
INTRODUCTION

HEME OXYGENASE (HO) catalyzes the rate-limiting step in
the degradation of heme (iron-protoporphyrin IX irre-

spective of oxidation or ligation state) to biliverdin, which is
subsequently converted to bilirubin in the presence of
biliverdin reductase (BVR) (Fig. 1). The reaction requires the
input of three molecules of oxygen and a total of seven elec-
trons for the conversion of one heme molecule to biliverdin,
carbon monoxide (CO), and iron (Fig. 1) (19, 29, 30). The
transfer of electrons from NADPH to the mammalian HOs is
mediated by cytochrome P450 reductase, the same reducing
partner that is responsible for electron transfer to the cy-
tochrome P450 enzymes (36, 60). HO regiospecifically
cleaves heme at the a-meso-carbon to yield biliverdin IXa as
the sole enzymatic product (45). Oxygen (18O2)-labeling stud-
ies and subsequent mass spectral analysis have determined
that both oxygen atoms in biliverdin arise from molecular
oxygen (46). Brown and co-workers further determined that
three distinct oxygen molecules were involved in the reaction,
the first in the conversion of heme to a-meso-hydroxyheme,
the second in the formation of verdoheme, and the third in the
final step from verdoheme to biliverdin (Fig. 1) (6, 7).

HO is highly unusual in that it uses heme as a substrate and
cofactor for its own degradation, and is not therefore a hemo-

protein in the classic sense of the cytochromes P450, peroxi-
dases, or catalase enzymes. It is clear, however, from the nature
of the reaction that HO shares a similar evolution of hemopro-
tein scaffolds that mediate oxygen activation. The elucidation
of the HO mechanism will advance not only our understanding
of oxidative heme cleavage, but also our knowledge of the rela-
tionship between structure and function in other hemoproteins.

SEQUENCE CONSERVATION 
WITHIN THE HO FAMILY

The amino acid sequences of the human HO-1 and HO-2
isoforms are ,42% identical, somewhat lower than the 80%
identity between the human and rat HO-2 isoforms (24)
(Fig. 2). The recently identified HO-3 has a much lower ho-
mology with either HO-1 or HO-2 but appears to be more
closely related to HO-2 (25). Regions of high sequence iden-
tity are found in the amino acids corresponding to residues
125–150 and 11–40 in HO-1. A histidine (His-25) in the latter
sequence has been identified as the proximal histidine to the
heme (see following section).

Interestingly, the region of highest sequence identity,
residues 125–150 in HO-1 and 144–169 in HO-2, corresponds
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to the sequence of the distal helix, which lies above the heme
(see following section). This region was thought to be a f in-
gerprint motif for the HO proteins (22), and further identifica-
tion of HOs in the cyanobacteria and higher plants with a high
degree of conservation within the distal helix supported this
theory (3, 4). The identification and characterization of a HO
(HmuO) from the heme-utilizing bacterial pathogen Coryne-
bacterium diphtheriae, with 33% sequence identity and 70%
homology to the human HO-1, again showed the highest iden-
tity in residues 122–145, corresponding to residues 125–150
in HO-1 (37, 54) (Fig. 2).

Most recently, we have characterized iron-regulated genes
from Neisseriae meningitides (hemO) (62, 63) and Pseudo-
monas aeruginosa (pigA) (32) as HO enzymes. These patho-
gens have evolved to utilize the host’s heme as an iron source,
with the release of iron for further use by the pathogen being
dependent on HO (32, 62, 63). In contrast to the C. diphthe-
riae enzyme, the amino acid sequences of Pseudomonas and
Neisseriae show a much lower degree of sequence identity to
previously characterized HOs. The low sequence identity

(19–22%) is characterized by significant deletions and amino
acid substitutions within previously conserved regions of the
more well characterized HOs, particularly in the region corre-
sponding to the distal helix (Fig 2). The only apparent con-
served sequence within this region is the G-X-X-X-G motif
corresponding to glycine residues 139 and 143 in HO-1 
(Gly-116 and Gly-120 in HemO) with Leu-141 (Leu-119 in
HemO) and Ser-142 (Ser-117 in HemO) being conserved
within the sequence (Fig. 2). It is clear from the sequence
alignments that with the exception of the previously men-
tioned motif and the proximal histidine, a clear picture of
critical active-site residues required for catalytic activity and
regiospecificity is limited.

STRUCTURAL STUDIES 
OF THE HUMAN HO-1 AND Neisseriae

meningitidis HemO

Overall fold

It was anticipated that the crystal structures of a truncated
soluble form of the human and rat HO-1 enzymes complexed
with heme would provide significant insight into both the
mechanism and regiospecificity of the HO reaction (38, 41).
The structure of the human HO-1 lacking the terminal
55 amino acids, including a 23 C-terminal hydrophobic mem-
brane anchor, has been refined to 1.5 Å (38). Despite the
truncation of the protein, the activity and regiospecif icity of
the reaction were largely unaffected (38, 56). In addition, the
first nine N-terminal residues as well as the last 10 residues
of the truncated protein are not ordered in the electron density
maps, and therefore a significant portion of the protein is not
represented within this structure. More recently, we have
solved the crystal structure of the soluble 24-kDa HemO from
Neisseriae meningitidis to 1.5 Å (39). With the exception of
the first eight N-terminal and three C-terminal amino acid
residues, the complete protein sequence is ordered in the
electron density maps. The first striking observation given
the limited sequence identity between HO-1 and HemO is the
high degree of structural conservation (Fig. 3A). The HO pro-
teins have a novel fold primarily a-helical. The d-meso-edge
of the heme and the propionates are exposed at the molecular
surface of the protein. Interestingly, the bacterial enzyme ap-
pears to have a “tighter” overall fold with the distal helix
more closely approaching the heme. It is unclear at this point
whether this is structurally or catalytically relevant, but it
may be that the human HO-1 structure is slightly “loosened”
up as a consequence of removal of the C-terminal domain.
The C-terminus of HemO wraps back around toward the ac-
tive site with Pro-206 being less than 4.0 Å from Asp-24 and
Asp-27. The final three residues His-Arg-His of HemO were
not ordered in the electron density map.

Heme pocket

The heme is sandwiched between two helices, more com-
monly referred to as the proximal and the distal helices. The
proximal helix donates the histidine ligand, His-25 in HO-1
and His-23 in HemO (Fig. 3B). Thr-21 in HO-1 contacts the

604 WILKS

FIG. 1. Enzymatic conversion of heme to bilirubin by the
combined action of HO and BVR. Abbreviations are as fol-
lows: Me, methyl (-CH3); V, vinyl (-CH=CH2); Pr, propionate
(-CH2-CH2-COOH). The heme pyrrole carbons are labeled 1–8
and the meso-carbons a–g.
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heme through a water molecule with the corresponding Thr-19
in HemO contacting the heme in the same manner. Additional
contact residues with the heme include Ala-28 and Glu-29 of
HO-1 corresponding to Val-26 and Asp-27 in HemO. HO-1
Glu-29 on the proximal side of the heme is close enough to
form a hydrogen bond with the proximal histidine, whereas
the corresponding Asp-27 at 5.1 Å is not close enough to hy-
drogen-bond to the proximal His. However, Asp-24 is 3.0 Å
from the Nd of His-23 and may fulfil the same role as Glu-29
in HO-1.

Resonance Raman spectroscopic studies on the human
HO-1 indicate that the resting state ferric heme-HO-1 com-
plex is a neutral imidazole with no imidazolate character (42,
43). We have recently characterized the ferric heme-HemO
complex by resonance Raman spectroscopy (unpublished re-
sults), and as in HmuO the conserved glutamate, correspond-
ing to Glu-29 and Glu-24 in HO-1 and HmuO, respectively,
shows no evidence of a hydrogen-bond interaction in the rest-
ing state enzyme (52). It must be emphasized, however, that a
more detailed spectroscopic investigation is required to deter-
mine if the proximal His is neutral throughout the reaction
from heme to biliverdin. The H25A mutant of HO-1 is inac-
tive, although activity is rescued on addition of exogenous
imidazole (57). In contrast, the C. diphtheriae HmuO H20A
mutation in the absence of exogenous ligand converts heme
to verdoheme, and on reconstitution with imidazole reacts to
give biliverdin as the f inal product (52). The reason as to why
the H20A HmuO mutant, in contrast to the H25A HO-1 con-
struct, can catalyze the initial hydroxylation of the heme is
not yet understood. The reaction of the H20A mutant gener-

ates the FeII-verdoheme complex as evidenced by the band at
650 nm in the visible spectrum, which is similar to that re-
ported for the CO-FeII-verdoheme complex (16). In contrast,
FeIII-verdoheme complexes have a band at 690 nm (20). Inter-
estingly, studies on a H63M mutant of cytochrome b5 con-
cluded that the protein was capable of carrying out the cou-
pled oxidation of heme to verdoheme, but did not proceed to
biliverdin (33). The termination of the reaction at the verdo-
heme stage was thought to occur as a result of a coordination
of Met-63 to the FeII-verdoheme intermediate. It has previ-
ously been observed in coupled oxidation systems that high-
affinity ligands binding to both the fifth and sixth coordina-
tion sites of verdoheme inhibit the reaction to biliverdin (34).
This is consistent with inhibition of FeII-verdoheme conver-
sion to biliverdin by CO, which confirms that only f ive-
coordinate verdoheme complexes are capable of undergoing
further oxidation to biliverdin (35). It is possible that the re-
action of H20A HmuO is inhibited either by back inhibition
of CO released as a consequence of oxidative cleavage, or by
coordination of a protein residue to the heme. This, however,
does not explain the initial observation that a-meso-hydroxy-
lation occurs in the absence of the proximal ligand in the
heme-H20A HmuO complex, whereas in the heme-H25A
HO-1 complex no activity is observed. Resonance Raman
studies on the heme-H20A HmuO complex have shown that
the ligand to the heme is similar in nature to that of H25A
HO-1, and most likely arises from a water or interaction with
a Glu or Asp (52). Indeed, recent unpublished magnetic circu-
lar dichroism (MCD) studies have indicated that the ligand to
the heme in H20A HmuO is somewhat weaker than that in
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FIG. 2. Sequence alignment of the human and bacterial HOs. HO-1 and HO-2, human isozymes, HmuO, Corynebacterium
diphtheriae, HemO, Neisseriae meningitidis, and PigA, Pseudomonas aeruginosa. Numbering is for the human HO-1 isozyme.
The proximal His and the conserved glycine motif are shown in bold. The C-terminal membrane anchor of the human isozymes is
shown underlined.
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H25A HO-1, but again is most consistent with a Glu or Asp
residue, as previously described for the heme-H25A HO-1
complex (31). In addition, we have recently constructed the

H23A HemO mutant, and in contrast to both the HO-1 and
HmuO proximal mutants, this mutation resulted in a heme-
H23A HemO complex that had no activity in the presence or
absence of imidazole (unpublished results). Indeed, the
heme-H23A HemO complex gave no evidence of imidazole
coordination to the heme even at concentrations 1,000–
10,000-fold higher than those used in previous studies of the
heme-H20A HmuO complex. We are further characterizing
the heme-H23A HemO complex by MCD and resonance
Raman spectrophotometric techniques.

One possible explanation for the inability of imidazole to
coordinate to the bound heme may be found in the smaller
solvent-accessible surface area of the distal heme-binding
pocket (see below). These results suggest that subtle changes
within the active-site polarity and/or geometry may account
for the different reactivity of the proximal mutants, and fac-
tors that position the heme in a suitable orientation and envi-
ronment for hydroxylation may not necessarily involve the
proximal histidine. As will be outlined below, the heme propi-
onate interactions may be more critical in defining heme
binding and, to some extent, reactivity.

Of the four heme meso-edges, only the d-meso-edge is ex-
posed at the surface of the protein (Fig. 4). The other three
edges are buried within the protein with the a-meso-edge in
both HO-1 and HemO butting up against a hydrophobic wall
of residues including Met-34, Asn-210, and Phe-214 in HO-1
with the corresponding Val-30, Tyr-184, and Leu-188 in
HemO.

Somewhat surprisingly, the distal pocket of the heme-
HemO complex is significantly smaller than that of HO-1,
having a solvent-accessible volume of 7.5 Å  as compared
with 53.5 Å for the more closed form of the heme-HO-1 com-
plex. It is apparent from the sequence alignment of HemO
and HO-1 (Fig. 2) that there are significant deletions in the
distal helix region of HemO that could account for the differ-
ence in the solvent accessible volume of the distal pocket.
The distal helix has a kink of ,50° directly over the heme
provided by the glycines of the highly conserved sequence
139Gly-Asp-Leu-Ser-Gly-Gly144 in HO-1 and 116Gly-Ser-Asn-
Leu-Gly-Ala121 in HemO (Fig. 3). This kink in the helix is
thought to provide the flexibility required for binding of the
substrate (heme) and release of the product (biliverdin). The
helix closely approaches the heme with direct backbone con-
tacts from Gly-139 and Gly-143 in HO-1. Recently, Ortiz de
Montellano and co-workers have shown that mutation of Gly-
139 or 143 resulted in a loss of oxygenase activity and an in-
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FIG. 3. Overall structure and comparison of the active
site of human HO-1 and Neisseriae meningitidis HemO.
(A) Overall structure of HO-1 (dark gray) and HemO (light
gray) (38, 39). (B) Conserved active site residues of HemO
(light gray and HO-1 (dark gray) (HO-1 residues are shown
italicized).

FIG. 4. Electrophilic oxidation of the heme by HO. H2O2 as the oxidant R = H with a-meso-hydroxyheme as the product;
ethyl hydroperoxide as oxidant R = -CH2CH3 with a-meso-ethoxyheme as the product.
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crease in peroxidase activity (21). In all of the Gly-139 mu-
tants (with the exception of the G139A mutant), the water
ligand in the resting state was lost giving rise to a pentacoordi-
nate species, as determined by resonance Raman spectropho-
tometric studies. The authors concluded that these residues are
critical in maintaining an environment conducive to oxyge-
nase activity, and the key role of the HO protein environment
may be to suppress the formation of a ferryl species.

The other contact residue donated from the distal helix con-
served in HemO is Leu-124 corresponding to Leu-147 in HO-1.
The polar residues closest to the heme on the distal face of
HO-1 have largely been replaced in HemO; Ser-142 is re-
placed by Leu-119 at the g-edge, Arg-136 is replaced by 
Ala-114, whereas Ser-117 and Asn-118 largely occupy the
space of Asp-140 in the HO-1 structure. In the human enzyme,
a cluster of polar residues near pyrrole B including Asn-210, 
Arg-136, and Asp-140 appear to form a network of polar
residues with a second tier of residues Tyr-58 and Tyr-114. In
HemO, Ser-117 appears to occupy the position of a water mol-
ecule that is hydrogen-bonded to Asp-140 in HO-1. The polar
influence over pyrrole B in HemO is largely determined by
His-141 and His-53 replacing Phe-166 and Tyr-58 of HO-1.

Although the residues involved in the hydrogen-bonding
network of HO-1 are far enough from the a-meso-carbon not
to be directly involved in the reaction, they contribute to the
polar nature of the heme-binding pocket. It was proposed that
these residues may be important in both ligand discrimination
and regiospecificity. In an effort to understand the role of this
hydrogen-bonding network, Ortiz de Montellano and co-
workers have replaced Asp-140 in the active site with a num-
ber of residues that decreased the formation of biliverdin and
increased the peroxidase activity of the enzyme (18). They
concluded that replacement of Asp-140 with Ala, Phe, His, or
Asn disrupted oxygen binding resulting in a much smaller
proportion of the FeIII-O-OH intermediate being directed to
the a-meso-carbon, with the resulting heterolytic O-O bond
cleavage yielding the ferryl species.

The critical nature of Asp-140, however, remains unclear
given that it falls between the positions occupied by Ser-117
and Asn-118 in HemO. Interestingly, the authors note that the
Asp-140 to Asn mutation is the only mutation in which the re-
sulting protein retains substantial six-coordinate character as
well as the ability to convert heme to FeIII-verdoheme,
whereas the conversion of FeIII-verdoheme to biliverdin is
completely inhibited.

Mutations that disturb the overall structure of the distal
helix result in a decreased efficiency in catalysis, particularly
mutations within the glycine motif that provides the flexibil-
ity to the distal helix. The degree of complexity in maintain-
ing the structural integrity required for catalysis, as implied
from the lack of overall conservation within the distal helix,
appears to go beyond a single residue and most likely in-
volves a number of dynamic parameters not evident from the
present structural data.

Regiospecificity

Propionate charge interactions are critical in binding and
correctly orienting the a-meso-carbon of the heme for hy-
droxylation (38). Residues in close proximity to the propi-

onates in HO-1 are Lys-18, Lys-22, Lys-179, and Arg-183, as
well as Tyr-134. In the heme-HemO complex, only Lys-16
and Tyr-112 corresponding to Lys-18 and Tyr-134 are ab-
solutely conserved in the structure. Lys-22 is replaced by
Thr-20, and Trp-53 largely fills the space occupied by 
Arg-183 and Lys-179. Recent mutagenesis studies on Arg-
183 have suggested that this residue is involved in orienting
the heme within the active site through direct hydrogen bond-
ing to the propionate group (61). The authors suggest that the
appearance of the d-isomer as a product of the reaction is a
consequence of a new hydrogen-bonding network involving
Glu-183 and Lys-179 concomitant with disruption of a hydro-
gen bond between Lys-179 and Ser-142. The authors further
note that the shift in pKa of the dissociatable water from 7.9 to
9.2 is indicative of such a change. However, it must be noted
that neither Lys-179 nor Arg-183 is conserved in HemO. It
therefore remains of great interest to understand the role of
both Tyr-134 and Lys-18 in binding and regiospecif icity. The
significance of the ionic/hydrogen bonding interaction of the
propionates with Lys-16 and Tyr-112 in HemO is highlighted
by the recent f inding that the Pseudomonal HO (PigA) in
which these residues are replaced by Asn-18 and Phe-116 ox-
idatively cleaves heme at the b-meso-carbon (32). The role of
these residues in regioselectivity is currently being investi-
gated in our laboratory. The isolation of a HO with an altered
regioselectivity will allow a more in-depth study of the steric
and electronic factors involved in the regioselectivity of heme
cleavage.

Although the structure of both HO-1 and HemO support
the role of the protein scaffold in the regiospecificity of the
HO reaction, it is clear that electronic factors are also of criti-
cal importance. Early paramagnetic two-dimensional (2D)
nuclear magnetic resonance (NMR) studies on HO-1 revealed
that the heme binds in two orientations that differ by 180°
around the a/g axis (12). In addition, the contact shift pat-
terns to the heme suggested an unusual electronic structure
characterized by large changes in the delocalized spin density
for the two peripheral carbons within a given pyrrole, rather
than differences between adjacent pyrroles more commonly
found in hemoproteins such as myoglobin. Originally, it was
proposed that the electronic perturbation arose from an an-
ionic side chain close to the a-meso-carbon. No such anionic
group is evident from the crystal structure, however, and it is
unclear at the present time the role such an electronic pertur-
bation would play in regiospecificity and reactivity.

A further complication in the steric versus electronic con-
trol of regiospecificity comes from enzymatic studies
with meso-methylhemes (49). In these studies, the electron-
donating methyl group essentially mimics the anionic residue
reported to confer the unique electronic structure on the
heme-HO-1 complex. Oxidation of the a-meso-methylheme
HO-1 complex somewhat surprisingly yielded biliverdin IXa

(51). In subsequent studies with a 13C-labeled meso-methyl-
mesoheme, the authors ruled out the formation of CO, ac-
etaldehyde, or acetic acid as a product of the cleavage, but
have not yet successfully identified the fragment (48). Fur-
ther studies with the b, d, and g-meso-methyl isomers indi-
cated that the position of the electron-donating group played
a significant role in determining the regiospecif icity of cleav-
age (49). The g-meso-methylmesoheme was exclusively oxi-
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dized at the g-position to g-mesobiliverdin, the d-meso-
methyl isomer at both the d- and a-position, and the b-meso-
methylmesoheme was a poor substrate, even though the
a-position was not blocked. Although these studies appear to
support a role for electronic factors in the control of re-
giospecificity, it is also possible that the binding of a puck-
ered porphyrin would induce structural changes within the
active site. Some structural perturbation may be suggested by
the different reactivities of the d- and b-meso-methylmeso-
hemes. It is difficult to rationalize these results given that the
rotation of the heme around the a/g-axis observed in early
NMR studies would suggest the cleavage patterns should be
similar if 180° rotation occurred similarly for the meso-
methylmesohemes. It is also possible, however, that substitu-
tions at the b- and d-meso-carbons would restrict the heme to
binding in a single orientation. To address the possibility that
perturbations of the porphyrin structure were responsible for
the cleavage pattern, the authors synthesized the a-meso-
formylmesoheme, which differs only from a-meso-methyl-
mesoheme in that the former is electron-withdrawing, and the
latter electron-donating (50). In contrast to the a-meso-
methylmesoheme in which oxidation occurred at the site of
the substitution, the a-meso-formylmesoheme is cleaved at a
non-formyl-substituted site at either the b- or d-position. It is
clear from the above studies that a mechanism is required that
reconciles the electronic factors with the structural evidence
that steric as well as polar interactions of the bound Fe-O-O
with the surrounding environment play a significant role in
the regiospecificity of heme cleavage.

A detailed 2D NMR characterization of the heme pocket
revealed a cluster of nine aromatic residues that form part of
the heme-binding pocket (11). The heme was thought to be
bound with pyrroles A (1-methyl, 2-vinyl), B (3-methyl), and
D (8-methyl) buried toward the interior of the protein, and
pyrroles C (5-methyl, 6-propionate) and parts of pyrrole B 
(4-vinyl) and D (7-propionate) exposed to solvent. These as-
signments again have not been consistent with the crystal
structure, possibly because of the 180° rotation of the heme
about the a/g axis (12).

A labile proton within the active site thought to arise from
a Tyr or His within van der Waals contact of the heme was
proposed to be the distal base forming a hydrogen bond to the
coordinated water. However, mutation of all of the conserved
His and Tyr residues caused no loss in activity, or loss of the
distal water ligand. These mutagenesis experiments are con-
sistent with the crystal structure in which no active-site
residue appears to be coordinated to the distal water ligand.
Despite the obvious discrepancies between the 2D NMR data
and the crystal structure, it is obvious that the protein plays
an important role in modulating the reactivity of the heme,
which cannot be assessed from the static structure.

The structural characterization of the heme-HO-1 complex
revealed two structures. In one of the structures, the distal
helix is packed more tightly to the heme with the Ca of 
Gly-139 at a distance of 3.7 Å  from the heme, in the second,
the distal helix is less tightly packed with the Ca of Gly-139
at 5.7 Å from the heme. The heterogeneity attributed to the
distal helix as judged by the root mean square deviation and
high thermal factors may well have mechanistic implications
because it would allow for easy opening of the active site for

binding of substrate and release of product, while the close
proximity of the distal helix to the heme allows greater con-
trol of reactivity and regiospecificity. It must also be pointed
out that this structure represents only two states that may not
represent the most open and closed forms. The more recent
HemO structure further supports this as evidenced by the
close proximity of the distal helix to the heme.

Further clarification of many of the unresolved questions
arising from the crystal structures of both HO-1 and HemO
awaits structural characterization of reaction intermediates in
the conversion of heme to biliverdin, as well as heteronuclear
NMR studies directed at solving the solution structure of HO.

Ligand discrimination

Perhaps the most interesting aspect of HO is how it has
evolved to discriminate between O2 and CO. The O2 affinities
of ferrous heme-HO-1 and HO-2 are 30–90-fold higher than
those of mammalian myoglobins (27). Comparison of the dis-
sociation constants indicates a much slower rate of dissocia-
tion from HO than the globins. In contrast, the affinities for
CO in HO are only sixfold higher than those for oxygen in
contrast to the much higher affinities for CO compared with
O2 in the globins. Thus, the ratios of KCO/KO2

are ,5.4 and ,25
for HO and the globins, respectively (27, 40). Two possible
explanations for the decrease in O2 dissociation and CO af-
finity are suggested by the crystal structure of HO-1. Al-
though there is no distal base such as histidine to coordinate
directly to the bound oxygen, there is an ordered set of water
molecules within the active site that may be involved in a
hydrogen-bonding network with the oxygen. Indeed, electron
paramagnetic resonance (EPR) studies on the oxy-cobalt-
HO-1 have shown solvent deuterium isotope shifts consistent
with the oxygen involvement in a hydrogen-bonding interac-
tion (10). Secondly, the presence of a hydrophobic channel in
close proximity to the a-meso-edge may promote CO release
through this channel rather than into the more polar heme
pocket, effectively reducing the inhibitory concentration of
CO. The absence of such a hydrophobic channel in the struc-
ture of HemO has interesting implications for both substrate
specificity (see following section) and CO discrimination.

SUBSTRATE SPECIFICITY

The studies that have been carried out in regard to sub-
strate specificity have primarily been carried out with the
mammalian HO-1 isozymes. HO is highly specific for the
heme propionates at positions 6 and 7, but is much less strin-
gent to variations at positions 1–4 (see Fig. 1 for numbering).
Exchanging the positions of the methyl and propionate
groups at positions 5–8 or shortening the length of the propi-
onates results in substrates that are no longer viable (8, 9, 47).
In contrast, a large number of substituents are acceptable at
one or more of the positions 1–4, including chain lengths of
up to 12 carbons, both polar and nonpolar. These studies have
largely been verified with the recent crystal structures of HO-1
and HemO, where a number of Arg and Lys residues are lo-
cated in close proximity to the heme propionates (38, 39).
The heme orientational heterogeneity observed in NMR stud-
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ies of the human heme-HO-1 complex also supports the pro-
pionates being essential for heme binding as 180° rotation
around the a/g axis would simply result in the propionates
switching position in the two orientations. The position of the
a-meso-edge would be unaffected by this heterogeneity and
the apparent nonspecificity for substituents at positions 1–4
is suggestive of an active-site structure that could accommo-
date more complicated hemes that may arise physiologically,
for example, from degradation of proteins such as cy-
tochrome c (15). Indeed, the presence of a hydrophobic chan-
nel in HO-1 may accommodate hemes with hydrophobic sub-
stituents. The absence of such a channel in the bacterial
HemO may reflect a fundamental physiological difference in
that receptor-mediated heme uptake is most likely restricted
to protoporphyrin IX.

MECHANISM OF HO

Nature of the activated oxygen and 
a-meso-hydroxylation

The first step in the catalytic turnover of heme is the re-
duction of the ferric (FeIII)-heme-HO-1 complex to the fer-
rous state by NADPH-cytochrome P450 reductase. Reduc-
tion of the ferric complex to the ferrous state can be
monitored in the presence of CO with formation of the dis-
tinctive ferrous (FeII)-CO heme-HO-1 complex (58, 59). On
reduction of the iron to the FeII oxygen is bound to give the
FeII-O2 complex with a Soret maximum at 410 nm, which
bears a striking resemblance to the FeII-O2-myoglobin spec-
trum (60). Recent resonance Raman studies on the isotopi-
cally labeled FeII-O2 complex have shown an isotope shift
pattern that suggests the oxygen is highly bent, with the ter-
minal oxygen closely approaching the a-meso-carbon (44).
The highly bent state of the bound dioxygen contrasts
sharply with the more linear geometry of the FeII-O2 myoglo-
bin complex. The authors concluded based on the similarity
of the His-Fe stretching frequencies in both the FeII-O2 myo-
globin and Fe-O2-cobalt HO-1 complexes that the effect is
due to steric factors within the heme-binding pocket, a con-
clusion consistent with the recent crystal structures (38, 39).
In addition, hydrogen-bonding interactions within the polar
environment created by the ordered water molecules in the
vicinity of the a-meso-edge may facilitate the bent geometry
required in directing the dioxygen toward contact with the 
a-meso-carbon.

The dioxygen geometry has obvious implications for the
hydroxylation of the a-meso-heme edge. Once the FeII-O2

complex is formed, a second electron transfer to the heme re-
duces the FeII-O2 complex to the activated peroxide interme-
diate. At this stage, HO differs significantly from the more
well characterized heme enzymes that undergo heterolytic
cleavage of the O-O bond to yield the active ferryl complex
(Fe-O)3+ rather than a peroxide intermediate. The addition of
hydrogen peroxide (H2O2) supports the hydroxylation of the
a-meso-carbon to yield a-meso-hydroxyheme, which in the
presence of oxygen is directly converted to verdoheme (13,
53). Therefore, H2O2 is equivalent to a molecule of oxygen
and two electrons in the reaction of heme to verdoheme, but

does not support the catalytic conversion of verdoheme to
biliverdin (53). Anaerobic addition of H2O2 to the FeIII-heme
HO-1 complex produced an intermediate stable in the ab-
sence of oxygen (20). This intermediate is identical, as deter-
mined by absorption spectroscopy and resonance Raman, to
that reported for the synthetic a-meso-hydroxyheme HO-1
complex (23).

The nature of the peroxide species involved in hydroxyla-
tion of the heme has been studied in more detail with the acyl
and alkyl peroxides (53). Reaction of the FeIII-heme-HO-1
complex with meta-chloroperbenzoic acid generated a ferryl
complex that did not support hydroxylation. Similarly, the
larger alkyl peroxides, such as tert-butyl hydroperoxide and
cumene hydroperoxide, formed a ferryl species with no evi-
dence of heme modification. The reaction with the much
smaller ethyl hydroperoxide gave the most interesting and
informative result (55). Although ethyl hydroperoxide also
gives rise to a ferryl species, reduction of the peroxo inter-
mediate to prevent nonspecific degradation of the heme, fol-
lowed by HPLC isolation of the heme, identified a fraction
of the heme that had been modified. The modified heme was
characterized by absorption, NMR, and mass spectrophoto-
metric techniques as a-meso-ethoxyheme (55). The forma-
tion of a-meso-ethoxyheme paralleled that of a-meso-
hydroxyheme, the first step in the enzymatic reaction. The
a-meso-ethoxyheme is stable compared with a-meso-
hydroxyheme, which is rapidly deprotonated to verdoheme
as part of the normal reaction pathway. These experiments
highlighted one important aspect of the HO reaction and that
is the nature of the active peroxide. The reaction specifically
rules out a mechanism by which the terminal oxygen of a
peroxo anion (FeIII-O-O2) adds as a nucleophile to the 
a-meso-carbon because in the ethyl hydroperoxide reaction
the terminal oxygen is blocked. These results therefore imply
that the FeIII-O-OH intermediate undergoes electrophilic ad-
dition at the a-meso-edge, a mechanism that supports the
data from both the studies with H2O2 and ethyl hydroperox-
ide (Fig. 4).

A series of elegant experiments utilizing electron-nuclear
double resonance and EPR spectroscopy techniques were car-
ried out on the cryogenically reduced FeII-O2 HO-1 complex
(5). In these studies, direct demonstration of a one-electron
reduction of the FeII-O2 HO-1 complex identified a-meso-
hydroxyheme as a true intermediate in HO catalysis, and cor-
roborated the hydroperoxide species as the activated oxygen
in HO substrate hydroxylation.

In this respect, the reactivity of HO in which the activated
oxygen species is the hydroperoxide (FeIII-O-OH) represents
a new class of hemoprotein reactivity distinct from that of
the more common ferryl species (Fe-O)3+ of the cytochromes
P450 and peroxidases. The less characterized peroxo-anion
(Fe-O-O2) species that directly reacts as a nucleophile with
highly electrophilic substrates also has precedent in the liter-
ature as a currently accepted mechanism for the carbon–
carbon bond cleavage reactions associated with cytochrome
P450 enzymes such as lanosterol-14a-demethylase and
sterol 17-lyase (17). One of the more challenging aspects in
the future will be in understanding the structural and elec-
tronic factors that contribute to these unique hemoprotein
manifolds.
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Conversion of a-meso-hydroxyheme to verdoheme

The conversion of a-meso-hydroxyheme to verdoheme is
an oxygen-dependent process as evidenced from the reaction
with H2O2 or on reconstitution with synthetic a-meso-
hydroxyheme where, in the absence of oxygen, a-meso-
hydroxyheme is a stable intermediate (20, 23). Addition of
oxygen to the anaerobic a-meso-hydroxyheme complex re-
sults in the appearance of an organic radical in the EPR spec-
trum with a signal at g = 2.008 and a rhombic component at g
= 6.07 and 5.71 characteristic of the FeIII species (20). The
addition of CO to the anaerobic system results in the loss of
the FeIII component of the EPR spectrum and an increase in
the radical signal at g = 2.004 (23). It can be concluded that
the presence of CO drives the reaction in the direction of the
radical intermediate and that in the presence of O2 the radical
species is in equilibrium with the FeIII species (Fig. 5). Al-
though it is largely agreed that the FeIII-meso-hydroxyheme is
in equilibrium with the FeII radical form, some question re-
mains on the requirement of reducing equivalents for the con-
version of a-meso-hydroxyheme to verdoheme. In studies

with synthetically reconstituted apo-HO-1 and a-meso-hy-
droxyheme, it has been reported that the formation of verdo-
heme required input of a further reducing equivalent as well
as O2 (23, 28). Liu et al., however, reported that only the addi-
tion of oxygen was required for the conversion of the H2O2-
generated a-meso-hydroxyheme to verdoheme (20). This is in
agreement with earlier studies on model systems in which 
a-meso-hydroxyheme-reconstituted myoglobin is converted
to verdoheme without the addition of reducing equivalents
(35). There is no question that the conversion of FeIII-verdo-
heme to FeII-verdoheme requires an electron, but the observa-
tion that FeIII-verdoheme accumulates in high yields in the
H2O2-driven reaction in the presence of O2 clearly indicates
that the electron is not required at this step of the reaction.
Under physiological conditions in the presence of NADPH
and cytochrome P450 reductase, FeIII-verdoheme does not ac-
cumulate and is rapidly converted to FeII-verdoheme. There
are two separate steps at which the electron may be intro-
duced, either following formation of FeIII-verdoheme in the
formation of FeII-verdoheme (as shown), or prior to CO elim-
ination directly forming FeII-verdoheme (Fig. 5) (20, 29, 30).

Ortiz de Montellano has proposed two alternative mecha-
nisms by which oxygen may react to give the peroxy-radical
intermediate following deprotonation of a-meso-hydroxy-
heme to the oxophlorin (Fig. 5) (29, 30). The oxygen may
react directly with the iron of the FeII intermediate, or at the
porphyrin edge following internal electron transfer from the
iron to give the FeIII-hydroperoxy species. Either of these
species would give rise to an unstable ferryl alkoxy radical
with the consequent release of CO as a result of carbon–
carbon bond cleavage. The resulting unstable carbon radical
is then presumably internally oxidized to the cation by elec-
tron transfer to the ferryl species (Fig. 5).

Although it must be highlighted that none of the intermedi-
ates beyond the addition of oxygen to the porphyrin radical
species have been identified spectrally, the mechanism pro-
vides a reasonable explanation of the steps involved in CO re-
lease and verdoheme formation.

Verdoheme to biliverdin

The f inal stage of the HO catalyzed reaction, and perhaps
the least well understood, is the conversion of verdoheme to
biliverdin. Early 18O2-labeling studies on the reconstituted
HO-1 system provided an important foundation for the mech-
anism of oxygen insertion (6, 7). Under a partial atmosphere
of 16O2/

18O2, one atom each of 18O and 16O are incorporated
into the f inal biliverdin product. The incorporation of two
atoms of oxygen from separate oxygen molecules indicates
that the reaction occurs solely by oxidation and not via a hy-
drolytic mechanism. Studies of verdoheme complexes in
model systems had previously determined that formation of
biliverdin required incorporation of molecular oxygen (34).

One important distinction with the utilization of H2O2 in-
stead of NADPH-cytochrome P450 reductase is the inability
of the reaction to proceed beyond verdoheme; indeed, the
presence of excess H2O2 results in the nonspecific degrada-
tion of the heme to mono- and dipyrroles (53). This suggests
that formation of FeIII-verdoheme yields an intermediate in a
higher oxidation state than is required for further reaction.
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FIG. 5. Proposed mechanism for the conversion of a-
meso-hydroxyheme to FeII-verdoheme. a-meso-Hydroxyheme
is shown deprotonated. Adapted from reference 48.
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Presumably, the formation of biliverdin from verdoheme re-
quires a two-electron reduction precluding H2O2 from carry-
ing out the final step in the reaction. A hypothetical mecha-
nism has been proposed by Ortiz de Montellano to account
for these observations (Fig. 6) (29, 30). In this scenario, re-
duction of the FeIII-verdoheme to the FeII state, binding of
dioxygen, and a second one-electron reduction would give an
intermediate formally equivalent to that obtained on reaction
with H2O2 (steps 1 and 2 in Fig. 6). Following dioxygen bond
cleavage to give an alkoxy radical or anion, the subsequent
ring cleavage and two-electron reduction would give rise to
the f inal FeIII-biliverdin product. An alternative pathway may
involve the stepwise addition of molecular oxygen to the
porphyrin edge (step 3 in Fig. 6), whereas reaction with H2O2

may result in side reactions that give alternative products. It
is also unknown at this time at which step in the pathway the
two electrons required to produce FeIII-biliverdin would be
delivered.

The f inal step in the complete HO-dependent reaction is
the conversion of FeIII-biliverdin to FeII-biliverdin. This step
in the pathway has important implications for the subsequent
release of biliverdin and its conversion to bilirubin by the ac-
tion of BVR. It had been suggested from early coupled oxida-
tion studies, in which the final product is FeIII-biliverdin, that
FeIII-biliverdin is not a substrate for BVR. The HO reaction
with NADPH-cytochrome P450 reductase produces free
biliverdin that is reduced quantitatively to bilirubin (59).
More recently, Liu and Ortiz de Montellano have confirmed
that the rate-limiting step in the enzymatic degradation of
heme to biliverdin, in the absence of BVR, is biliverdin re-

lease (19). In the presence of BVR, the rate- limiting step in
the single turnover studies was the conversion of FeII-
verdoheme to FeIII-biliverdin. One possible factor that may
contribute to biliverdin release is direct protein–protein inter-
action of BVR with the biliverdin-HO-1 complex that some-
how facilitates allosteric release of the product. The recent
crystal structure of the BVR, although not directly addressing
this question, does not preclude a physical interaction that may
allosterically promote transfer of biliverdin from HO to BVR
(14). Indeed, just as the propionate groups of the heme are im-
portant in binding and orienting the heme within HO-1, the
presence of a number of Arg and Lys residues in BVR are ide-
ally situated for interaction with the propionates of the result-
ing biliverdin (14). Interestingly, this exposed surface of the
BVR protein is also somewhat electronegative, and may di-
rectly interact with the more electropositive face surrounding
the exposed heme edge in the heme-HO-1 complex (38, 41).

Although such intensive and informative kinetic studies
have implicated certain steps in the HO reaction as being
rate-limiting, it is important to remember that the physiologi-
cal conditions under which the reaction takes place may be
somewhat different from those of the in vitro systems. Firstly,
the rate of the overall reaction is somewhat sensitive to the
ratio of NADPH-cytochrome P450 reductase to HO-1; sec-
ondly, the oxidation state of the heme available physiologi-
cally is not known and this may have consequences for the
overall rate of the reaction.

In our recent studies on the bacterial HOs, we have found
that, like the mammalian enzymes, in the presence of ascor-
bate the final product of the reaction is FeIII-biliverdin, which
is not a substrate for BVR (54, 63). The HmuO, HemO, and
PigA enzymes from C. diphtheriae, N. meningitidis, and
P. aeruginosa, respectively, show activity on reconstitution
with the human cytochrome P450 reductase system. In all
cases, however, the final product is FeIII-biliverdin, which is
not released from the active site in the absence of iron chela-
tors or acidification of the reaction. Chu et al., however, have
recently reported that a recombinant HmuO generated from a
synthetic gene construct generates biliverdin as the final
product of the reaction, the FeII iron presumably being re-
leased (2). At this point, we do not understand the reported
differences for the recombinant and natural gene products of
HmuO, but in no HO system previously described has ascor-
bate supported the conversion of FeIII-biliverdin to FeII-
biliverdin. At the present time, we have not identified the en-
dogenous electron donor for any of the bacterial HOs thus far
characterized.

An interesting question arises when considering the nature
of biliverdin metabolism in bacterial pathogens: what is the
fate of the biliverdin? It is unlikely that biliverdin is con-
verted to bilirubin as in mammalian systems, where such a
process evolved for physiologically distinct reasons, primar-
ily placental transport and possibly as a lipid-soluble antioxi-
dant in protection from free-radical damage (26). The sole
function of biliverdin in cyanobacteria, algae, and higher
plants is as a biosynthetic precursor for the synthesis of the
light-harvesting bilin pigments (1). In the bacterial patho-
gens, the primary reason for cleavage of the heme macrocycle
appears to be in the acquisition of iron and therefore
biliverdin may only reflect a waste product of this reaction. It
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FIG. 6. Hypothetical scheme for the conversion of FeII-
verdoheme to FeIII-biliverdin. Two alternatives are shown
that differ in the step at which electrons are introduced into the
system. Adapted from reference 48.
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is possible that biliverdin is pumped out of the cells by a non-
specific outer-membrane transporter or that it is further de-
graded and utilized as a carbon and/or nitrogen source. Al-
though this question still remains, biliverdin does not appear
to be toxic to bacteria per se, as judged by the high degree of
coloration due to biliverdin production in E. coli cells ex-
pressing recombinant bacterial HOs.

SUMMARY

The recent explosion of interest in HO at the physiological
level has increased both our awareness of its ever increasing
role in biology, as well as the complex nature of the reaction
manifold. Although we have made great strides in character-
izing HO both structurally and mechanistically, a great num-
ber of unanswered questions still remain. In the future, it may
be possible to trap crystalline intermediates along the HO
pathway that will facilitate and clarify our current under-
standing of the relationship of structure to function. Ad-
vances in understanding regiospecificity, as well as catalysis,
will obviously require a greater knowledge of the molecular
dynamics and conformational properties of the protein, and
hence techniques such as heteronuclear NMR and molecular
dynamic calculations should prove to be especially useful in
this endeavor.
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BVR, biliverdin reductase; CO, carbon monoxide; 2D,
two-dimensional; EPR, electron paramagnetic resonance;
heme, iron-protoporphyrin IX irrespective of oxidation or li-
gation state; HemO, Neisseriae meningitidis heme oxyge-
nase; HmuO, Corynebacterium diphtheriae heme oxygenase;
HO, heme oxygenase; HO-1 and HO-2, heme oxygenase
isozymes 1 and 2; H2O2, hydrogen peroxide; MCD, magnetic
circular dichroism; NMR, nuclear magnetic resonance; PigA,
Pseudomonas aeruginosa heme oxygenase.
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