phenylalanine (F17) placed directly between
the histidines (H10 and H24) and an arginine (R27) placed four amino
acids removed from one of the histidines were introduced by analogy
to the cytochrome bc1 respiratory complex. The H10, H10′ sites, clos-
est to the loop regions, bound heme tightly, Kd of 50 nM, with Fe(III)
and Fe(II) state optical spectra consistent with bis-histidine ligation.
The H24,H24′ sites bound hemes more weakly, Kd of 1–20 µM, with
elevated reduction potentials presumably due to destabilization of the
formally charged ferric heme by the presence of the positively charged
arginine residue at position 27. Furthermore, the 70–100 mV difference
between the pair of hemes at H10,H10′ (and also the pair at H24,H24′)
due to oxidized heme–oxidized heme electrostatics demonstrated the
presence of a low dielectric hydrophobic core in this model system.

Robertsonet al.definedtheseelaboratepeptide-basedinorganicmodel
complexes using a term extracted from art and architecture, maquette,
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FIG. 5. Top and side view of a retro(S-S) molecular model containing heme. Reprinted
with permission from Ref. (126). Copyright 1994 American Chemical Society.

a scale model of a sculpture or building. In the field of protein design,
a maquette is a functional synthetic protein that is simplified com-
pared to its natural counterpart. As physiologically relevant bioinor-
ganic model complexes, maquettes offer a minimal peptide/protein scaf-
fold in which to constructively study metalloprotein structure–function
relationships.

The (α-SS-α)2 architecture of Robertson et al. has shown wide utility
as a basis structure in the systematic design of ever more sophisticated
metalloprotein maquettes of the photosynthetic (36) and respiratory
complexes toward the goal of testing the fundamentals of biological
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FIG. 6. Molecular model of the H10H24 heme protein maquette with four hemes bound.
Reprinted with permission from Nature (127); copyright 1994, Macmillan Magazines Ltd.

electron transfer (128–130). Rabanal et al. (131) introduced a synthetic
method for the high yield construction of asymmetric disulfide bonds
that yielded the first (α-SS-α′)2 heme–protein architectures, which con-
tain two distinct helices per monomer. This synthetic protocol has led
to the development of a model of the bacterial photosynthetic reaction
center containing a free base porphyrin dimer appended to a four-α-
helix bundle containing up to four hemes (132).

The (α-SS-α)2 maquette architecture has also found utility in the apo-
state for the investigation of the amino acid determinants of conforma-
tional specificity in designed proteins. The systematic iterative redesign
of by (α-SS-α)2 Gibney et al. (133) has demonstrated the robustness of
this maquette scaffold as the variety of amino acid modifications did
not alter the four helix bundle global fold. In the apo-state, several of
these redesigns yielded NMR spectra typical of natural proteins, and
Fig. 7 illustrates the NMR derived solution structure of the (α′-SS-α′)
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FIG. 7. Stereoscopic view of the apo-maquette monomer, (α′-SS-α′), solution structure.
A superposition of the best solution structures derived from the NMR data is shown
with the hydrophobic core facing the viewer. Reprinted with permission from Ref. (20).
Copyright 1999 American Chemical Society.

monomer determined by Skalicky et al. (20). This study provided the
initial structural confirmation of the apo-maquette scaffold designs and
demonstrated that the tightly packed hydrophobic core did not contain
a cavity for the heme macrocycle. Furthermore, this NMR structure
serves as a modeling framework for the structure-based redesign of
metalloproteins.

The group of Dutton et al. (134, 135) has also expanded their heme
protein designs beyond the original (α-SS-α)2 system to include the
more common helix–loop–helix (α-`-α)2 architecture of de novo protein
design. The single peptide monomer, (α-`-α), contains two antiparallel
helical regions connected by a flexible loop region which self-assemble
in solution to yield the four helix bundle. These (α-`-α) monomers can
also be linked via an N-terminal disulfide to yield monomeric four helix
bundles of the generic (α-`-α-SS-α-`-α) fold similar to those of Choma
et al. (126). The reorganization of the peptide backbone in (α-`-α)2 has
been shown not to interfere with the binding or spectroelectrochemical
properties of the heme as long as the constellation of amino acids local
to the heme binding sites remains invariant. Furthermore, the flexible
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FIG. 8. Molecular model of Protein 86 heme complex showing the proposed His–Met
ligation sphere. Reprinted from Ref. (137); copyright 1997 with permission of Cambridge
University Press.

loop region provides a site for the incorporation of other inorganic cofac-
tors, such as [4Fe-4S] clusters (136), which are typically not observed
within helical bundles in biological systems.

In a novel approach, Rojas et al. (137) studied the binding of heme to
a combinatorial library of four-α-helix bundles designed based simply
on the pattern of hydrophobic and hydrophilic amino acids (138). The
use of histidine and methionine residues as hydrophobic amino acids in
the “binary code” strategy for de novo protein design provided a series of
30 distinct four-α-helix bundle sequences containing potential ligands
with the hydrophobic cores. Despite the a priori lack of precise heme
binding site design, the presence of multiple histidine and methionine
residues provides appreciable heme affinity for fully half of the peptides
studied; however, as observed by Choma et al. (126), the mere presence
of ligands does not elicit heme binding. The most fully characterized
heme protein of the library, protein 86 shown in Fig. 8, bound heme
tightly, Kd of 740 nM, and has resonance Raman spectra consistent with
histidine/methionine ligation. However, the presence of four methionine
residues and five histidines complicates the precise identification of the
liganding residues, which were deduced from molecular models and
remain to be confirmed in future detailed experiments.
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In an exciting new development, Isogai et al. (139) introduced the ini-
tial design of a globin fold using a computer-aided protein design algo-
rithm. The resultant 153 amino acid protein was designed based on the
myoglobin backbone fold, but contained only 26.1% sequence identity
to the natural protein. Consistent with the design, the characterization
of the recombinately expressed apoprotein, DG1, demonstrated that it
was monomeric and had secondary structure contents, a radius of gy-
ration and a global stability similar to those of myoglobin. DG1 bound
iron(III) heme with a Kd of 80 nM, but the reduced spectra demon-
strated the presence of some bis-histidine ligation to the ferrous iron as
well as the designed mono-histidine ligation motif found in myoglobin.
Clearly, the data validate the computational algorithm for de novo pro-
tein design and demonstrate a novel and significant global protein fold
for future heme protein design.

C. TASP SCAFFOLDS

Similar to their peptide–heme counterparts, several groups have uti-
lized covalent linkages between porphyrins and peptides to construct
heme–protein moieties. Since the covalent linkage restricts the entropy
of the system and may template the helical structure, these covalent
constructs are termed template assisted synthetic proteins, TASPs.
Åkerfeldt et al. (140) utilized a C4 symmetric tetrakis(carboxylphenyl)-
porphyrin derivative to covalently attach a hydrophobic α-helical se-
quence, (LSLBLSL)3, where B is α-aminoisobutyric acid, to yield a mem-
brane spanning, voltage independent proton channel. The use of the
template porphyrin not only increased the conductance lifetime from
<0.2 to 5 ms, it virtually eliminated the voltage dependence observed
with the parent peptide alone, demonstrating the considerable struc-
tural utility of the template.

A membrane peptide TASP based on the Mn(II) complex of tetrakis(o-
aminophenyl) porphyrin bound to hydrophobic helices containing a
covalently linked flavin was designed by Mihara et al. as an artificial
electron transfer system (141). The Zn(II) complex of this porphyrin
template was later elaborated with four identical helices containing
histidine residues for heme ligation by Ushiyama et al. (142). The pres-
ence of the covalently attached porphyrin induced helical structure in
the peptides and provided for heme binding as designed. However, the
binding of hemes caused the aggregation of the heme–protein system
into a complex containing three TASPs based on three Zn(II)porphyrins,
and nine hemes despite 12 heme binding sites per complex. This report
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FIG. 9. Molecular models of the TASP heme complexes, Heme-Ru-MOP2 and Heme-
Ru-MOP3 (150). Copyright 1998 National Academy of Sciences, USA.

clearly demonstrates the complicating influence that heme ligation can
exert over peptide secondary, tertiary, and quaternary structure.

Haehnel and Rau made use of a cyclic peptide template to synthesize
well-behaved four-α-helix bundle architectures composed of different
helices in an antiparallel arrangement (143). Using the orthogonal pro-
tecting groups available in SPPS, Rau et al. (143) initially synthesized
a four-α-helix bundle designed as a model for the core of the cytochrome
b6 f and bc1 complexes that shows sequence similarity to the maquettes
of Robertson et al. (127). Further elaboration of their synthetic method-
ology has yielded four-α-helix bundle TAPSs with three different helices
for the study of photoinitiated electron transfer reactions as shown in
Fig. 9. The recent extension to combinatorial synthesis of heme–protein
TASPs provides a wealth of designed heme proteins (144).

D. HEMES WITH OTHER COFACTORS

The presence of multiple different inorganic cofactors in a protein is
a common theme in natural metalloproteins, best exemplified by the
respiratory complexes, which may contain as many as 10 redox active
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cofactors within the protein matrix (145). The design of complex metal-
lopeptides, containing more than one type of biochemical cofactor, repre-
sents an area where de novo design potentially offers greater flexibility
than traditional small molecule coordination complexes if the engineer-
ing principles can be elucidated. Several key reports indicate the feasi-
bility of fabricating multicofactor metalloproteins using de novo design.
Two construction methods are currently available to the multicofactor
protein designer: self-assembly and covalent attachment. High-yield
self-assembly reactions allow for the incorporation of both cofactors
using of selective metal ion ligation motifs, whereas the covalent at-
tachment of one or both of the cofactors to the peptide scaffold obviates
the necessity for designed metal ion specificity. The following section
outlines two examples of each methodology illustrating the successful
design of complex metalloproteins.

Gibney et al. (136) illustrated the feasibility of combining different
bioinorganic cofactors within the same maquette scaffold using the
inherently different coordination geometric and ligand preferences of
hemes and iron–sulfur clusters. Building on the success of the four
heme binding, four-α-helix bundles, a cysteine rich [4Fe–4S]2+/+ bind-
ing site was designed into the loop region of a helix–loop–helix peptide
using insight drawn from natural ferredoxin proteins. The resulting
helix–loop–helix peptide self-associated in solution to yield a four-helix
bundle capable of binding two [4Fe–4S]2+/+ clusters and four hemes,
as shown in Fig. 10. In addition to the construction of this complex oxi-
doreductase maquette, the authors have since utilized the 16 amino acid
ferredoxin maquette, the excised loop region, to investigate the minimal
protein design principles critical to [4Fe–4S]2+/+-peptide assembly and
stabilization in aqueous solution (146, 147). Thus, the design and con-
struction of complex oxidoreductase maquettes can be achieved using
the intrinsic ligand and geometric preferences of the transition metal
ions.

Identical ligation motifs may also be used for the binding of different
cofactors if the kinetics of cofactor exchange are appropriate. Using a
diheme maquette scaffold, Gibney et al. (148) have constructed a ma-
quette with two different types of heme, heme b and heme a, as an
initial model complex for the cytochrome ba3 type oxidases. Despite the
equivalence of the heme binding sites, related by a twofold symmetry
axis, addition of 1 equiv of either heme type followed by addition of 1
equiv of the other heme type results in the exclusive formation of the
mixed heme maquette as evidenced by detailed electrochemistry. Any
entropic driving force for the rearrangement of the hemes to yield a
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FIG. 10. Molecular model of the ferredoxin–heme maquette containing four hemes and
two [4Fe–4S] clusters (136). Copyright 1996 National Academy of Sciences, USA.

statistical mixture of heme type combinations in the proteins is effec-
tively combated by the tight binding Kd values and slow dissociation
kinetics of the hemes. The simple order of addition can direct the forma-
tion of mixed cofactor metalloproteins in cases with slow dissociation
kinetics.

In contrast to the use of self-assembly reactions and metal ion
coordination preferences to direct the construction of mixed cofactor
systems, the use of SPPS or selective chemical ligation allows for the
direct covalent attachment of cofactors for the construction of mixed
cofactor systems within de novo design. Figure 11 shows the flavocy-
tochrome maquette constructed by Dutton and co-workers (149) us-
ing a flavin moiety covalently attached to a unique cysteine residue
inside a four helix bundle with bis-histidine binding sites for heme
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FIG. 11. Molecular model and electron transfer kinetics of the flavocytochrome ma-
quette containing two bis-histidine ligated hemes and two covalently bound flavins (149).
Copyright 1998 National Academy of Sciences, USA.

incorporation. The direct covalent attachment of the flavin obviated
the necessity for the construction of a specific flavin binding domain,
thus simplifying the construction of the designed protein. The utility
of this type of system for the constructive study of biological electron
transfer was illustrated by the photoinduced electron transfer between
the flavin and a bound heme of suitable reduction potential, 1-methyl-
2-oxomesoheme XIII (Em8 of -30 mV vs NHE), on the 100-ns time scale.

In a contemporaneous report, Rau et al. (150) illustrated the con-
struction of two TASPs, MOP2 and MOP3 shown in Fig. 9, containing
pendent ruthenium tris-bipyridyl complexes designed to act as pho-
toinitiatior for electron transfer to the heme bound in the interior of
the bundle. Although the electron transfer kinetics could not be ex-
tracted because of complicating parallel processes, the data clearly
demonstrate that the electron transfer is faster in Heme-Ru-MOP3,
which has the shorter modeled ruthenium tris-bipyridyl to heme dis-
tance in accordance with electron transfer theory (129). These two ex-
amples of electron transfer donor-to-heme systems illustrate the ben-
efits of using a constructive protein design approach to begin to test
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hypotheses about the fundamental factors involved in biological elec-
tron transfer.

Although the direct covalent attachment of cofactors obviates the ne-
cessity for selective cofactor binding sites or appropriate binding kinet-
ics for the construction of mixed cofactor systems, it is not incompatible
with them leaving room in the future for the design of more elaborate
multicofactor systems, as will be needed to make models of more com-
plex metalloproteins such as the respiratory complexes, which contain
as many as 10 redox cofactors. The design of such systems will undoubt-
edly provide keen insight into the structure and function of complex
metalloproteins that cannot be easily accessed using bioinorganic com-
plexes in isotropic solution, demonstrating a clear advantage of de novo
metalloprotein design.

IV. Physical/Electrochemical Studies of de Novo Designed Heme Proteins

The heme moiety provides de novo designed heme proteins with an
intrinsic and spectroscopically rich probe. The interaction of the amide
bonds of the peptide or protein with the heme macrocycle provides for
an induced circular dichroism spectrum indicative of protein–cofactor
interactions. The strong optical properties of the heme macrocycle also
make it suitable for resonance Raman spectroscopy. Aside from the
heme macrocycle, the encapsulated metal ion itself provides a spec-
troscopic probe into its electronic structure via EPR spectroscopy and
electrochemistry. These spectroscopic and electrochemical tools provide
a strong quantitative base for the detailed evaluation of the relative
successes of de novo heme proteins.

A. INDUCED CIRCULAR DICHROISM SPECTROPOLARIMETRY

OF THE HEME GROUP

Monomeric hemes possess a mirror plane and are hence achiral (151).
Incorporation of the heme macrocycle into the anisotropic protein ma-
trix distorts the heme environment, inducing a circular dichroism spec-
trum (57, 152, 153). From the design standpoint, the presence of an
induced heme CD spectrum qualitatively confirms intimate communi-
cation between the heme and the surrounding protein matrix, which
indicates the heme is most likely specifically bound. This spectroscopic
signature serves as a first indication that the heme resides within
the designed protein scaffold and has been used by various groups to
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confirm the design concept (108, 115, 122, 142, 154, 155). Additionally,
Gibney et al. (135) utilized induced heme-CD to characterize the bind-
ing of exogenous ligands to the Fe(III) and Fe(II) hemes within the
maquette.

B. RESONANCE RAMAN SPECTROSCOPY

Resonance raman (rR) spectroscopy of heme proteins is highly sen-
sitive to the structure of the macrocycle and its interactions with the
anisotropic protein matrix (156–158). Since the method relies on the
optical properties of the heme macrocycle rather than the iron oxida-
tion state, it can yield information in both heme oxidation states. Res-
onance Raman spectroscopy has been utilized by a variety of groups
to demonstrate the success of the initial design concept by illustrating
that the rR spectrum is consistent with the intended design (116, 139,
159–161). In a detailed rR study of the various hemes in the [H10A24]2
maquette scaffold, Kalsbeck et al. (162) demonstrated that the ketones
of the bound heme variant, 1-methyl-2-oxomesoheme XIII, reside in
a local environment more hydrophobic than CH2Cl2 or DMSO, illus-
trating the presence of a low dielectric peptide interior. Additionally,
the rR of heme in [H10A24]2, containing ferric protoheme III, showed
vibrational bands consistent with the existence of one high-spin five-
coordinate heme due to steric interactions between the vinyl groups
of juxtaposed hemes. Thus, the rR data clearly indicate the presence
of a sterically constrained low dielectric hydrophobic core in the ma-
quette scaffold. Resonance Raman spectroscopy has also demonstrated
its utility in assaying the combinatorial heme protein library of
Rojas et al., where it has identified the initial His/Met ligation motif in
de novo heme protein design in the reduced state rR of Protein 86
(shown in Fig. 8) (137).

C. EPR SPECTROSCOPY

Electron paramagnetic resonance (EPR) spectroscopy is one of the
primary tools for elucidating the primary coordination sphere of ferric
hemes. Whereas optical and CD spectroscopies investigate the iron ions
via the porphyrin macrocycles, EPR spectroscopy directly probes the en-
capsulated metal ion. Since the ligand field strength of the strong-field
porphyrin ligands is not great enough to force low-spin states of Fe(II)
and Fe(III), the EPR spectra of Fe(III) hemes are indicative of the axial
ligands bound to the metal (163, 164). In general, the widely utilized
bis-histidine coordination motif of de novo heme protein design should
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yield low-spin Fe(III) with rhombic EPR spectrum g-values between
3.8 and 1.0, whereas high-spin hemes are generally five-coordinate dis-
playing axial EPR spectra with g⊥ ≈ 6 and g|| ≈ 2.0.

The vast majority of designed heme–peptide and heme–protein com-
plexes yield rhombic low-spin ferric EPR spectra (typically observed
g-values 2.95, 2.25. 1.54) consistent with their utilization of bis-histidine
coordination of the heme iron (125, 126, 162, 165). These low-spin EPR
spectra are indicative of bis-histidine ligated hemes with virtually par-
allel histidine planes (166). One detailed report of EPR and ENDOR
(electron nuclear double resonance) spectra has demonstrated the par-
allel orientation of the histidine planes in a TASP-based diheme four-
helix bundle, MOP, with a minor subpopulation of highly anisotropic
low-spin ferric heme (1% of spins) with twisted or tilted histidine planes
(167). Axial high-spin spectra (g-values of 6.0 and 2.0) consistent with
pentacoordinate iron(III) has also been reported sometimes, consistent
with the design (159) and sometimes consistent with loss of a single his-
tidine ligand to form a peptide-bound five-coordinate heme (116, 126)
or loss of both histidine ligands leading to heme dissociation from the
designed heme binding site (168).

D. ELECTROCHEMISTRY

The characteristic reduction potential (Em) of a cytochrome is a fun-
damental property critical to its biological function of mediating elec-
tron transfer. Since the reduction potential directly reflects the relative
stabilization of the Fe(II) and Fe(III) states of the bound heme, the
base electrochemical properties of cytochrome class are set by the por-
phyrin macrocycle and adjusted by the primary coordination sphere
of the encapsulated iron ion and the protein environment. As such,
the reduction potentials of natural cytochromes, which span a range
of nearly a full volt (24 kcal/mol) (169, 170), demonstrate exceptional
control of the Fe(II)/Fe(III) equilibrium. Thus, the reduction potentials
of designed heme proteins potentially provide direct insight into the
heme microenvironment as well as the success of their respective de-
signs. However, despite the importance of the reduction potential in
comparing designed proteins to each other and to natural cytochromes,
many designed heme proteins that purport to be cytochrome models
have not been studied electrochemically.

In the smaller peptide systems, only three reports containing heme
peptide reduction potentials have been published; however, this limited
data set reveals two important aspects of cytochrome design. Figure 12
shows that Huffman et al. (125) have convincingly illustrated a direct
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FIG. 12. Correlation between peptide hydrophobicity and both the free energy of liga-
tion and equilibrium reduction potential in Fe(III)–coproporphyrin I–peptide complexes.
Reprinted with permission from Ref. (125). Copyright 1998 American Chemical Society.

correlation between the reduction potential of the iron ion vs NHE and
the relative hydrophobicity of their heme–peptide coordination com-
plexes. This clearly shows that a more hydrophobic peptide has a higher
affinity for ferric heme, a feature also observed by Sakamoto et al. (120),
and yields a more negative reduction potential vs NHE. Kennedy et al.
(171) demonstrate using a covalently linked heme in a PSM scaffold that
stabilizing the designed peptide secondary structure, using aromatic–
porphyrin interactions or an organic cosolvent, results in a lowering of
the bis-histidine ligated heme reduction potential. Thus, stabilization of
the protein fold, using hydrophobic amino acid–macrocycle interactions
or an organic cosolvent, leads to lower heme reduction potentials in
heme–peptide systems. Clearly, more data are required before general
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principles on how peptide systems establish heme reduction potentials
can be extracted.

In contrast to the peptide systems, there exists a somewhat more ro-
bust literature on the electrochemistry of hemes in the larger protein
systems that provides a wealth of insight into how proteins modulate
the reduction potential of heme cofactors. A variety of groups have re-
ported the reduction potential of various hemes in four-a-helix bundle
architectures, which is beginning to reveal the fundamental factors that
control heme reduction potentials.

The first general principle is that the type of metalloporphyrin incor-
porated into a designed protein or natural cytochrome offers a method
to adjust the reduction potential of the heme. Sharp et al. (149) have
demonstrated that a synthetic heme, 1-methyl-2-oxomesoheme XIII,
incorporated into a designed heme protein has a reduction potential
90 mV higher than the same protein with heme b. Additionally, Gib-
ney et al. (148) have illustrated that heme a has a reduction poten-
tial 160 mV higher than heme b in the identical protein scaffold. This
heme-dependent effect provides protein designers with a predictable
modulation of the heme reduction potential in a synthetic protein.

The second general principle that is evident from the literature is that
incorporating a heme into a protein with a stably folded hydrophobic
core invariably results in an elevation in the reduction potential as com-
pared to the Em of the bis-imidazole ligated heme in aqueous solution
(−235 mV vs NHE). This Em differential can be as great at 150 mV,
representing up to 4 kcal/mol destabilization of the formally charged
ferric form within the hydrophobic core. This finding directly contrasts
with the result that incorporating a heme into the heme peptide sys-
tems results in a lowering of the Em value relative to bis-imidazole
ligated heme in aqueous solution, because of stabilization of the ferric
iron by the strong field ligands. This simple comparison clearly delin-
eates the fundamental difference between heme peptide systems and
heme protein systems and indicates that principles learned from one
type of design system may be obscured or overriden by different factors
in other designed heme proteins.

The third principle observed in designed heme protein systems is
that local electrostatics can have a significant impact on the measured
heme reduction potential values. The initial heme protein maquette
work demonstrated the elevation of heme reduction potentials using
local charges, based on both amino acids, Arg+, and adjacent oxidized
hemes, [Fe(III)(por)]+. In the case of heme-amino acid electrostatic in-
teractions, Robertson et al. (127) concluded that the presence of an argi-
nine four amino acids removed from the histidine ligand, -HEERL-,
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resulted in a 50 mV increase in Em due to charge–charge repulsion
that destabilizes the formally charged ferric heme. The second type of
charge–charge electrostatic interaction is derived from pairs of adjacent
oxidized hemes, Fe(III)-to-Fe(III) distance of ≈13 Å. This heme–heme
interaction of 80–110 mV is transmitted through the low dielectric hy-
drophobic core of the protein scaffold and demonstrates heme–heme
proximity, which has been utilized not only to determine the global
topology of the oxidized diheme protein maquettes, but also to cause a
massive protein conformational change (172, 173).

Local charge compensation of the formally charged Fe(III) heme, as
discussed more fully in a later section, demonstrates a significant mod-
ulation (≈210 mV) of the heme reduction potential in a designed heme
protein. This scaffold-dependent effect has been shown to be additive
to the heme-dependent effect of porphyrin peripheral architecture to
demonstrate the modulation of a designed heme protein reduction po-
tential by 450 mV using a single maquette scaffold.

These fundamental studies into the heme protein reduction poten-
tial provide protein designers not only with greater predictability in
designing the reduction potential of designed cytochrome models, but
also with guidelines and concepts to decipher the results to redox ac-
tivity in combinatorial heme protein libraries (137, 144). Additionally,
good control of heme reduction potentials opens new possibilities; for
instance, this will be critical for the construction of air-stable ferrous
hemes necessary for dioxygen transport functions or designing catalytic
redox functions.

The rich spectroscopy and electrochemistry of the heme moiety yields
a wealth of opportunities for the de novo heme protein design to evaluate
the success of the heme binding site design. Combinations of these spec-
troscopic and electrochemical methods are elucidating the structure
and function of de novo heme proteins and illustrating that they serve
as excellent bioinorganic model complexes for simple cytochromes.

V. Functional Aspects

A. HELIX INDUCTION

The substantial free energy available in the binding of hemes into
natural proteins is frequently harnessed to fold or stabilize the final
protein structure as observed in the differences in the apo- (77) and
holo-structures (73) of cytochrome b562 shown in Fig. 2. Although de-
tailed thermodynamic studies of natural heme proteins are beginning
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to reveal the energetics of heme binding (79, 174), the use of smaller
peptide systems that do not possess stably folded hydrophobic cores in
the absence of bound heme allows for the detailed characterization of
the effect of heme binding on protein folding as evidenced by secondary
structure content. These studies done in concert with studies of natu-
ral heme proteins may help delineate the forces responsible for met-
alloprotein stabilization. Sucess will inevitably provide a fundamental
understanding of the porphyrin macrocycle–peptide and ligand–metal
energetics and will provide useful comparison with the better-developed
energetics of protein–protein interactions of de novo design (2).

Benson and co-workers in a series of manuscripts have investi-
gated the induction of helical structure within their designed peptide-
sandwiched mesoheme (PSM) systems. Their initial report (108) il-
lustrates the stabilization of the designed helical peptide fold by the
covalent attachment of iron(III) mesoporphyrin IX, a variant of heme
b with the vinyls reduced to ethyl groups. The apo-peptide existed as a
random coil in solution, whereas after heme attachment the peptide was
52% helical and showed optical spectra consistent with bis-histidine li-
gation. The moderate helical content of the PSM could be increased to
97% helix in the presence of organic cosolvents such as trifluoroethanol
or isopropanol that stabilize helical structure. Consistent with metal
ion ligation-derived stabilization of the peptide fold, loss of the ligands
by protonation of the histidine residues resulted in loss of helical con-
tent. Further studies have illustrated that other metalloporphyrins,
for instance cobalt(III) porphyrins and symmetric iron(III) porphyrins,
and other peptide architectures, such as the helix–disulfide–helix, can
also be utilized to study helix induction. Appropriately placed aroma-
tic amino acids that form hydrophobic interactions with the heme moi-
ety analogous to those observed in ferric cytochrome b562 (73) can be
used to stabilize the helix conformation (155).

The energetics of peptide–porphyrin interactions and peptide ligand–
metal binding have also been observed in another self-assembly system
constructed by Huffman et al. (125). Using monomeric helices binding
to iron(III) coproporphyrin I, a fourfold symmetric tetracarboxylate por-
phyrin, these authors demonstrate a correlation between the hydropho-
bicity of the peptide and the affinity for heme as well as the reduction
potential of the encapsulated ferric ion, as shown in Fig. 12. These data
clearly demonstrate that heme macrocycle–peptide hydrophobic inter-
actions are important for both the stability of ferric heme proteins and
the resultant electrochemistry.

Mihara and co-workers (120, 123) have shown in a self-assembly sys-
tem composed of a helix–disulfide–helix and an iron(III) mesoporphyrin
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IX that heme ligation increases not only the helical content of the pep-
tide scaffold but also the aggregation state. Furthermore, the observed
increase in helicity, from 54% to 85%, could be reversed by the addition
of cyanide ion, which inhibited histidine coordination. Additionally, in
the absence of heme, the peptide exists as monomeric helix–disulfide–
helix unit that forms a tetramer upon addition of 1 equiv of heme per
binding site, demonstrating the influence that the binding of hemes can
have on protein structure. This is further demonstrated by a report by
Mihara in which a peptide that forms b-sheet aggregates converts to a
tetramer of helix–disulfide–helix peptides upon the addition of a single
equivalent of heme per binding site (175). These studies clearly indicate
that iron porphyrin binding to peptides can exert a large influence on
peptide secondary structure and aggregation state that, if controlled,
can be used to stabilize desired structures.

B. ENGINEERING PRINCIPLES FOR HEME PROTEIN DESIGN

One of the unique advantages of the constructive methodology of de
novo heme protein design is the direct evaluation of the engineering
principles and tolerances in heme protein design. Although the liter-
ature demonstrates a variety of successful heme protein designs, the
limits of this apparent success and the reasons for it are necessary
to evaluate the relative impact of hydrophobic interaction and heme
ligation energetics to improve future designs. Such studies may prove
critical to our understanding of the design of heme proteins with tighter
heme affinity, which may allow for the design of heme proteins with va-
cant coordination sites as models of peroxidases and oxygen transport
proteins. Heme affinity clearly illustrates the relative failure of de novo
heme protein designs, because the best current designs bind heme a
factor of 105 more weakly than myoglobin (176), and some successful
designs bind heme more weakly than does bovine serum albumin (177),
an adventitious heme binding protein.

Growing from the original report by Williamson and Benson (178),
there is consensus that the presence of aromatic residues one heli-
cal turn removed from the heme histidine ligand results in greater
stabilization of the peptide architecture due to edge-to-face aromatic-
porphyrin hydrophobic interations, which leads to tighter heme bind-
ing. This specific case of aromatic-porphyrin hydrophobic interactions,
which has recently been demonstrated by H/D exchange rates as well
as CD and NMR spectroscopy of the diamagnetic Co(III) PSM analogs
(155), may be generalizable, as both Sakamoto et al. (171) and
Huffman et al. (125) demonstrate significant correlations between the
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relative hydrophobicities of the peptides and heme binding constants,
with peptides containing aromatics having the highest relative hy-
drophobicities and tightest heme binding constants. The hydrophobic
interaction of the heme with these peptide systems is evident due to the
lack of a stable hydrophobic core and is certainly obscured in the larger
designed heme protein systems. Whether these heme macrocycle–aro-
matic interactions, commonly observed in natural heme proteins, can
be utilized to optimize heme binding in larger protein systems where
protein–protein hydrophobic interactions may interfere remains to be
resolved with future research.

In terms of optimal ligand arrangement, Arnold et al. (159) and
Gibney and Dutton (168) have evaluated their initial designs to demon-
strate the engineering tolerances of their respective systems. In the
peptide sandwich mesoheme system, reducing the spacing between the
covalent attachment site, lysine, and the heme ligand, histidine, leads
to increased springboard stain in the system (159). In two cases helix
formation is incompatible with histidine ligation to the iron in the heme,
which results in a bis-histidine liganded heme with a random coil pep-
tide conformation rather than a helical protein without bis-histidine
heme ligation, illustrating the comparative energetics of ligation to the
heme and peptide folding. Additionally, the lack of optimal design in the
helical state is evidenced by the increased susceptibility of these PSMs
to proton competition, and by the presence of more high-spin Fe(III)
in their EPR spectra and UV-vis spectra consistent with the loss of a
ligand in the ferrous state to form five-coordinate PSMs. Thus, these
PSM studies illustrate the control of protein conformation by the coor-
dination preferences of the transition metal ion.

In a larger protein system, Gibney and Dutton tested the initial heme
protein maquette scaffold design by evaluating the heme binding prop-
erties of a series of related peptides with histidines in various positions
(168). Moving the histidines through an entire heptad repeat validated
the original design of a heptad a–heptad a bis-histidine heme binding
site that bound heme 600-fold more tightly than any of the other bis-
histidine sites studied. However, molecular models indicated that the
second tightest heme binding protein in the series, [H11A24]2, which
bound a single heme with a 9.5 mM Kd, required significant deformation
of the helices to bind the heme. Thus, these two reports illustrate that
the energetics of metal–ligand bonding in heme binding may in some
cases compensate for nonoptimal designs. Furthermore, these studies
demonstrate the rather narrow engineering tolerances of these de novo
designed protein architectures, where moving an amino acid one posi-
tion away leads to compromised heme binding.
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C. DIOXYGEN REACTIVITY

The interaction of natural heme proteins with dioxygen is critical to
aerobic life in that it provides for both the capture and transport of
dioxygen to tissues as well as the 4e−/4H+ reduction of dioxygen in
terminal oxidases requisite for life. Although vital to the survival of
aerobic organisms, the design of a dioxygen binding protein represents
a daunting challenge to the de novo heme protein designer. Recently,
small molecule inorganic coordination compounds have been designed
that perform both the reversible dioxygen binding and the 4H+/4e−

reduction of dioxygen to water in isotropic solution (179, 180); however,
designed protein systems are in their infancies with respect to this
synthetic challenge, as they both require an open coordination site at
the heme for the binding of dioxygen.

The interaction of dioxygen has been observed in several systems,
mostly due to autooxidation of ferrous hemes with dioxygen, but only
characterized in a few instances. Sakamoto et al. (119) have illustrated
peroxidase-type activity using a helix–disulfide–helix system that binds
a single heme as shown in Fig. 13. The initial communication illustrated
that the addition of an organic cosolvent, trifluoroethanol, increases
the helical content of the peptide, the affinity for heme (1.7 µM Kd at
maximal affinity, 15% TFE), and the peroxidase activity (conversion of

FIG. 13. Accelerated kinetics of formaldehyde formation observed in the presence of
His-2α compared the free hemin in 100 mM Tris·HCl buffer (pH 7.4) with 15% (v/v) TFE
(119). Reproduced with permission of The Royal Society of Chemistry.
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N,N-dimethylanaline into formaldehyde), eightfold higher than those
of heme in isotropic solution. Furthermore, the reaction was charac-
terized to be rate limited by the interaction of hydrogen peroxide with
the heme. In a more recent design series, an inverse correlation was
demonstrated between heme affinity and peroxidase-type reaction, con-
version of o-methoxyphenol into tetraguaiacol. These data, and those of
Nastri et al. (116), illustrate that tightly bound six-coordinated hemes
are incompetent for peroxidase activity and indicate that future de-
signs of five-coordinate heme–proteins or heme–peptides, such as the
monopeptide PSM analogs synthesized by Arnold et al. (159), may hold
promise for developing designed heme based biocatalysts.

D. PROTON COUPLED ELECTRON TRANSFER

The oxidation/reduction of redox cofactors in biological systems is
often coupled to proton binding/release either at the cofactor itself or
at local amino acid residues, which provides the basic mechanochem-
ical part of a proton pump such as that found in cytochrome c oxi-
dase (95). Despite a thermodynamic cycle that provides that coupling
of protonation of amino acids to the reduction process will result in a
60 mV/pH decrease unit in the reduction potential per proton bound
between the pKa values in the Fe(III) and Fe(II) states, the essential
pumping of protons in the respiratory complexes has yet to be localized
within their three-dimensional structures.

Using a heme protein maquette with a single heme bound, Shifman
et al. (160) investigated the amino acid side chain responsible for the ob-
served redox–Bohr effect, which resulted in a 210-mV change in the re-
duction potential between pH 4 and 11 as illustrated by Fig. 14. The
stability of the maquette over the wide pH range studied was critical to
these studies, as was the robustness of the scaffold, which withstood var-
ious alterations without changing aggregation state or ability to bind
heme, further illustrating the utility of de novo designed heme proteins.
The majority of the proton/electron coupling was localized to a single
glutamate with a pKa

ox of 4.25 and a pKa
red of 7.0, regardless of the

number or type of heme bound, one or two hemes b or its dimethyl ester
derivative. Studies of glutamate (R–COO−) to glutamine (R–CONH2)
variants of this protein localized the majority of the effect to Glu11,
one amino acid from the histidine heme ligand H10. The minor effect
(60 mV) observed at high pH (>8) was assumed to be localized to lysine
residues. Since the proton coupling is a function of the scaffold and not
the iron porphyrin ligated as shown by Shifman et al. (181) and many
of the designed heme proteins based on DeGrado’s a2 architecture have
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FIG. 14. pH dependence of the heme reduction potential vs NHE in the heme protein
maquette, [H10A24]2, demonstrating the 210 mV range of Em observed between pH
4 and 11. Data for Fe(protoporphyrin IX, filled squares) and Fe(protoporphyrin IX
dimethyl ester, open circles) are shown. Reprinted with permission from Ref. (160);
copyright 1998 American Chemical Society.

a glutamate residue adjacent to the iron ligating histidine, analogous
to the H10E11 sequence in the maquette, these other designs may also
have similar pH-dependent Em values, demonstrating the importance of
specifying the pH at which the Em is measured. Additionally, heme pro-
tein systems based on Baldwin-type helices may have different Em/pH
behavior, which might be uniform between the various designs. Con-
sistent with the first assertion, a related heme maquette has identical
pKa values despite a lower reduction potential in solution (182).

E. MATERIALS SCIENCE APPLICATIONS

The robust scaffolds of designed heme proteins, their redox tunabi-
lity, and their modular nature are attractive properties for the rational
design and construction of biomolecular materials that may include
bioelectronic devices such as biosensors and biological memory stor-
age devices. Engineering biomaterials requires a reliable methodology
for the attachment of the redox protein to the desired surfaces in an
ordered array and retention of the desired chemical and physical prop-
erties of the protein. The high fidelity coupling of redox active proteins
onto electrode surfaces with high surface coverages in regular arrays
has been approached using both self-assembled monolayer (SAM) and
Langmuir–Blodgett (LB) methodologies. Although the chemical reac-
tions requisite for SAM construction generally offer control of the heme
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protein surface orientation, recent research with LB films demonstrates
methods to control the orientation of designed heme proteins in the
final LB films using the attachment of hydrophobic tails and engineer-
ing the external electrostatic interactions. Once constructed, the reten-
tion of optical and electronic properties similar to those observed in bulk
solution is critical to the eventual applications of these biomaterials.
Advances in the rational design of protein–surface interactions coupled
with control of the electronic properties of designed heme proteins in so-
lution and translated onto surfaces reveals a fertile area of continuing
research toward bioelectronic devices.

1. Langmuir–Blodgett Monolayers

The construction of ordered protein arrays on surfaces using
Langmuir–Blodgett techniques has been extensively studied using nat-
ural electron transport proteins. The advantage of the LB technique
resides in the fact that the proteins can be ordered prior to transfer to
substrate using surface pressure and that the transfer process can be re-
peated to build up multilayer assemblies. In a pair of papers, Dutton and
co-workers (183, 184) have initiated the use of LB techniques as a fea-
sibility study into the design bioelectronic devices based on de novo
designed heme proteins. Using a dimeric heme protein maquette scaf-
fold and one modified with a N-terminal palmitoyl chain, Chen et al.
observed the dissociation of the dimeric protein scaffold into di-a-helical
peptide monomers on the air–water interface of the Langmuir trough.
Interestingly, these dihelix peptides retained their secondary structure
and heme binding ability after transfer to quartz or CaF2 substrates.
Linear dichroism of the hemes showed they were well ordered with a 40◦

angle between the heme plane and the substrate surface. Furthermore,
the palmitoylated heme protein maquette formed a two-dimensionally
ordered array when transferred at high surface pressures that exhib-
ited properties of a polarizer, as illustrated in panel D of Fig. 15.

Utilizing both a novel de novo designed heme protein maquette ar-
chitecture and the pattern of external electrostatic charges on the heme
protein maquette, Chen et al. (184) have been able to engineer the trans-
fer of an intact four-helix-bundle scaffold onto an LB film with the de-
sired final orientation. Despite the use of the monomeric (a-`-a-SS-a-
`-a) heme protein maquette architecture, the forces at the air–water
interface still dissociated the hydrophobic core of the bundle, exposing
the interior to the air. Only when the external electrostatic charges
were radically redesigned by placing all negatively charged glutamates
on one helix with all positively charged lysine residues on the adjacent
helix, (a+-`-a−-SS-a+-`-a−), did the protein retain the four-helix-bundle
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FIG. 15. Representation of the molecular orientations of LB films of heme maquettes.
Transfer of the N-terminal palmitoylated maquette at high pressures, panel D, leads to a
film with polarizer properties. Reprinted with permission from Ref. (183); copyright 1998
American Chemical Society.

structure on the air–water interface; thus, the additional external elec-
trostatic stabilization was able to buttress the structure against open-
ing on the air–water interface. In the apo state, this maquette trans-
ferred to the substrate with helices parallel to the substrate, whereas in
the holo state this maquette transferred perpendicular to the substrate.
Thus, these studies demonstrate the rational engineering of protein
films using LB techniques as a prelude to the assembly of bioelectronic
devices.

2. Self-Assembled Monolayers

The use of self-assembled monolayers of proteins by direct chemi-
cal attachment of the peptide to a modified surface obviates some of the
protein orientation difficulties observed in the construction of LB mono-
layers. An initial report of the construction of peptide SAMs on silanized
quartz was published in early 1998 (185). Pilloud et al. have utilized the
covalent ligation of protein cysteine thiols to thiol-terminated silanized
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FIG. 16. Schematic representation of the assembly of designed heme protein SAMs on
silanized quartz substrates. Designed peptides are synthesized, homodimerized, and self-
associate to form four-helix bundles prior to heme incorporation, followed by chemisorp-
tion on prepared quartz surfaces. Reprinted with permission from Ref. (185); copyright
1998 American Chemical Society.

quartz substrates to assemble self-assembled monolayers (SAM) of heme
protein maquettes as shown in Fig. 16. This SAM construction method
yields a high surface coverage of active thiols (675 pm/cm2) that react
to give close packed of a-helices (110 pm/cm2) with a 41± 2◦ tilt of the
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FIG. 17. Bioelectric catalysis on a designed heme protein modified Au electrode.
Schematic electron transfer. Reprinted with permission from Ref. (187); copyright 1999
American Chemical Society.

heme with respect to the surface as measured using linear dichroism,
similar to the LB results of Chen et al. Most notably, the secondary
structure of the helical peptides is preserved on the surface, the optical
spectra of the hemes is strikingly similar to that observed in solution in
both Fe(III) and Fe(II) forms, and the heme protein SAMs retain their
ability to bind exogenous diatomics, laying the foundation for future
biosensor design in a highly reproducible and reversible protein SAM
construct.

Later in 1998, Katz et al. utilized an N-succinimidyl-3-maleimidopro-
pionate coupled to a cysteamine SAM on gold to covalently attach a
modified form of MOP1, the template assisted heme-binding four-helix
bundle (186). In comparison to the SAM of Pilloud et al., which are co-
valently linked only to the surface, the presence of the cyclic template
at one end of the bundle and the surface attachment on the other yields
a significantly rigidified system. The MOP1 SAM could be reconsti-
tuted with heme, and the electrochemical properties of the hemes were
nearly identical to those observed in solution. Coulometric analyses of
the heme redox waves indicate a surface coverage of 25 pm/cm2 (equiv-
alent to 100 pm/cm2 of helices, as observed by Pilloud et al.), close to the
theoretical limit of 27 pm/cm2, indicating a densely packed heme pro-
tein monolayer. Chronoamperometry illustrated the differential rates
of electron transfer from the gold electrode to the first heme (40 s−1)
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and the second heme (1 s−1) consistent with electron transfer theory
(129). This heme protein SAM was utilized as a redox mediator between
the gold electrode and nitrite reductase, which was crosslinked on the
surface, for the electrocatalytic reduction of nitrite (NO3

−) to nitrate
(NO2

−) as shown in Fig. 17. Additionally, the heme protein SAM was
utilized for the hydrogenation of acetylene dicarboxylic acid at cobalt(II)
protoporphyrin IX substituted myoglobin (187). These exciting results
illustrate the potential of de novo designed heme protein SAMs for bio-
catalysis on designed surfaces.
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oxyMb
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steric effects, 366
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electron transfer studies, 178–179
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electron acceptance, 201
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interaction, 376–377
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D
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heme proteins
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with cofactors, 429–433
dioxygen reactivity, 442–443
electrochemistry, 435–438
engineering principles, 440–441
EPR, 434–435
helix induction, 438–440
LB, 445–446
materials science applications,

444–445
peptide systems, 417–422
protein scaffolds, 422–428
proton coupled electron transfer,

443–444
resonance Raman spectroscopy, 434
SAMs, 446–449
TASP scaffolds, 428–429

heme protein targets, 410–411
Desert, Atacama, mummy DNA, 299–300
Detoxification, waste water, 149
Diferulate, 120
Di-a-helical peptides, disulfide-linked,

421–422



P1: FDJ
Advances in Inorganic Chemistry PS006-Ind August 9, 2000 16:51 Stylefile version:April 24, 2000

460 SUBJECT INDEX

Diheme cytochrome c peroxidase
bacterial, properties, 185–186
peroxidatic heme distal pocket, 195–197

Dioxygen
activation, 416
in de novo heme proteins, 442–443
in Mb monooxygenase, 30–31
transport, 415–416

Dismutation, H2O2, 53
Dissociation constants, NP Fe(II)

complexes, 349–351
Dissociation rate constants, NP, 342–343
Distal region

HRP C
compound I formation, 125–128
compounds I and II reduction,

128–129
pocket

in HO, 275–278
in NP ligand binding, 331–336

Dityrosine linkage, 120
DNA, Atacama desert mummy, 299–300

E

Electrochemistry
de novo heme proteins, 435–438
Mb

distal ligand variants, 10–11
heme binding pocket variants, 14–15
higher oxidation states, 15–16
methods, 9–10
properties, 8–9
proximal ligand variants, 11–14

Electron donor proteins, to cytochrome
cd1, 170

Electronic effects, in
a-meso-hydroxylation, 387–388

Electron paramagnetic resonance
CCP, 190–192
de novo heme proteins, 434–435
NP1–histamine complex, 311–313
Rhodnius prolixus salivary gland

homegenate, 301
Electron transfer

cytochrome cd1, 176–177
cytochromes, 412–415
Mb

electrochemistry, 8–16
flash photolysis, 17–18

pulse radiolysis, 17
stopped-flow kinetics, 16
variants, 18–19

oxyMb autoxidation, 19–21
proton coupled, de novo heme proteins,

443–444
Pseudomonas pantotrophus cytochrome

cd1, 178–179
Engineering

in de novo heme proteins, 440–441
natural protein

dioxygen activation, 416
dioxygen transport, 415–416
electron transfer, 412–415
heme proteins, 411–412

Environment, HRP applications, 149
Enzyme–substrate complex, catalase,

59–61
Epoxidation, Mb monooxygenase, 31–33
EPR, see Electron paramagnetic

resonance
Equilibrium dissociation constants, NP,

338–340
ES, see Enzyme–substrate complex
Escherichia coli, HPR C expression, 113
Ethylhydroperoxide, HO reaction, 383
S-Ethylisothiourea, NOS complex, 265
Eukaryotes, catalase, 58

F

Ferrimyoglobin
H2O2 kinetics, 26–27
H2O2 modification, 23–25

Ferriprotoporphyrin IX, see Iron(III)
protoporphyrin IX

Ferryl complex, electrophilic heme
oxidation, 396–398

Ferulic acid, HRP C complexes, 144–145
Flash photolysis, Mb, 17–18
Flexibility, HO-1, 276
Fluorescence, tryptophan, 150
Four-a-helix bundles, heme combinatorial

library, 427
Fungus, CatPx, 54–55

G

GC, see Guanylate cyclase
Genes



P1: FDJ
Advances in Inorganic Chemistry PS006-Ind August 9, 2000 16:51 Stylefile version:April 24, 2000

SUBJECT INDEX 461

hemopexin-mediated regulation, 212
HRP, 111–112

Globin fold, protein design algorithm, 428
Guanylate cyclase, as NO target, 245

H

Haloperoxidase, 56
H4B

NOS binding, 259–260
role in NOS, 260–263

Helicobacter pylori, 186
Helix, induction, 438–440
Helix–disulfide–helix monomer

for heme proteins, 423
in self-assembled system, 439–440

Helix–loop–helix architecture, 426
Heme binding pocket, Mb mutagenesis

distal pocket, 6–7
electrostatic variants, 14–15
proximal pocket, 7–8

Heme distal pocket, peroxidatic, diheme
CCPs, 195–197

Heme enzymes, oxygen activating,
246–249

Heme group, in de novo heme proteins,
433–434

Heme–hemopexin
characteristics, 214–216
exogenous ligand binding, 223–227
pH and temperature effects, 227–229
reduction, 223–227

Heme oxygenase
active site environment, 372–374
biological function, 363–364
in bruises, 359–360
catalytic reactions, 360–361
cytochrome P450 reductase interaction,

376–377
distal heme ligand, 371–372
distal pocket, 275–278
electrophilic heme oxidation, 396–398
expression, 367–368
function, 272–273
gaseous ligand binding, 377–378
heme degradation in plants and

bacteria, 398–402
heme to a-meso-hydroxyheme, 281–283
heme iron reduction, 280–281
heme usage, 360

a-meso-hydroxyheme to verdoheme,
283–285, 388–392

a-meso-hydroxylation
activated oxygen species formation,

381
alkylhydroperoxide reactions,

383–384
catalytic oxidation, 385
electronic effects, 387–388
H2O2 and O2 substitution, 381–382
oxidation regiochemistry, 386–387
peracid reactions, 383–384

isoforms, 361–363
ligand discrimination, 278–280
mechanism, 34–35
model systems, 364–367
myoglobin model comparison, 366–367
oxy complex, 281
proximal heme ligand, 368–371
proximal heme region, 274–275
reaction kinetics, 394–396
structure, 273–274
substrate specificity, 379–381
verdoheme to biliverdin, 285, 392–394

Heme oxygenase 1, human, 374–376
Heme peroxidase, 246–247
Heme prosthetic group, HRP, 116–118
Heme–protein–hemopexin, 220–223
Heme proteins

catalase, 84–89
degradation in plants and bacteria,

398–402
de novo design, 410–411

CD, 433–434
with cofactors, 429–433
dioxygen reactivity, 442–443
electrochemistry, 435–438
engineering principles, 440–441
EPR, 434–435
helix induction, 438–440
LB, 445–446
materials science applications,

444–445
peptide systems, 417–422
protein scaffolds, 422–428
proton coupled electron transfer,

443–444
resonance Raman spectroscopy, 434
SAMs, 446–449
TASP scaffolds, 428–429
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heme oxygenase, 360
distal ligand, 371–372
proximal ligand, 368–371

to a-meso-hydroxyheme, 281–283
iron reduction, 266–269, 280–281
natural engineering, 411–412
NP1, rotational disorder, 317–318
oxidation

by FeIII –OOH intermediate, 396–398
regiochemistry, 386–387

proximal, in HO, 274–275
resonance assignments, 320–324
transport, hemopexin role, 233–235
uptake, hemopexin receptor role,

230–232
Heme transfer, to hemopexin, 208–211
Hemoglobin, coupled oxidation, 366
Hemopexin

antipathogen effects, 211
biological properties, 207–208
crystal structure, 217–220
gene regulation, 212
–heme

characteristics, 214–216
exogenous ligand binding, 223–227
pH and temperature effects, 227–229
reduction, 223–227

–heme–protein interactions, 220–223
heme transfer, 208–211
in heme transport, 233–235
iron conservation, 211
structure, 212–213

Hemopexin receptor
heme uptake, 230–232
properties and activities, 232–233

Histamine
in blood-sucking insect saliva, 298
NP complex, 349
NP1 complex, 311–313, 336
in NP ligand binding, 331–336

Histidine
heme oxygenase, mutation, 371–372
proximal ligand in heme oxygenase,

369
HO, see Heme oxygenase
HO-1, see Heme oxygenase 1
Horseradish peroxidase

biological roles, 119–121
in biotechnology, 147–149
carbohydrate residues, 118–119

in chemical transformations, 146–147
expression, 112–114
folding, 149–150
function, 119–121
genes, 111–112
heme prosthetic group, 116–118
isolation, 109–111
ligand binding sites, 135–137
and other peroxidases, 114–116
peroxide inactivation, 151–152
reactivity, 121–123
sequences, 111–112
stability, 149–150

Horseradish peroxidase A2, 146
Horseradish peroxidase C

affinity chromatography, 110–111
amino acid sequence, 111
aromatic donor molecule binding sites,

137
calcium binding sites, 132–135
compound oxidation, 122–123
crystal structure, 124–125
cyanide-ligated complex, 143–144
distal region

compound I formation, 125–128
compounds I and II reduction,

128–129
donor molecule complexes, 138–140
Escherichia coli expression, 113
ferulic acid complexes, 144–145
ligand binding sites, 135–137
modeling, 124–125
proximal region, 129–132
resting state complex, 116, 140–142
substrate binding sites, 145–146
substrate oxidation, 123
substrate reaction rates, 123

HPI, see Hydroperoxidase I
HPII, see Hydroperoxidase II
HRP, see Horseradish peroxidase
HRP A2, see Horseradish peroxidase A2
HRP C, see Horseradish peroxidase C
Hydrogen peroxide

catalase complex, 92
dismutation, 53
HRP C reaction, 131
in a-meso-hydroxylation, 381–382
metMb modification, 23–25
metMb oxidation kinetics, 26–27

Hydroperoxidase I
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catalytic mechanism, 99
expression regulation, 58

Hydroperoxidase II
catalytic mechanism, 99, 101
channels and cavities, 89
expression regulation, 58
function, 56
heme composition and location, 84–89
modifications, 94–95
peroxidatic activity, 62–64
quaternary structure and interweaving,

78, 81–82, 84
subunit structure, 77

N G-Hydroxy-L-arginine
from L-Arg, 262
to L-Arg, 269–270
to NO, 270–272

a-meso-Hydroxyheme
from heme, 281–283
to verdoheme, 283–285, 365, 388–392

Hydroxylation, with HRP, 147
a-meso-Hydroxylation

activated oxygen species formation, 381
alkylhydroperoxide reactions, 383–384
catalytic oxidation, 385
heme oxidation regiochemistry, 386–387
heme oxygenase, electronic effects,

387–388
H2O2 and O2 substitution, 381–382
peracid reactions, 383–384

I

IAA, see Indole-3-acetic acid
Imidazole

NP complex, 349
NP1 complex

chemical exchange, 319–320
heme resonance assignments,

320–324
lyophilization, 317–318

Immune system, NO generation, 245–246
Immunoassays, with HRP, 149
Indole-3-acetic acid, HRP effect, 121
Indoles, HRP C effect, 122–123
Infection, in peroxidase expression, 121
Inkcap peroxidase, Coprinus cinereus, 116
Inorganic cofactors, hemes, 429–433
INS, see Insecticyanin
Insecticyanin, NP4 comparison, 331

Insects, blood-sucking, saliva, 297–299
Interweaving, type A catalases, 78–84
Iron

heme, reduction, 266–269, 280–281
hemopexin conservation, 211

Iron complexes, NP, dissociation
constants, 349–351

Iron(III) mesoporphyrin IX, in
self-assembled system, 439–440

Iron(III) protoporphyrin IX, in HRP,
116–118

K

k1, see Association rate constants
Kd, see Equilibrium dissociation

constants
koff , see Dissociation rate constants
Kinetics

catalase
catalytic pathway, 59–62
CatPx catalytic activity, 70–71
compound I and pathways, 64–66
compound II and pathways, 66–68
control by NADPH, 68–70
peroxidatic activity, 62–64

electron transfer, Mb
flash photolysis, 17–18
pulse radiolysis, 17
stopped-flow kinetics, 16
variants, 18–19

HO reaction sequence, 394–396
metMb oxidation, 26–27
NP ligand binding

Kd, 338–340
k1, 340–342
koff , 342–343

Klebsiella pneumoniae, CatPx, 70

L

Lactobacillus plantarum, nonheme
catalase, 55

Langmuir–Blodgett monolayers, de novo
heme proteins, 445–446

LB, see Langmuir–Blodgett monolayers
Lewis base complexes, NP, 349–351
Ligands

binding pocket, NP4, 331
discrimination by HO, 278–280
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exogenous, heme–hemopexin binding,
223–227

gaseous, HO binding, 377–378
HRP binding sites, 135–137
NP binding, 331–336

Kd, 338–340
k1, 340–342
koff , 342–343

in NP optical spectroscopy, 305–308
Lignin peroxidase, Phanerochaete

chrysosporium, 116
Linkage, dityrosine, 120
Lipocalins, NP4 comparison, 328–331
Lipoxygenase, Mb, 29–30
Lyophilization, NP1, 317–318

M

Magnetic circular dichroism, CCP,
190–192

Manganese peroxidase, Phanerochaete
chrysosporium, 116

Maquette architecture
amino acid side chain, 443–444
heme protein design, 441
for heme proteins, 423–424
NMR spectra, 425–426

Materials science, with de novo heme
proteins

biomaterials, 444–445
LB, 445–446

Mb, see Myoglobin
MCD, see Magnetic circular dichroism
Metals, peptide ligand interactions, 439
Methemoglobin, minor catalase activity,

56
a-meso-Methyl hemes, catalytic oxidation,

385
metMb, see Ferrimyoglobin
Metmyoglobin, minor catalase activity,

56
MLC, NADPH binding, 91
Models

heme oxygenase, 364–367
hemopexin-mediated heme transport,

233–235
HRP C, 124–125
NP–NO, 310–311

Molecular structure, type A catalases,
78–84

Monooxygenase, Mb

dioxygen, 30–31
epoxidation, 31–33
sulfoxidation, 33

Mössbauer spectroscopy, NP–NO model,
310–311

Mummy, Atacama desert, DNA, 299–300
Mutagenesis, Mb heme binding pocket,

6–8
Mutations

heme oxygenase His25, 370
heme oxygenase His132, 371–372
HRP C, 131

Myoglobin
active site variants, 4–6
cloning and expression, 3–4
coupled oxidation, 366
dioxygen transport, 415–416
discovery, 1
electrochemistry

distal ligand variants, 10–11
heme binding pocket variants,

14–15
higher oxidation states, 15–16
methods, 9–10
properties, 8–9
proximal ligand variants, 11–14

flash photolysis, 17–18
functional role, 2
heme oxygenase comparison, 366–367
as heme oxygenase model, 364–365
H2O2 reaction

metMb, 23–25
oxidation kinetics, 26–27
peroxidase activity, 27–29

lipoxygenase activity, 29–30
monooxygenase activity

dioxygen, 30–31
epoxidation, 31–33
sulfoxidation, 33

mutagenesis, heme binding pocket, 6–8
other reactions, 39
preparation, 1–2
pulse radiolysis, 17
sperm whale, coupled oxidation, 366
stopped-flow kinetics, 16
variant electron transfer kinetics, 18–19

N

NADPH
catalase binding, 91–92
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catalase control, 68–70
Natural protein engineering

dioxygen activation, 416
dioxygen transport, 415–416
electron transfer, 412–415
heme proteins, 411–412

Near infrared–magnetic circular
dichroism, CCP, 191–192

Nitric oxide
biological targets, 245–246
HO binding, 377–378
from N G-hydroxy-L-arginine, 270–272
NP autoreduction, 343–348
NP complex, 308–310
NP1 complex, 335–336
NP4 complex, 332–335
NP ligand binding, 331–336
NP model, 310–311
in NP optical spectroscopy, 305–308
in Rhodnius prolixus, 300
in signaling, 244

Nitric oxide ferrocatalase, 66
Nitric-oxide synthase

architecture, 250–251
L-Arg–N G-hydroxy-L-arginine

conversion, 269–270
function, 249
H4B role, 260–263
heme iron reduction, 266–269
N G-hydroxy-L-arginine–NO conversion,

270–272
inhibitors, 263–266
isoforms, 249–250
proximal pocket, 255–256
pterin binding sites, 256–260
structure, 251–252
substrate binding sites, 256–260
Zn ion, 252–255

Nitrite, reduction mechanism, 180–181
Nitromethane, HRP C oxidation, 123
Nitrophorin 1

histamine complex, 336
NO complex, 335–336

Nitrophorin 2, structure, 336–337
Nitrophorin 4

ligand-binding pocket, 331
lipocalin comparison, 328–331
NO complex, 332–335
pH effects, 337

Nitrophorins
Kd, 338–340

k1, 340–342
koff , 342–343
NO autoreduction, resistance, 343–348
reduction potential

pH role, 349
various complexes, 349–351

Rhodnius prolixus
cloning, 303–304
early information, 301–302
expression procedures, 304–305
ligand binding, 331–336
NMR spectroscopy, 314–315

high-spin forms, 315–317
low- and high-spin forms, 324–325
low-spin forms, 317–324
protein as whole, 325

NO model, Mössbauer spectroscopy,
310–311

NP1–histamine complex, 311–313
NP1–NP4 crystallization, 325–331
NP2 structure, 336–337
optical spectroscopy, 305–308
sequence homology, 303–304
vibrational spectroscopy, 308–310

NO, see Nitric oxide
NOS, see Nitric-oxide synthase
NP, see Nitrophorins
NP1, see Nitrophorin 1
NP4, see Nitrophorin 4
Nuclear magnetic resonance

apocytochrome b562, 415
maquette architecture, 425–426
NP, 314–315

high-spin forms, 315–317
low- and high-spin forms, 324–325
low-spin forms, 317–324
protein as whole, 325

rat heme oxygenase, 372–374
Nutrition, hemopexin iron conservation,

211

O

Optical spectroscopy, NP, 305–308
Organ, HRP expression, 112
Organic synthesis, with HRP, 146
Oxidase, cytochrome cd1 reaction,

181–184
Oxidation

catalytic, a-meso-methyl hemes, 385
coupled
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oxyMb, 33–37
sperm whale myoglobin, 366
steric effects, 366

heme
by FeIII –OOH intermediate, 396–398
regiochemistry, 386–387

Mb higher states, 15–16
metMb, kinetics, 26–27
oxyMb autoxidation, 19–21

Oxy complex, with HO, 281
Oxygen

activating heme enzymes, 246–249
heme oxygenase exposure, 391
HO binding, 377–378
HO discrimination, 278–280
in a-meso-hydroxylation, 381–382
oxyMb coupled oxidation, 36–37

Oxygen species, activated, 381
Oxygen-transfer reactions, with HRP,

147
oxyMb, see Oxymyoglobin
Oxymyoglobin

autoxidation, 19–21
coupled oxidation

ascorbate reaction, 33–34
heme oxygenase mechanism, 34–35
reaction series, 36–37

P

Paracoccus denitrificans, CCP, 186,
193–195, 201

Paracoccus pantotrophus, cytochrome cd1,
structure, 167–175

Peanut peroxidase, calcium sites, 132
Peptides

disulfide-linked di-a-helical, 421–422
helix–loop–helix, 423
heme systems, 417–422
metal binding, 439
monomeric, heme system, 422
porphyrin interactions, 439
tyrosine-containing peptide, 120

Peptide-sandwiched mesoheme
in de novo heme proteins, 417–418
helical structure, 439

Peracids, HO reactions, 383–384
Peroxidases

catalytic mechanism, 21–22
and HRP, 114–116

in infection, 121
Mb, 27–29
metMb modification, 23–25
metMb oxidation kinetics, 26–27
P450 comparison, 248–249
in wounding, 121

Peroxides
activity of catalase, 62–64
HRP inactivation, 151–152

Pesticides, detection with HRP, 149
Phanerochaete chrysosporium, lignin and

manganese peroxidases, 116
pH effects

on heme–hemopexin, 227–229
on NP reduction potential, 349
on NP4 structure, 337

Phenols
HRP C effect, 122–123
HRP oxidation, 146–147

Phenylhydrazine, HRP C oxidation,
123

Photolysis, flash, Mb, 17–18
Phylogeny, CatPx, 55
Physiology, catalase

expression regulation, 57–58
function, 56–57

Plants
heme degradation, 398–402
HRP expression, 112
peroxidase genes, 111
suberization initiation, 120

PMC
channels and cavities, 89
modifications, 94
NADPH binding, 91

PNP, see Peanut peroxidase
Porphyrin, peptide interactions, 439
Prokaryotes, catalase, 57–58
Protein design algorithm, for globin fold,

428
Protein folding, HRP, 149–150
Proteins

biliverdin binding protein, 331
electron donor protein, 170
heme, see Heme proteins
–heme–hemopexin, 220–223
natural engineering, 411–416
Pseudomonas aeruginosa CCP, 187
template assisted synthetic proteins,

428–429



P1: FDJ
Advances in Inorganic Chemistry PS006-Ind August 9, 2000 16:51 Stylefile version:April 24, 2000

SUBJECT INDEX 467

Protein scaffolds, in de novo heme
proteins, 422–428

Proximal region
HRP C, 129–132
pocket in NOS, 255–256

Pseudomonas aeruginosa
CCP, 186

mechanism, 197–201
solution spectroscopy, 190–192

cytochrome cd1

mechanistic issues, 184–185
structure, 175–177

cytochrome c peroxidase, structure,
187–190

Pseudomonas pantotrophus
CCP, 186
cytochrome cd1

electron transfer studies, 178–179
mechanistic issues, 184–185
nitrite reduction, 180–181
oxidase reaction, 181–184
solution spectroscopy, 177–178

PSM, see Peptide-sandwiched mesoheme
Pterin

NOS binding sites, 256–260
role in NOS, 260–263

Pulse radiolysis
Mb, 17
Pseudomonas pantotrophus cytochrome

cd1, 178–179
PVC

aminotriazole adduct, 93
channels and cavities, 89
subunit structure, 77

R

Radiolysis
HO complex reduction, 382
pulse

Mb, 17
Pseudomonas pantotrophus

cytochrome cd1, 178–179
Raman spectroscopy, CCP, 190–192
Rate constants

NP association, 340–342
NP dissociation, 342–343

Reduction
autoreduction, 343–348
radiolytic, HO complex, 382

Reduction potential
cytochrome, 435
NP, 349
NP Lewis base complexes, 349–351

Regiochemistry
heme oxidation, 386–387
in a-meso-hydroxylation, 387–388

Regiospecificity, in coupled oxidation, 366
Resistance, NP to NO autoreduction,

343–348
Resonance Raman spectroscopy, de novo

heme proteins, 434
Rhodella violacea, heme degradation, 398
Rhodnius prolixus

beheading, 302–303
Chagas’ disease, 299–300
NP

cloning, 303–304
early information, 301–302
expression procedures, 304–305
ligand binding, 331–336
NMR spectroscopy, 314–315

high-spin forms, 315–317
low- and high-spin forms, 324–325
low-spin forms, 317–324
protein as whole, 325

NO model, Mössbauer spectroscopy,
310–311

NP1–histamine complex, 311–313
NP1–NP4 crystallization, 325–331
NP2 structure, 336–337
optical spectroscopy, 305–308
sequence homology, 303–304
vibrational spectroscopy, 308–310

Rhodobacter capsulatus, CCP, 186
Rhodopseudomonas capsulata, CatPx, 70

S

Saliva, blood-sucking insects, 297–299
Salivary glands, Rhodnius prolixus,

325–331
SAMs, see Self-assembled monolayers
Saturation transfer, for NP spin forms,

324–325
SCC-A

channels and cavities, 89
NADPH binding, 91

SCC-T, NADPH binding, 91
SEITU, see S-Ethylisothiourea
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Self-assembled monolayers, de novo heme
proteins, 446–449

Self-assembly system, heme ligation,
439–440

Sequence homology, Rhodnius prolixus
NP, 303–304

Signal processing
CO role, 244
NO role, 244

Sodium azide, HRP C oxidation, 123
Solution spectroscopy

Pseudomonas aeruginosa CCP, 190–192
Pseudomonas pantotrophus cytochrome

cd1, 177–178
Spectroscopy

Mössbauer, NP–NO model, 310–311
optical, NP, 305–308
Raman, CCP, 190–192
resonance Raman, de novo heme

proteins, 434
solution

Pseudomonas aeruginosa CCP,
190–192

Pseudomonas pantotrophus
cytochrome cd1, 177–178

vibrational, NP complexes, 308–310
Steric effects, in coupled oxidation, 366
Stopped-flow kinetics, Mb, 16
Streptomyces violaceus, bromoperoxidase,

56
Suberization, initiation, 120
Substrate

catalase complex, 59–61
HO specificity, 379–381

Sulfmyoglobin, 37–38
Sulfonates, HRP C effect, 122–123
Sulfoxidation, Mb monooxygenase

activity, 33
Synechocystis 6803

CatPx, 71
heme degradation, 398

T

TASP, see Template assisted synthetic
proteins

Temperature, effects on heme–hemopexin,
227–229

Template assisted synthetic proteins,
428–429

Thermodynamics, NP ligand binding

Kd, 338–340
k1, 340–342
koff , 342–343

Thermoleophilum album, nonheme
catalase, 55

Thermus thermophilus, nonheme
catalase, 55

Transformation, with HRP, 146–147
Transport

dioxygen, 415–416
heme, hemopexin role, 233–235

Trypanosoma cruzi, in Rhodnius prolixus,
299

Tryptophan, fluorescence, HRP C studies,
150

Tyrosine, peptide containing, 120

V

Verdoheme
to biliverdin, 285, 392–394
from a-meso-hydroxyheme, 283–285,

365, 388–392
Vibrational spectroscopy, NP complexes,

308–310
Vibrio cholera, CCP, 186

W

Waste water, HRP applications, 149
Wound, in peroxidase expression, 121

X

X-ray structure
CPO, 97
cytochrome b562, 414–415
cytochrome c′, 415
cytochrome cd1, 173–174
eNOS–SEITU, 265
hemopexin, 217–220
HRP C, 124–125
HRP C ferulic acid complexes,

144–145
human HO-1, 273–274, 374–376
resting-state HRP C complex, 140–142
type A catalase, 72

Z

Zinc ion, in NOS, 252–255
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