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Abstract: In mammals, catabolism of the heme group is indispensable for life. Heme is first cleaved 
by the enzyme Heme Oxygenase (HO) to the linear tetrapyrrole Biliverdin IXα (BV), and BV is 
then converted into bilirubin by Biliverdin Reductase (BVR). HO utilizes three Oxygen molecules 
(O2) and seven electrons supplied by NADPH-cytochrome P450 oxidoreductase (CPR) to open the 
heme ring and BVR reduces BV through the use of NAD(P)H. Structural studies of HOs, including 
substrate-bound, reaction intermediate-bound, and several specific inhibitor-bound forms, reveal 
details explaining substrate binding to HO and mechanisms underlying-specific HO reaction pro-
gression. Cryo-trapped structures and a time-resolved spectroscopic study examining photolysis of 
the bond between the distal ligand and heme iron demonstrate how CO, produced during the HO 
reaction, dissociates from the reaction site with a corresponding conformational change in HO. The 
complex structure containing HO and CPR provides details of how electrons are transferred to the 
heme-HO complex. Although the tertiary structure of BVR and its complex with NAD+ was deter-
mined more than 10 years ago, the catalytic residues and the reaction mechanism of BVR remain 
unknown. A recent crystallographic study examining cyanobacterial BVR in complex with NADP+ 
and substrate BV provided some clarification regarding these issues. Two BV molecules are bound 
to BVR in a stacked manner, and one BV may assist in the reductive catalysis of the other BV. In 
this review, recent advances illustrated by biochemical, spectroscopic, and crystallographic studies 
detailing the chemistry underlying the molecular mechanism of HO and BVR reactions are pre-
sented. 

Keywords: X-ray crystallography, Protein structure, Redox complex, Heme metabolism, Enzymatic reaction, 
Ligand discrimination, Stacked substrate-binding mode. 

1. INTRODUCTION 

The cofactor heme (iron-protoporphyrin IX) is 
widely used in various heme proteins; however, as free 
heme is toxic and produces reactive oxygen species, it 
should be immediately removed from cells. Heme is 
catabolized into Biliverdin IXα (BV) and then Bilirubin  
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IXα (BR) in intact organisms. The enzyme involved in 
heme cleavage to produce BV is Heme Oxygenase 
(HO) (EC 1.14.14.18), and the enzyme responsible for 
converting BV into bilirubin is Biliverdin Reductase 
(BVR) (EC 1.3.1.24). HO was discovered in 1968 by 
Tenhunen et al. and identified as the enzyme that cata-
lyzes oxidative degradation of heme [1, 2]. HO specifi-
cally cleaves the α-position of heme to produce a linear 
tetrapyrrole of BV, Fe2+, and carbon monoxide (CO). 
HO is essential for recycling iron from heme and is 
found in both vertebrates and invertebrates. CO, the 
byproduct of the HO reaction, is a well-known toxic 
gas, and a small percentage of hemoglobin in erythro-
cytes binds endogenous CO. Recently, both CO and 
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NO have been observed to function as important sig-
naling molecules. 

CO is involved in inflammation, cell proliferation, 
and differentiation via the NF-κB pathway. This mole-
cule also regulates vasodilation and vasoconstriction 
via cystathionine β-synthase, and circadian rhythms via 
NPAS2 [3-6]. HO is present in higher plants, algae, 
fungi, and bacteria [7, 8]. Especially, some pathogenic 
bacteria use mammalian HO homologs to acquire iron 
from the host heme groups [9].  

HO forms a 1:1 complex with the substrate heme 
and converts it to BV via three steps. Specifically, con-
version occurs through heme to α-hydroxyheme, then 
α-hydroxyheme to α-verdoheme, and finally from α-
verdoheme to BV (Scheme 1) [10-12]. CO and ferrous 
iron are released in the second and third steps, respec-
tively. Mammalian HO requires electrons for these 
monooxygenase reactions, and these electrons are sup-
plied by NADPH-cytochrome P450 oxidoreductase 
(CPR) (EC 1.6.2.4). 

Mammalian HO enzymes are composed of a soluble 
catalytic domain and a C-terminal membrane-bound 
segment. Truncated soluble HO enzymes lacking these 
C-terminal amino acid residues retained partial activity 
compared with that of intact HO [13, 14] and were util-
ized for several biochemical, spectroscopic, and crys-
tallographic studies. Rat and human truncated HOs 
were over-expressed using Escherichia coli [15, 16].  

In photosynthetic organisms such as cyanobacteria 
and plants, BV produced by HO is used to synthesize 
pigments for light-harvesting complexes of phycobili-
somes [17], and light-sensing [18]. Cyanobacterial and 
plant HOs are soluble proteins that require ferredoxin 
as an electron donor. BV produced by the HO reaction 
is further reduced at several specific sites by ferre-
doxin-dependent bilin reductases resulting in pigments 
such as phycocyanobilin, phycoerythrobilin, phycouro-
bilin, and phytochromobilin [19-23]. BV, phycocyano-
bilin, and phytochromobilin function as chromophores 
for photoreceptors. 

BVR catalyzes the reduction of the C10 double 
bond (α-methene bridge) of BV to yield BR through 
the use of NAD(P)H as a reducing agent (Scheme 1). 
BVR was discovered by J. W. Singleton and L. Laster 
in 1965 [24]. BR is abundant in blood plasma and is the 
major antioxidant responsible for protecting cells from 
H2O2 at physiological concentrations [25, 26]. The 
solubility of BR in bile is increased by glucuronidation 
catalyzed by glucuronosyl transferase. BR is a source 
of jaundice, and neonatal jaundice is a common disease 
in newborns. Jaundice is treated by exposure to blue or 
white light; as the light converts geometric isomers of 
BR to increase their solubility [27]. Novel functions of 
BVR have been reported, and these include a dual-
specificity kinase function that regulates the insulin 
receptor/MAPK pathway and a bZip-type transcription 
factor function that influences ATF-2/CREB and HO-1 

NN

N N
Fe3+

NN

N N
Fe3+

OH

N

O+

N

N N
Fe2+

HN

O

HNNH

N

O

αα

β

γ

δ

heme α-hydroxyheme

α-verdoheme biliverdin

O2/e-

O2/e-

Fe2+

COOH COOH COOH COOH

COOH COOH COOH COOH

CO
O2/e-

HN

O

HNNH

N

O

bilirubin
COOH COOH

H H

HO reaction

BVR reaction

FDBR reaction

phycocyanobilin
phycoerythrobilin
phytochromobilin
phycourobilin

2e-

2 or 4e-

 
Scheme 1. Heme metabolic pathway. 
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regulation [28, 29]. The mammalian BVR homolog 
(BvdR) has been observed in cyanobacteria. When the 
bvdR gene is disrupted in Synechocystis sp. PCC 6803, 
the biosynthesis of phycobiliproteins is disrupted and 
the biosynthesis of pigments such as phycocyanobilin, 
which are responsible for photosynthesis, is impaired 
[30]. Although BR has not been observed in cyanobac-
terial cells, BvdR is considered to control the biosyn-
thetic pathway of photosynthesis pigments [30].  

Mammalian BVRs and cyanobacterial BvdRs are 
soluble proteins, and crystal structures of rat BVR and 
its complex with NAD+ were reported in the early 
2000s [31, 32]. Although biochemical studies charac-
terizing the reaction mechanism of these enzymes have 
been extensively performed, residues involving cataly-
sis or the molecular mechanism to reduce C10 sites 
using NAD(P)H have not been characterized until re-
cently.  

Several reviews discussing HO [12, 33-36] and 
BVR [37-39] have been published in the last few dec-
ades. This review describes recent studies detailing the 
properties, structures, and molecular mechanisms of 
heme catabolizing HO and BVR enzymes. 

2. PROPERTIES OF HO 

Mammalian HOs are proteins weighing approxi-
mately 33 kDa, and the C-terminal segment is anchored 
to the microsomal membrane. Truncated soluble HO 
forms a monomer, but oligomerization of HO is 
thought to occur in intact HO-1 [40]. There are two 
isoforms of this protein, HO-1 and HO-2. HO-1 is 
highly expressed in the spleen and liver and is respon-
sible for degradation of heme-derived mainly from se-
nescent erythrocytes. HO-2 is fully refractory to the 
inducers for HO-1, and it is constitutively expressed in 
the brain and testis [41]. HOs of cyanobacteria and 

plants are soluble proteins and exist as several iso-
forms.  

HO binds to heme at a specific position to form the 
heme-HO complex and then activates molecular Oxy-
gen (O2) using the substrate heme [42]. The heme 
complex of HO exhibits spectroscopic properties simi-
lar to those of other heme proteins such as myoglobin 
and hemoglobin [43, 44]. The ferric heme-HO complex 
exists in a six-coordinate high spin state at neutral pH, 
and it converts into a low spin state at basic pH based 
on Raman and EPR spectroscopy analysis [44]. The 
conserved His residue located near the N-terminus is 
thought to act as the ligand for the heme iron.  

One characteristic of heme-HO is that it exhibits an 
affinity for CO that is almost equal to that for O2 in 
heme-HO. The parameters describing O2 and CO bind-
ing to heme-HO complexes are given in (Table 1) [45]. 
It is well established that the affinity of other heme pro-
teins such as myoglobin and hemoglobin for CO is 
much higher than that for O2. 

2.1. Activity of HO, Assignment of Catalytic Resi-
dues, and Structural Details of Mammalian HOs 
Complexed with Heme 

Activation of O2 is the key process in HO reaction. 
Region-specific oxidation of heme is thought to in-
volve the carboxylate amino acid side chain of HO 
[46]. Initially, the residues located at the distal side of 
the heme iron were investigated by biochemical and 
mutational studies [47, 48]. When the conserved aspar-
tic acid residue at position 140 was replaced with resi-
dues such as histidine, asparagine, or alanine, HO ac-
tivity was severely affected, indicating involvement in 
the activation of O2 [47, 48]. 

Human and rat HO-1s that had undergone removal 
of the C-terminal membrane anchor to increase solubil-

Table 1. Association constants for O2 and CO binding to heme HO complexes, human myoglobin, and leghemoglobin 
(Data are taken from Migita et al. [45]). Association constants of CO binding to HO have two parameters be-
cause CO binding to HO is biphasic. 

Protein O2 binding (μM-1) CO binding (μM-1) Ratio (Kco/Ko2) 

HO-1 28 150 

34 

5.4 

1.2 

HO-2 77 420 

89 

5.5 

1.2 

Myoglobin 0.86 35 41 

Leghemoglobin 23 2200 95 
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ity were crystallized in complex with heme [49, 50] 
and resolved by X-ray crystallographic analyses [51, 
52].  

HO is an α-helical protein (Fig. 1). The heme group 
is surrounded by A-, B-, and F-helices, and the heme 
iron is coordinated by the His residue (His25 in both rat 
HO and human HO) in the A-helix. The F-helix is 
kinked on the distal side of heme. Interestingly, there is 
no side chain on the distal side of heme; the closest 
residue to the heme iron is glycine. Crystal structure 
analysis revealed that a water molecule or OH- is coor-
dinated to the heme iron in the ferric heme bound state. 
The orientation of the heme is maintained by the elec-
trostatic interactions between basic residues of HO and 
two heme propionate groups. Close examination of the 
electron density map revealed that a small fraction of 
the heme was bound to HO in an inverted manner 

around the axis connecting the α and γ positions, which 
is consistent with the NMR analysis results [53].  

There was no amino-acid residue, such as histidine 
or aspartic acid, located at the distal side of the heme 
group. Instead, a conserved hydrogen-bond network 
was present that connects the O2 substrate with Asp140 
and Arg136 on the distal side through the use of water 
molecules (Fig. 1B). The essential catalytic residue 
Asp140 was located relatively far from the heme distal 
side. Participation of the hydrogen bond network in the 
active site of HO was studied by NMR spectroscopy 
[54]. The catalytic mechanism of HO (i.e. conversion 
of heme to α-hydroxyheme) was also studied by EPR 
and ENDOR spectroscopy, and Asp140 mutants were 
prepared to test if a water molecule stabilizes the hy-
droperoxy species [55].  

 

 
Fig. (1). Crystal structure of rat HO-1. (A) Overall folding of rat HO-1 in complex with heme. Eight helices were denoted as A 
to H. Heme is located between A- and F-helices. (B) Close-up view of heme environments of the O2 bound heme-rat HO-1 
complex viewed from the distal side. At the proximal side, the heme iron is coordinated by the histidine Nε atom (His25 in the 
case of rat HO-1). At the distal side, O2 is coordinated. F-helix is kinked on the distal side as the surrounding of O2. O2 is di-
rected to the α-meso site of heme (shaded circle). Two propionate groups of heme are anchored by several salt bridges to fix 
the orientation of heme. Asp140, the catalytic residue, is connected to O2 via several water molecules.
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The structure of another mutant human heme-HO-2 
complex, where C-terminal residues including the 
Heme Regulatory Motif (HRM) [56]� and the mem-
brane anchor were truncated, was also determined. 
Overall, the heme-binding site structure in HO-2 re-
sembled that of HO-1 [57].  

2.2. Structural Changes in HO Upon Heme Binding 

In the crystal structure of rat apoHO-1 a large con-
formational change occurred at the heme-binding site 
upon heme binding [58]. In rat apoHO-1, the N-
terminal A-helix was not clearly visible in the electron 
density map, and the B-helix was shifted to shrink the 
heme pocket relative to that of rat heme-HO-1. The 
kinked region of the F-helix exhibited altered confor-
mation and appeared flexible. These changes indicate 
that when the heme binds to HO, the heme is fixed by 
salt bridges formed between the propionate groups and 
Lys18, Lys179, and Arg183 and by hydrogen bond 
formation between the propionate group and Tyr134. 
The Nε atom of His25 coordinated with the heme iron 
at the proximal side, and a hydrogen bond network was 
formed at the distal side (Fig. 1B).  

Crystal structures of human apoHO-1 and bacterial 
apoHO were determined at a higher resolution than 
those of rat apoHO-1 [59, 60]. A-helices are visible and 
some conformational changes observed in these struc-
tures were not seen rat apoHO-1. Similar to what was 
observed in rat apoHO-1, the hydrogen bond network 
at the distal side was absent in apo-HO.  

The conformational dynamics of rat HO-1 were de-
termined using NMR as a means to elucidate the 
mechanism by which HO-1 recognizes heme (Fig. 2) 
[61]. NMR relaxation experiments showed that, as ob-
served in the crystal structures, rat apoHO-1 A-, B-, 
and F-helices fluctuate, and in concert with a surface-

exposed loop (CD-loop) and the CD-loop transiently 
form a partially unfolded structure. The fluctuating 
CD-loop is located more than 17 Å from the heme-
binding site, and the function of this loop is unknown. 
While attempting to elucidate the function of this loop, 
we found interesting mutations that altered activity but 
caused little change in conformation. The Phe79Ala 
mutation in the CD loop is involved in regulating the 
conformational change for heme binding by promoting 
conformational fluctuations. Further, the CD-loop is 
close to the interaction site for CPR in the CPR-HO 
complex as shown in below (Fig. 6A). Thus, the bind-
ing of heme to HO-1 may affect the affinity of CPR for 
HO-1 through the control of fluctuations in the heme-
binding site and the CD loop.  

2.3. Structures of Molecular Oxygen (O2)-, Azide-, 
and Nitric Oxide-Bound Heme-HO 

The crystal structure of the O2-bound form of rat 
heme-HO-1 was determined at a 1.8 Å resolution. O2 
was bound to the heme iron and the angle of Fe-O-O 
was 118° [62], which is consistent with a previous 
resonance Raman spectroscopic study [63]. The hydro-
gen bond network of these HOs was essentially the 
same as that of the native heme-HO complex (Fig. 1B) 
and formed a hydrogen bond with the distal oxygen 
atom of O2. The amide group of Gly143 located in the 
F-helix formed a hydrogen bond with the proximal 
oxygen atom of O2. These hydrogen bonds increased 
O2 affinity for the heme-HO complex. Similar binding 
of O2 to the heme-HO complex derived from Coryne-
bacterium diphtheriae, heme-HmuO, was observed in a 
crystallographic study [64]. Substrate O2 was similarly 
bound to the heme iron; and the angle of Fe-O-O was 
101-114°. The amino group of the Gly residue on the 
distal side was also directed toward O2. O2 analogs (az-

 
Fig. (2). Conformational dynamics of apo HO-1. In apo HO-1, A- and B-helices fluctuate for heme binding, and the F-helix 
and CD-loop are partially unfolded in the minor state as shown by dotted lines.



3504    Current Medicinal Chemistry, 2020, Vol. 27, No. 21 Sugishima et al. 

ide and nitric oxide) also bound similarly to the heme 
iron of rat heme-HO [65, 66]. Thus, the O2 and O2-like 
ligand-binding mode is named the bent mode. 

All ligands were directed toward the α -position of 
heme (Fig. 1B). As the F-helix is kinked at Ser142 to 
allow envelopment of the distal ligand, distal ligands 
cannot achieve any position other than the α-position. 
As a result, HO specifically cleaves the α-position of 
heme. Although a small fraction of heme was bound to 
HO in an inverted way connecting the α and γ posi-
tions, the cleavage site of the α -position was not af-
fected. 

2.4. Conformational Changes Resulting from CO or 
Cyanide Binding to Heme-HO 

Unlike with substrate O2 or the inhibitors azide and 
nitric oxide, the angle of Fe-C-O was 158° in the CO 
bound heme-rat HO-1 complex, which is nearly linear 
(Fig. 3). This binding mode is described as the tilt 
mode. Cyanide bound similarly to the heme iron [65].  

Notably, upon CO or cyanide binding to the heme 
iron, the F-helix shifts by about 1.0 Å to avoid steric 
hindrance between the ligand and the F-helix (Fig. 3). 
Consequently, the proximal histidine shifts along with 
bound heme result in breakage of the hydrogen bond 
between heme propionate and Lys179. Additionally, 
when the Fe-CO bond was photolyzed in the CO bound 
heme-rat HO-1 crystal, reverse conformational changes 

of the distal F-helix and the heme iron were observed 
(Fig. 4) [62]. Such dynamic structural changes in the 
heme-heme HO-1 complex following CO dissociation 
were also observed by time-resolved resonance Raman 
spectroscopy [67]. Temporal changes in resonance 
Raman bands at the Fe-His stretch and the heme propi-
onate bends were observed at the sub-nanosecond and 
microsecond time regime, respectively. These changes 
suggest structural rearrangements in the Fe-His linkage 
and the salt bridges of heme propionates following CO 
dissociation. The Fe-His stretching mode exhibited an 
upshift up to 30 μs after dissociation. This is the first 
example of an upshift in CO-dissociation-induced 
stretching of the Fe-His linkage in heme proteins. 

2.5. Discrimination of O2 and CO by HO 

HO is unique in that it is able to utilize O2 mole-
cules in the presence of CO. Biochemical studies have 
shown that O2 dissociation rates are remarkably slow, 
indicating that favorable interactions occur between 
bound O2 and protein residues in the heme pocket (Ta-
ble 1) [45]. Free heme binds CO with a significantly 
greater affinity compared to that for O2, and this affin-
ity difference can be as high as 104 fold. It is well 
known that O2 binds the heme iron with a bent mode, 
while CO binds with a tilt mode. Such stereochemical 
constraints may explain why the iron atom of heme-
HO/α-hydroxyheme-HO/verdoheme-HO poorly binds 
to CO. The bent mode ligand of O2 interacts at the dis-

 
Fig. (3). Two mechanisms of ligand bindings by O2 and CO. O2 is bound to the heme iron with a bent mode; the angles of Fe-
O-O are approximately 120°. When O2 binds to heme-HO, no conformation change occurs, as there is no collision between O2 
and Gly139. CO is bound to the heme iron with a tilt mode, and the angles of Fe-C-O are approximately 160°. When CO binds 
to heme-HO, a subtle conformation change is induced allowing escape from the steric hindrance between CO and the carbonyl 
group of Gly139.



Recent advances in Heme Catabolizing Enzymes Current Medicinal Chemistry, 2020, Vol. 27, No. 21    3505 

tal side and causes no steric hindrance at the F-helix, 
however, CO binding does result in steric hindrance at 
the F-helix. Additionally, the NH group of Gly143 (rat 
HO-1) orients the bound O2 and the proximal oxygen 
atom of O2 acts as the acceptor of the NH···O hydro-
gen bond, while a hydrogen bond between CO and 
Gly143 is unlikely (Fig. 3) [65]. These observations 
provide an explanation for the increased affinity for 
HO to O2 as opposed to CO. A similar O2/CO discrimi-
nation mechanism was reported for heme-HOs from 
Neisseria meningitides and Pseudomonas aeruginosa 
[68]. 

2.6. Conduits for Gaseous Molecules to Escape from 
the Heme Pocket of HO 

While CO is generated from the carbon atom at the 
α-position of heme during the HO reaction, the location 
of CO transiently trapped within HO remains unclear. 
CO is generated in the second step of the HO reaction, 
and O2 is necessary for progression to the third step 
(Scheme 1). It is established that CO binds more tightly 
to the heme iron than does O2, and given this it remains 
unclear as to how HO can proceed to the third reaction 
step, which requires O2 when CO is present.  

Rather than using enzymatically evolved CO, we in-
stead used red laser illumination to release CO from the 
CO-heme-HO complex to examine the CO trapping 

site under liquid helium temperatures (ca. 35 K) [69]. 
Photolyzed CO was sequestered within a cavity sur-
rounded by hydrophobic phenylalanine and methionine 
residues in proximity to the heme group (Trapping site-
2, Fig. 4). Xenon, which is normally bound at the pho-
tolyzed CO trapped site, was also bound within the hy-
drophobic cavity. These residues are conserved in 
mammalian, cyanobacterial, plant, and bacterial HOs. 
At 160 K, an additional trapping site was observed at 
the rear of the distal heme pocket (Fig. 4, Trapping 
site-3) [62]. 

2.7. Conversion of Heme to α-Verdoheme Via  
α-Hydroxyheme by HO 

The α-methene bridge of heme is oxidatively hy-
droxylated by HO to produce α-hydroxyheme, a com-
pound in which the O2 molecule is activated on the 
heme iron and the α -position of heme is hydroxylated 
(Scheme 1). HO subsequently uses O2 to convert α-
hydroxyheme into α-verdoheme the concomitant re-
lease of CO. This step has been studied biochemically 
and monitored by EPR and absorption optical spectro-
scopies to show that the reaction proceeds in the pres-
ence of O2, but not reducing equivalents [70, 71]. 
Characteristic bands of verdoheme and CO-verdoheme 
species at 690 nm and 638 nm were observed after the 
addition of 1.3 eq. of O2 to the ferric α-hydroxyheme-
rat HO-1 complex [72].  

 
Fig. (4). Conformation change after CO photolysis in the CO-heme-rat HO-1 crystal and the pathway of photolyzed CO escape 
from the heme pocket.
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HO subsequently uses O2 to convert α-verdoheme 
into ferric BV-iron chelate. This step and the first step 
of the HO reaction can be bypassed by using H2O2. 
Asp140 is critical for both steps [73].  

The crystal structure of ferrous α-verdoheme com-
plexed with rat HO-1 was determined, and this com-
plex was prepared by reconstitution with chemically 
synthesized α-verdoheme. The overall structure of the 
complex was similar to that of the heme-HO complex 
[74]. Water or OH- was coordinated to the α-
verdoheme iron as a distal ligand. Similar to what was 
observed in the heme-HO complex, a hydrogen bond 
network consisting of water molecules and several 
amino acid residues at the distal side of α-verdoheme 
was conserved. This network may act as a proton donor 
to form an activated oxygen intermediate, likely a fer-
ric hydroperoxide species, in the degradation of α-
verdoheme to ferric BV-iron chelate. This event is 
similar to what occurs during the first oxygenation 
step.  

The crystal structures of ferrous verdoheme-bound 
and NO-verdoheme-bound human HO-1 have been 
reported [75]. Due to limited resolution, a detailed de-
scription of heme ligand geometry is uncertain. 

2.8. Structure of the Ferric BV-Iron Chelate Bound 
HO 

When the third step of HO reaction is completed, 
the heme cleavage product, ferric BV-iron chelate, is 
produced, and the Fe2+ ion and BV are released from 
HO. The crystal structure of the ferric BV-iron chelate-
bound rat HO-1 was determined, and the tetrapyrrole 
portion of the ferric BV-iron chelate exhibited a dis-
torted U-shaped conformation (ZZZ, sss configuration) 
(Fig. 5) [76]. One propionate group exposed to the sur-
face was not detected in the electron density map. The 
distances from the iron atom to the five nitrogen atoms, 
including Nε atom of His25, increased relative to those 
observed in the heme-HO-complex. The hydrogen 
bond network including Asp140 was retained. When 
this structure was compared with the verdoheme-HO 
structure, the conformation of the heme distal side was 
significantly altered. The hydrogen-bonding scheme of 
the kinked site of the F-helix was altered from a π-
helical conformation to an α helical conformation, and 
the hydrogen bond partner of the carbonyl group of 
Gly139 was altered from the amide group of Gly144 to 
that of Gly143. The subtle change resulted in an altered 
orientation of the F-helix and the heme pocket became 
wider. Consequently, the Fe3+ atom and BV can be re-
leased from HO, when the Fe3+ atom is reduced. 

 
Fig. (5). Close-up view of the BV-iron chelate bound HO 
structure. BV-iron chelate and the distal hydrogen-bond net-
work are shown as stick models.

2.9. Interaction Between the Heme-HO Complex 
and CPR 

The electrons required for HO catalysis in mammals 
are provided by CPR, a 78 kDa membrane-bound mi-
crosomal flavoprotein, containing one molecule each of 
FAD and FMN. The structure of rat CPR was reported 
to contain three domains, including the FMN-binding 
domain, the connecting domain, and the FAD-binding 
domains spanning the N- to C-termini. The first re-
ported rat CPR structure existed as a closed form in 
which FAD and FMN exist in proximity to one an-
other. Thus, the closed form is appropriate for intra-
electron transfer from NADPH to FMN via FAD [77]. 
The closed form is, however, inappropriate for inter-
electron transfer to the partner enzyme, as FMN is not 
exposed to the surface. Small angle X-ray scattering, 
ion mobility mass spectroscopic, and fluorescence en-
ergy transfer studies demonstrated that CPR could 
change its conformation from a closed to an open form 
[78-81]. These studies suggest that large conforma-
tional changes in CPR occur during charge transfer 
from CPR to HO.  

As the heme-rat HO-1 complex formed a stable 
complex where the open form stabilized the rat CPR 
mutant (ΔTGEE) [82], we crystallized the ΔTGEE-
heme-rat HO-1 complex and determined its crystal 
structure at a 4.3 Å resolution (Fig. 6A) [83]. Interest-
ingly, both the FMN binding domain and the FAD 
binding domain were involved in the interaction with  
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heme-HO. Site-specific mutation and biochemical and 
physicochemical studies showed that Arg185 and 
Lys149 residues located in the F-helix of rat-HO-1 are 
involved in both HO activity and its association with 
CPR [84, 85]. These residues are located at the inter-
face between HO and CPR. The CD loop of HO-1 ex-
ists adjacent to the FAD-binding domain of CPR. As 
indicated above, the dynamics of the CD loop are regu-
lated by the binding of heme to HO-1 (Fig. 2). As 
apoHO-1 did not form a stable complex with ΔTGEE 
[83], the distal regulation of the conformation of the 
CD-loop by heme binding may control the interaction 
of HO-1 with CPR. The structure of the CPR and 
heme-HO complex revealed the mechanisms by which 
electrons are transferred from CPR to the heme-HO. 

Initially, transfer occurs from NADPH to FAD, and 
then from FAD to FMN in the closed form. The CPR 
conformation may then change from the closed to the 
open form, and a complex is formed between CPR and 
heme-HO. Within the CPR-heme-HO complex, FMN 
is located in close proximity to heme, and thus, an elec-
tron can readily transfer from FMN to heme resulting 
in the reduction of the heme-iron. Finally, CPR con-
formation changes from an open to closed form, and 
dissociation from the heme-HO occurs (Fig. 6B).  

The HO reaction requires seven electrons, and thus 
seven cycles of CPR conformation changes are re-
quired for a single turnover reaction catalyzed by HO. 
Despite this, a biochemical study has indicated that 
FMN-depleted CPR can transfer electrons to the 

 
Fig. (6). Electron transfer from CPR to heme with large conformation changes in CPR. (A) The structure of the complex of the 
open form of CPR and heme-HO-1. HO-1 is shown as molecular surface with a ribbon diagram. The heme bound to HO-1 is 
close to the edge of the isoalloxadine ring of FMN bound to CPR. In the open form of CPR, the distance between FAD and 
FMN is too large for smooth electron transfer. (B) The proposed scheme of electron transfer from CPR to HO. One electron 
reduced flavin cofactors are shown as FAD· and FMN·. Ferric and ferrous heme are displayed as heme (III) and heme (II), 
respectively.

(A)

(B)
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verdoheme-HO-1 complex to produce the BV-iron 
chelate [86]. In the present CPR-heme-HO complex, 
FAD distant from the heme iron, resulting in difficul-
ties in electron transfer from FAD to the verdoheme 
iron if the binding mode of CPR to the verdoheme-HO-
1 complex is similar to that of the heme-HO-1 com-
plex. Thus, another unknown binding mode of CPR 
may be utilized for the conversion of verdoheme to 
BV-iron chelate. 

2.10. Cyanobacterial HO in Complex with Heme 

Cyanobacteria and plants also express HOs, and 
electrons are supplied to HO by ferredoxin. Ferredoxin 
is a small acidic protein that contains one [2Fe-2S] 
cluster at its molecular surface [87]. Cyanobacterium of 
Synechocystis sp. PCC 6803 express two isoforms of 
HO-1 and HO-2 (Syn HO-1 and HO-2). In contrast to 
the expression pattern of mammalian HO-1 and HO-2, 
Syn HO-1 is constitutively expressed and essential for 
aerobic growth, while Syn HO-2 expression is induced 
under micro-oxic conditions [88]. Cyanobacterial and 
plant HOs are used to convert heme to BV, which are 
utilized to synthesize various pigments involved in 
photosynthesis and light sensing [19, 22, 89, 90]. The 
crystal structures of the heme complex of Syn HO-1 
and Syn HO-2 were determined, and both possess fold-
ing similar to the catalytic domain of mammalian HOs 
[91, 92]. Unlike other soluble or solubilized HOs, Syn 
HO-2 formed a dimer with unclear, physiological sig-
nificance. Although the crystal structure of the ferre-
doxin-Syn HO-1 complex is unknown, the positively 
charged surface of Syn HO-1 is narrower than that of 
rat HO-1. The electrostatic characteristics of Syn HO-1 
appear to support interaction with ferredoxin.  

2.11. Pathogenic Bacterial HO in Complex with 
Heme 

Although many bacteria harbor heme degradation 
enzymes that are not related to mammalian HO, some 
pathogenic bacteria express a mammalian HO homolog 
that allows for the acquisition of iron atoms from the 
heme of host cells. The crystal structures of heme com-
plexed with HOs from Corynebacterium diphtheria, 
Neisseria meningitides, and Pseudomonas aeruginosa 
have been determined [93-95]. These HOs are shorter 
than mammalian HOs and lack the C-terminal mem-
brane anchor region. Although a few helices are re-
placed by flexible loops in bacterial HOs, the overall 
folding of bacterial, mammalian, and cyanobacterial 
HOs is similar. HO derived from Pseudomonas aerugi-
nosa exhibits altered region specificity; biliverdin IXδ 
is the major product of this HO. The heme-bound to 

Pseudomonas aeruginosa HO is rotated by approxi-
mately 100° compared with heme bound to other HOs.  

The imidazole group of the histidine residue coordi-
nates with the heme iron at the proximal side. There is 
also a hydrogen network located at the distal side of the 
heme group, and this network connects the iron-bound 
water ligand of the water molecules. This enables pro-
ton transfer from the solvent to the catalytic site, and 
oxygen activation occurs, in a manner similar to that of 
mammalian HO. Proximal and distal helices shift 
closer to the heme plane in the ferrous heme complex 
than they do in the ferric heme complex.  

The crystal structures of the apo form, O2-bound 
form, verdoheme-bound form, and biliverdin-bound 
form were also reported using HO from Corynebacte-
rium diphtheria [60, 64, 96, 97]. These structures are 
similar to those of mammalian HOs. 

2.12. Compounds that Inhibit HO Activity 

Several types of HO inhibitors, including metal-
loporphyrin inhibitors, have been characterized [98]. 
Among these HO inhibitors, azalanstat analogues (imi-
dazole-dioxolane compounds) were synthesized as in-
hibitors of mammalian HOs (Scheme 2).  

N
N

O O

R1

R2

Cl

R1 =

R2 = H

DIOCPI

 

Scheme 2. Chemical structure of the imidazole-dioxolane 
compound. 

 

The characteristic feature of such inhibitors is selec-
tivity between the inducible HO-1 and constitutive HO-
2 enzymes [99-101]. To determine the binding mode of 
these compounds to HO and the underlying inhibitory 
mechanism, the crystal structure of the complex be-
tween one representative compound, 2-[2-(4-chloro-
phenyl)ethyl]-2-[(1H-imidazole-1-yl)methyl]-1,3-
dioxolane (DIOCPI) and rat HO-1 was determined 
[102].  

DIOCPI was bound to the heme iron at the distal 
side of the heme plane. The nitrogen atom of the imi-
dazole ring coordinated with the heme iron at the sub-
strate O2 binding site.  

The bulky inhibitor molecule occupied the narrow 
distal pocket, resulting in an open conformation of the 
distal F-helix and replacement of the distal hydrogen 
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bond network. The propionate group of heme exhibited 
conformational changes similar to those induced by 
CO. The 4-chlorophenyl group of DIOCPI occupied 
the hydrophobic cavity composed of the side chains of 
phenylalanine and methionine residues where CO is 
transiently trapped [69]. DIOCPI occupies the distal 
site of the heme iron, and thus appears to inhibit the 
conversion of ferrous heme-HO to O2-heme-HO in a 
competitive manner. Our biochemical study, however, 
demonstrated that DIOCPI severely inhibits the con-
version of verdoheme to BV-iron chelate [102]. 

A variety of compounds have been synthesized to 
selectively inhibit HO-1 and HO-2, and examination of 
the binding modes of related imidazole-dioxolane 
compounds to human HO-1 revealed that all of these 
compounds bound to HO-1 in a similar manner [103-
107]. Although inhibitors exhibiting high selectivity 
were examined extensively, the structural mechanisms 
underlying the selectivity of these compounds for HO-
1 and HO-2 remain uncertain as the structures of the 
heme pocket and the hydrophobic cavity of HO-1 are 
very similar to those of HO-2 [57].  

Alternative compounds were reported to bind at the 
distal side of heme, and these compounds inhibit HO 
activity by disrupting the hydrogen bond network 
[108]. D,L-dithiothreitol (DTT) and dithioerythritol 
(DTE) bind mammalian HO with high affinity. DTE 
shows high selectivity for HO-1 rather than HO-2. The 
crystal structures of DTT- and DTE-bound rat heme-
HO-1 and heme-HmuO were determined. DTT binds to 
the heme iron at the terminal thiol group, and two hy-
droxyl groups interact with environmental amino acids. 
In both DTT-heme-HO-1 and DTE-heme-HmuO com-
plexes, DTT and/or DTE occupy the heme distal side, 
and the hydrogen bond network essential for the HO 
reaction is absent. 

3. PROPERTIES OF BVR 

In mammals, BV generated by HO is further con-
verted to BR by BVR (Scheme 3) [24]. BVRs were 
isolated and purified from the rat liver, pig spleen, and 
human liver [109-111]. BVR has been reported to exist 
as two isomers, BVR-A and BVR-B. BVR-A is the 
major form of BVR in the adult human liver and cata-
lyzes the reduction of BV(IXα), a heme-cleavage prod-
uct at the α-position, into BR(IXα). BV(IXβ), another 
heme-cleavage product at the β-position, is reduced by 
BVR-B to form BR(IXβ). In adult humans, the ratio of 
BV isomers is 95-97% IXα and 3-5% IXβ.  
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Scheme 3. BV reduction by BVR. 

 

This ratio does not change significantly under vari-
ous physiological and pathological conditions [112]. In 
this review, we focus on BVR-A (BVR indicates BVR-
A, unless otherwise stated), and we describe recent up-
dates concerning the biochemical and structural fea-
tures of BVR. 

BVR catalyzes reduction of the double bond at the 
C10 position of BV to generate BR. NADH or NADPH 
supplies a hydride (H-) for the reaction. A recent study 
indicated that certain BVRs from Actinobacteria utilize 
the F420 cofactor, a deazaflavin cofactor, instead of 
NAD(P)H [113]. BVR possesses two distinct pH op-
tima depending on if NADH or NADPH is used during 
the enzymatic reaction. NADH is preferentially used at 
pH 6-7, whereas NADPH is used at approximate pH 
8.5 [110]. The enzymatic activity with NADH as a co-
factor is enhanced by inorganic phosphate, likely by 
mimicking the 2’-phosphate of NADPH in stabilizing 
the interaction between NADP and BVR [114]. In ad-
dition, some cyanobacteria, including the model organ-
ism Synechocysitis sp. PCC 6803, express a mammal-
ian BVR homolog, BvdR [30]. BvdR possesses an 
acidic pH optimum for enzymatic activity to convert 
BV to BR, and NADPH is preferentially used at all pH 
values [30]. 

3.1. Crystal Structures of BVR 

Rat BVR was crystalized and its crystal structure 
was determined in the early 2000s [31, 115]. BVR con-
sists of two domains, the N-terminal dinucleotide-
binding domain and the C-terminal domain (Fig. 7). 
The N-terminal dinucleotide binding domain consists 
of an α/β dinucleotide-binding motif, which is a typical 
Rossmann fold in which a parallel β-sheet is sur-
rounded by six α-helices. The most striking feature of 
the C-terminal domain is a large, flat, six-stranded β-
sheet. One face of this sheet presents predominantly 
polar and charged residues to the solvent, resulting in  
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Fig. (7). The structure of rat BVR. BVR possesses an N-
terminal dinucleotide binding domain (black) and a C-
terminal domain (gray). The NAD+ at the N-terminal domain 
is bound to a typical Rossmann-fold motif. (A higher resolu-
tion / colour version of this figure is available in the elec-
tronic copy of the article). 

 

the formation of a planar surface at one end of the 
molecule. The crystal structure of rat BVR in complex 
with NAD+ was also determined, and NAD+ was bound 
to the crevice between the N- and C-terminal domains 
[32]. In rat BVR, the residues surrounding the hydro-
gen atom of NAD+ include Tyr97, Ser170, and Arg172. 
Mutation of these residues to other residues did not 
induce total inactivation [32]. Although the substrate 
BV may bind near this site, the exact BV binding site 
and mode are unknown.  

BVR derived from cyanobacteria of Synechocystis
sp. PCC 6803 (Syn BVR) was crystallized as fine nee-
dles [116], and the crystal structure has been reported 
[117]. Although sequence identities between mammal-
ian BVR and Syn BVR were as low as 20-25%, the 
overall folding of Syn BVR was substantially similar to 
that of mammalian BVRs. Molecular mechanisms gov-
erning the function of this BVR remain unclear, even 
though the structures of BVR and NAD+-BVR complex 
are known.  

The crystal structures of Syn BVR in complex with 
NADP+ and with the NADP+-substrate BV (Fig. 8) 
have provided significant insight into the reaction 
mechanisms of these enzymes [117]. Two BV 
 

Fig. (8). The structure of Syn BVR in complex with NADP+ 
and substrate BV. (A) Overall structure of the Syn BVR 
complex. The bound BVs and NADP+ are depicted by stick 
model. (B). Close-up view of bound BVs in Syn BVR. (A 
higher resolution / colour version of this figure is available 
in the electronic copy of the article). 

 

molecules, the proximal and distal BVs, bind with a 
stacked geometry at the active site (Fig. 8B). To the 
best of our knowledge, parallel stacking of two 
tetrapyrrole molecules is a rare binding configuration. 
In this structure, the nicotinamide ring of NADP+ is 
located near the reaction site of the proximal BV (C10 
position). This structure is appropriate for hydride 
transfer from NADPH to the C10 atom of the proximal 
BV. One of the functions of the distal BV seems to in-
clude stabilizing the positions of the proximal BV and 
NADPH to promote hydride transfer.  

Steady-state kinetics reveals likely catalytic resi-
dues. Turnover rates were dramatically decreased rela-

(A)

(B)
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tive to those of wild-type protein through the introduc-
tion of mutations at Arg185 (R185A and R185K) in 
Syn BVR. These mutations did not significantly alter 
the affinity for these enzymes for substrate (Km). 
R172E and R172K mutations introduced into human 
BVR completely abolished enzymatic activity, and the 
kcat/Km values in rat BVR were remarkably decreased 
by introducing the corresponding mutation (R171). 
These data indicate that this arginine residue is the 
common catalytic residue of BVRs. A reaction mecha-
nism involving the arginine residue and the propionate 
group of the distal BV has been proposed (Fig. 9). 

3.2. New Functions of BVR 

Recent studies have established new functions for 
BVR, one of which is DNA binding ability. Maines 

group reported that human BVR binds to the promoter 
region of HO-1 (called AP-1 site) [118] and to the 
ATF-2 promoter (ATF-2 is a transcription factor for the 
activation of cAMP Response Element (CRE)) [29]. 
These promoter regions exhibit a similar sequence 
(TGTAGTCA). Therefore, it is feasible that human 
BVR functions in cell signaling by modulating HO-1 
and ATF-2 expression.  

Another uncovered feature of BVR is its function as 
a serine/threonine kinase [119]. BVR kinase activity is 
promoted by oxygen radicals, and activity of this en-
zyme in response to cGMP and oxidative stress is con-
comitant with BVR translocation into the nucleus [118, 
120]. The amino acid sequence of BVR contains a 
bZip-like motif, which is commonly found in activators 
that are regulated in response to cellular signaling.  

O
O-

N
H
N

N
H

HN

O O

O

-O

H
N

NH2

+H2N

N
NH2

O

H

H

H

O

-O

N

H
N

N
H

HN

O
O

-O

O

H

O

NH2
N+

-O

O

-O

N

H
N

N
H

HN

O
O

O

C

O

-O

N
H
N

N
H

HN

O O

C

O

-O

H

H

O

-O

N

H
N

N
H

HN

O
O

-O

O
H
N

NH2

NH

C

O

-O

NH
H
N

N
H

HN

O O

C

O

-O

H

H

O

-O

N

H
N

N
H

HN

O
O

-O

O

Proximal BV

Distal BV

Distal BV

Proximal BV

Distal BV

BR

Proximal BV

Distal BV

OH

 

Fig. (9). Proposed mechanism of the BVR reaction. The filled and open arrows indicate hydride and proton transfer, respec-
tively. A hydride from NAD(P)H is directly transferred to the C10 double bond of the proximal BV, initiating the reduction of 
proximal BV. The propionate side chain of proximal BV accepts a proton from Arg185, thereby abolishing the electrostatic 
interaction between Arg185 and propionate and increasing the flexibility of the side chain. Subsequently, the proton is trans-
ferred to the propionate side chain in distal BV, and the protonated propionic acid group in the distal BV moves toward the 
reducing site to transfer the proton. Finally, the proximal BV accepts the proton to produce BR. 
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Taken together, these observations establish BVR as 
a multi-functional enzyme; however, the molecular 
mechanisms underlying functions such as BV reduc-
tion, DNA binding, and kinase activity remain unclear. 
Further studies are required to definitively establish the 
exact physiological role of BVR. 

CONCLUSION 

In summary, HO and BVR are indispensable for 
heme metabolism. This system is critical for the recy-
cling of iron, and it also functions to protect cells from 
anti-oxidative stress and to supply CO as a signal 
transducer. In the last few decades, physiological, bio-
chemical, spectroscopic, and crystallographic studies of 
the HO reaction, including the discrimination mecha-
nism for CO and O2, have been performed. The com-
plex structure of CPR and heme-HO reveals the 
mechanism underlying electron transfers from CPR to 
heme-HO. Based on the HO structural analysis, several 
HO inhibitors have been developed. Recently a ternary 
complex of NADP+-BV-BVR structure was deter-
mined. This structure may also contribute to the devel-
opment of BVR inhibitors.  

LIST OF ABBREVIATIONS 

HO = Heme Oxygenase 

BV = Biliverdin 

CPR = NADPH-cytochrome P450 Oxi-
doreductase 

BR = Bilirubin 

BVR = Biliverdin Reductase 

CD-loop = A Surface-exposed Loop Between C 
and D-helices in Rat HO-1 

HRM = Heme Regulatory Motif 

O2 = Oxygen Molecule 

CO = Carbon Monoxide 

Syn HO-1 = HO-1 from Synechocystis sp. PCC 
6803 

Syn HO-2 = HO-2 from Synechocystis sp. PCC 
6803 

EPR = Electron Paramagnetic Resonance 

NMR = Nuclear Magnetic Resonance 

ENDOR = Electron Nuclear Double Resonance 

FMN = Flavin Mononucleotide 

FAD = Flavin Adenine Dinucleotide 

NADPH = Nicotinamide Adenine Dinucleotide 
Phosphate 

ΔTGEE = The Open form Stabilized rat CPR 
Mutant 

DIOCPI = 2-[2-(4-chlorophenyl)ethyl]-2-[(1H-
imidazole-1-yl)methyl]-1,3-
dioxolane 

DTT = Dithiothreitol 

DTE = Dithioerythritol 

HmuO = HO from Corynebacterium diphthe-
riae 

NADH = Nicotinamide Adenine Dinucleotide 

NAD+ = Oxidized form of NADH 

NADP+ = Oxidized form of NADPH 

BvdR = Cyanobacterial Mammalian BVR 
Homolog 

Syn BVR = BvdR from Synechocystis sp. PCC 
6803 
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