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ABSTRACT: Heme oxygenase oxidatively cleaves heme to biliverdin, leading to the release of iron and
CO through a process in which the heme participates both as a cofactor and as a substrate. Here we report
the crystal structure of the product, iron-free biliverdin, in a complex with human HO-1 at 2.19 Å. Structural
comparisons of the human biliverdin-HO-1 structure with its heme complex and the recently published
rat HO-1 structure in a complex with the biliverdin-iron chelate [Sugishima, M., Sakamoto, H.,
Higashimoto, Y., Noguchi, M., and Fukuyama, K. (2003)J. Biol. Chem. 278, 32352-32358] show two
major differences. First, in the absence of an Fe-His bond and solvent structure in the active site, the
distal and proximal helices relax and adopt an “open” conformation which most likely encourages biliverdin
release. Second, iron-free biliverdin occupies a different position and orientation relative to heme and the
biliverdin-iron complex. Biliverdin adopts a more linear conformation and moves from the heme site to
an internal cavity. These structural results provide insight into the rate-limiting step in HO-1 catalysis,
which is product, biliverdin, release.

Heme oxygenase (HO)1 catalyzes the NADPH, O2, and
cytochrome P450 reductase dependent oxygenation of heme
to iron, biliverdin, and carbon monoxide (CO) (1) (Figure
1). The enzyme, which uses heme as both the prosthetic
group and substrate, regiospecifically oxidizes the heme at
the R-mesoposition. Biliverdin is reduced by biliverdin
reductase to bilirubin, which is then excreted as the glucu-
ronic acid conjugate (2). The excretion of bilirubin is
frequently impaired in newborn children as well as in
individuals with genetic glucuronyltransferase deficiencies
(3). High concentrations of unconjugated bilirubin are
neurotoxic, and the prevention of its accumulation through
phototherapy or inhibition of heme oxygenase is of clinical
importance (3, 4). Although generally viewed as toxic,
bilirubin and biliverdin can serve as potent antioxidants (5)
by inhibiting superoxide production by neutrophils (6),
quenching singlet molecular oxygen (7), and preventing lipid
peroxidation (8). More recently, biliverdin and bilirubin have
been implicated as effective modulators of cell signaling
pathways, which includes activation of the aryl hydrocarbon
receptor (9, 10). The second product of the HO reaction,

CO, affects the regulation of vessel tone (10, 12) and blood
pressure (11), whereas, on a more speculative note, CO has
been suggested to serve as a signaling molecule through the
guanylate cyclase system in a manner akin to nitric oxide
(12, 15). Lastly, the iron released by HO is normally recycled
and represents the major source of this metal in heme
homeostasis. However, increased iron release owing to
elevated HO activity can also trigger enhanced lipid and
protein peroxidation (13, 17).

Mammals contain two HO isoforms denoted as HO-1 and
HO-2 that exhibit essentially identical activity (14, 19).
Inducible HO-1 is involved primarily in heme catabolism in
the liver and spleen, while the constitutive HO-2 is found in
the brain and testes where it is proposed to function as a
generator of CO (3, 15). Both isoforms contain C-terminal
hydrophobic sequences that provide anchors to the microso-
mal membrane. However, the expression of soluble, truncated
forms of HO that lack the membrane binding domain while
retaining activity (16) greatly facilitated detailed mechanistic
studies of these enzymes. Most notable were the crystalliza-
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FIGURE 1: Overall reaction catalyzed by heme oxygenase that
results in the oxidation of heme and release of theR-mesocarbon
atom as CO.
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tion and structure determination of human and rat HO-1
enzymes complexed with heme (17), which provided sig-
nificant insights into both the mechanism and regiospecificity
of the HO reaction. The basic HO-1 catalyzed oxidation of
heme involves rapid hydroxylation at theR-mesocarbon of
the heme, oxygen-dependent fragmentation ofR-meso-
hydroxyheme to verdoheme, and oxidative cleavage of
verdoheme to biliverdin (18). The first electron provided by
the P450 reductase reduces the ferric heme iron to the ferrous
state, and a molecule of oxygen binds to form a metastable
O2-bound complex which is reduced by a second electron
to generate ferric hydroperoxy HO [Fe(III)-OOH] (19).
According to detailed spectroscopic studies (20), the next
step is electrophilic addition of the reactive Fe(III)-OOH
species to the hemeR-mesocarbon. This is in contrast to
peroxidases and cytochrome P450 that proceed through a
high-valent ferryl [Fe(IV)-O] active intermediate (21) as the
reactive hydroxylating species rather than a peroxo ligand
capable of attacking theR-mesobridge of the heme (Figure
1). The exact stoichiometric requirements involved in the
formation of ferric verdoheme fromR-meso-hydroxyheme
have been controversial (22). Although there is general
agreement that this process is oxygen-dependent, the sug-
gestion that additional reducing equivalents are also required
(23) has been questioned (24). The conversion of verdoheme
to biliverdin is the least well-characterized step of the overall
reaction, although a mechanism has been proposed (25).

Since the initial publication of the human and rat heme-
HO-1 structures a wealth of structural (26-31) and mu-
tagenic (32, 33) information has emerged that has greatly
improved our overall understanding of these enzymes,
especially the regioselective hydroxylation reaction. To
briefly summarize, flexibility in the heme pocket, especially
the distal helix, helps to trap important water molecules in
the active site that form a conserved H-bonded network with
key amino side chains such as Asp 140 in HO-1. The purpose
of this network is to deliver a proton to the iron-linked
dioxygen required for catalysis. This H-bonded network
together with steric factors orient dioxygen or peroxide
toward theR-mesoheme carbon for regioselective electro-
philic attack by the distal peroxide OH group. Significant
advances also have been made in understanding the conver-
sion of hydroxyheme to verdoheme (34). However, the
mechanism whereby biliverdin is produced still remains
relatively unclear. The recent publication of the crystal
structure of rat HO-1 in a complex with iron(III) biliverdin
bound in the active site has shed some light on this matter
(29). Here we report the crystal structure of human HO-1 in
a complex with iron-free biliverdin at 2.19 Å resolution.
Comparison of the iron-free and iron-bound biliverdin-HO-1
structures provides a more complete picture of the final step
in the heme degradation pathway.

MATERIALS AND METHODS

Bacterial Expression and Protein Purification.Bacterial
fermentation and purification of HO-1 was carried out
according to published procedures (35). Enzyme purity was
assessed using SDS-PAGE, and all preparations were
judged to be homogeneous by the observation of a single
band on a Coomassie Blue-stained reducing SDS-PAGE
gel.

Crystallization.A complex of biliverdin with human HO-1
was formed using three different methods. The first biliver-
din-HO-1 complex, termed BV1, was prepared by adding
biliverdin (predissolved in 0.1 M NaOH) to pure apo-HO-1
protein to give a final 4:1 biliverdin to apoprotein ratio. The
resulting complex was dialyzed against 10 mM potassium
phosphate, pH 7.4, and free biliverdin was removed by
passing the complex down a Sephadex G-25 column pre-
equilibrated with 10 mM potassium phosphate, pH 7.4. The
second complex, BV2, was prepared using a coupled
oxidation system by adding a 200-fold excess of ascorbate
to the Fe3+-heme HO-1 complex at pH 7.4. Conversion of
heme to biliverdin was complete in less than 1 h atroom
temperature and was confirmed by a color change from red
to green and by a distinct UV-visible spectrum with broad
peaks at 387 and 680 nm. Free ascorbate was removed by
passing the complex mixture down a Sephadex G-25 column
preequilibrated with 10 mM potassium phosphate, pH 7.4.
The final biliverdin-HO-1 complex, BV3, was obtained
directly from the expressed human HO-1 protein.Escherichia
coli is able to support the HO-1 reaction and as a result
recombinantly expressed HO-1 has biliverdin bound. Cells
were lysed and resuspended as previously described (35).
However, rather than removing biliverdin, the protein was
first applied to a Bio-Gel HTP column preequilibrated with
10 mM potassium phosphate, pH 7.7. The column was then
washed with the same buffer until no biliverdin could be
detected in the eluent. The biliverdin-HO-1 complex was
finally eluted with 90 mM potassium phosphate, pH 7.4.
Protein purity was checked by SDS-PAGE, and pure
fractions were pooled, then dialyzed against 10 mM potas-
sium phosphate, pH 7.4, and concentrated to 1 mL. The
concentrated protein was further purified by S-100 gel
filtration chromatography in 10 mM potassium phosphate,
pH 7.4. Finally, to ensure appropriate levels of biliverdin in
BV3, BV3 was reconstituted with biliverdin, with the excess
being removed by passing the complex down a Sephadex
G-25 column preequilibrated with 10 mM potassium phos-
phate, pH 7.4.

The biliverdin-HO-1 complexes were crystallized in a
manner similar to that described by Schuller et al. (35).
Briefly, the sitting-drop vapor diffusion method was used
with a well solution of 2.08 M ammonium sulfate, 100 mM
HEPES (pH 7.5), and 0.9% 1,6-hexanediol. Drops consisted
of protein stock (5µL) at 45 mg mL-1 in 20 mM potassium
phosphate (pH 7.4), mixed with well solution (5µL) on
siliconized coverslips. Under these conditions we observed
sporadic crystal growth of tightly stacked plates. One round
of touch seeding and, if necessary, one round of macroseed-
ing after a 24 h incubation period produced single plates.
For cryogenic data collection biliverdin-HO-1 complex
crystals were transferred stepwise in 5% increments to
artificial precipitant solution ofD-(+)-trehalose concentration
up to 35% (v/v)D-(+)-trehalose incorporated with 1 mM
biliverdin. Biliverdin-HO-1 crystals belong to the mono-
clinic space groupP21 (cell dimensions listed in Table 1).

Data Collection.In-house data were collected using an
R-AXIS IV imaging plate detector equipped with a rotating
copper anode X-ray generator with Osmic optics (Rigaku).
Crystals were maintained at-160°C in a steam of nitrogen
(Crystal Logic, Los Angeles, CA). High-resolution data
collection was performed at ALS beamline 5.0.2 with a
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charge-coupled device (CCD). Optimization of data collec-
tion was guided by the STRATEGY function of MOSFLM
(36). All data were reduced using HKL 2000 (37), and
rejections were performed with ENDHKL (Louis Sanchez,
California Institute of Technology) in conjunction with
SCALEPACK. For all data collection, a 180° scan using 1°
frames was collected.

Model Building and Refinement.The crystal structure of
BV2 was determined by the method of molecular replace-
ment using MOLREP (38). A monomer of the human heme-
HO-1 crystal structure (PDB number 1qq8) (39), with the
heme and waters removed, was used as the probe, with
searches being carried out at 4 Å in space groupP21. The
best cross-rotation and translation function solution was rigid
body refined and fixed in place, followed by a search for
the remaining molecules in the asymmetric unit. A total of
four solutions were found, corresponding to the expected four
monomers per asymmetric unit. The finalR factor was 42.9%
with a correlation coefficient of 50.4%. The structure was
further refined in CNS (40). Protein atoms were initially
refined by simulated annealing, followed by a few cycles of
conjugate gradient minimization and water picking. Finally,
temperature factors were refined. During refinement no
restraints for noncrystallographic symmetry were applied.

Crystal structures for BV1 and BV3 were determined in
CNS with the apo human heme-HO-1 crystal structure (PDB
number 1n16) (27), with all ligands and waters removed,
used as the starting model. With all structures the maximum
likelihood target function was used for the refinement with
all of the observed reflections included in the calculations.
The program O (41) was used for further adjustment and
modeling of protein atoms, biliverdin, and water molecules.

Backbone geometry was checked in PROCHECK (42), and
none of the residues were in the disallowed region. In the
case for BV3, the binding of biliverdin was confirmed toward
the end of the refinement by calculating omit maps with a
simulated annealing protocol at a starting temperature of 1000
K. The composite omit electron density map for the biliverdin
ligand in molecule A of BV3 is shown in Figure 2A. Data
collection and refinement statistics are summarized in Table
1.

RESULTS

OVerall Structure and Crystallization. Formation and
crystallization of a biliverdin-heme oxygenase complex
were successfully achieved in three ways (see Materials and
Methods): cocrystallization of biliverdin with apo human
HO-1 (BV1), ascorbate-driven reaction to a solution of
human heme-HO-1 prior to crystallization (BV2), and
purification and crystallization of biliverdin-HO-1 ac-
cumulated during human HO-1 expression (BV3). However,
from the crystallized complexes we observe interpretable
electron density for biliverdin only in complex BV3 (Figure
2A) even though the remaining complexes have biliverdin
present in a 1:1 ratio with protein (Figure 2B). It should be
noted that the density observed for biliverdin in BV3 also
appears in the same location in the protein molecules of BV1
and BV2 but is not sufficiently clear to enable an unambigu-
ous positioning of biliverdin. For this reason the remaining
part of this paper will describe the crystal structure of BV3.
The BV3 structure has been refined to anR factor of 0.23
and a freeR factor of 0.26 at 2.19 Å resolution. The final
structure contains four molecules in the asymmetric unit
(labeled A-D) with a total of 6977 protein atoms and 359

Table 1: Data Collection and Refinement Statisticsa

holo apo BV1 BV2 BV3

PDB code 1QQ8 1N16 1S8C
crystal data

radiation source synchrotron in house in house synchrotron synchrotron
space group P21 P21 P21 P21 P21

cell parameters
a (Å) 61.44 76.21 77.01 77.97 77.41
b (Å) 54.53 55.51 56.05 56.70 56.46
c (Å) 70.97 108.00 109.45 109.76 109.75
â (deg) 99.05 98.88 99.99 101.18 100.39

data collection
detector distance (nm) 130 140 140 150 150
molecules per asymmetric unit 2 4 4 4 4
resolution (Å) 1.50 2.10 2.54 2.31 2.19
mosaicity (deg) 0.46 0.70 1.11 0.98 0.89
total observations 273199 519735 118576 133429 197925
unique reflections 74186 49421 30135 39235 55836
completeness (%) 99.7 94.0 93.5 95.0 96.7
meanI/σb 11.4 (2.12) 20.6 (2.02) 24.2 (1.97) 11.0 (4.6) 17.3 (3.3)
Rsym (%)b 5.1 (48.4) 6.8 (55.9) 6.2 (61.4) 5.9 (43.0) 5.6 (50.9)

refinement statistics
Rcryst

c 0.159 0.217 0.242 0.221 0.233
Rfree 0.193 0.262 0.298 0.268 0.264
rmsd bond lengths (Å) 0.006 0.006 0.008 0.006 0.006
rmsd angles (deg) 1.1 1.1 1.3 1.2 1.2
water molecules 494 450 82 303 359
Ramachandran angles

most favored (%) 93.8 92.3 91.8 91.8 92.4
additionally allowed (%) 6.2 7.5 8.0 7.8 7.3
generously allowed (%) 0.0 0.3 0.2 0.4 0.3

a Data collection statistics for the heme-HO-1 and apo-HO-1 were previously reported (31) and are reproduced here for convenience.b Values
in parentheses are for the outermost shell.c Rcryst ) ∑(|Fo| - |Fc|)/∑|Fo|. TheRfree is theRcryst calculated on the 5% reflections excluded for refinement.
d rms bond and rms angle represent the root-mean-squared deviation between the observed and ideal values.
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water atoms. In all four molecules the first 9 and last 10
residues of the 233-residue protein are not ordered. While
electron density for biliverdin is present in all four molecules,
molecule A has the clearest biliverdin electron density, and
as a result, only molecule A of this structure will be
compared and discussed. We attribute this difference pri-
marily to crystal packing. The active site opening in molecule
A is more closely surrounded by other molecules in the
asymmetric unit which very likely helped to trap biliverdin
in the active site. Despite these differences, the overall

average root mean square deviation of backbone atoms
between the four molecules (A-B, A-C, and A-D) is very
low, 0.31 Å.

Distal and Proximal Helices. An important feature of the
human HO-1 structure is the distal helical region that covers
part of the distal heme surface as well as forming an integral
part of the oxygen-binding pocket (39). In the human heme-
HO-1 structure the two molecules in the asymmetric unit
are referred to as being either open or closed, based upon
the position of the distal helix. In the closed conformation,

FIGURE 2: (A) UV-visible spectra of the various crystallization complexes of biliverdin-HO-1 after data collection (20 mM potassium
phosphate buffer, pH 7.5, 20°C): (I) for comparison, solution spectra of apo-HO-1 (dotted line) and 1:1 ratio of biliverdin in a complex
with human HO-1 (solid line); (II) dissolved single crystal of BV1; (III) dissolved single crystal of BV2; (IV) dissolved single crystal of
BV3. (B) Monoviews of the composite omit maps for all four molecules in the asymmetric unit.Fo - Fc maps (red) are contoured at 3.0σ
while 2Fo - Fc (blue) are contoured at 1.0σ. (C) Stereo diagram of the 2Fo - Fc composite omit electron density contoured at 1σ around
biliverdin in biliverdin-HO-1 of molecule A. All of the figures in this paper were prepared with MOLSCRIPT (50) and Raster3D (51).
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the distal helix is closer to the heme, thus forming a slightly
tighter active site pocket. Figure 3 (top) shows a comparison
of closed and open molecules of human heme-HO-1 with
biliverdin-HO-1. The overall structure of human biliverdin-
HO-1 is very similar to the heme-HO-1 structure (root mean
square deviation for CR atoms being 0.52 Å for the closed
molecule and 0.39 Å for the open molecule). There is a large
deviation in the proximal helix (residues 20-30), but only
when compared to the closed heme-HO-1 molecule do we
observe large deviations in the distal helix and following

loop (residues 139-157). In the biliverdin-HO-1 structure
the distal and proximal helices have loosened to adopt an
open conformation similar to apo-HO-1 (27). Figure 4
provides a close-up view of the distal and proximal helices.
The backbone atoms of Gly 143 and Gly 139, which in the
closed molecule of the heme-HO-1 structure directly contact
the heme, have shifted away in the biliverdin-HO-1 structure
although the kink in the distal helix is maintained. In the
closed molecule of heme-HO-1 Ser 142 helps to maintain
the distal helix distortion primarily through H-bonding

FIGURE 3: Comparisons of the human heme and biliverdin-HO-1 structures. Stereo diagram least-squares superimposition of biliverdin-
HO-1 with the closed conformation of heme-HO-1 (top) and open conformation of heme-HO-1 (bottom).

FIGURE 4: Stereo diagram comparing the distal and proximal heme region between the closed conformation of the heme-HO-1 structure
(gray) and biliverdin-HO-1 (green). Hydrogen bonds are represented as dashed lines.
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interactions with the peptide backbone of Gly 143, Leu 138,
and Glu 145. In biliverdin-HO-1 the interaction between
Ser 142 and Glu 145 is lost, causing the side chain of Glu
145 to rotate and point in the opposite direction. The original
interaction between Ser 142 and Leu 138 is maintained, but
the nonbonded contact with the C-δ1 atom of Leu 138 is
broken, causing the side chain of this residue to move away
from the heme site.

Despite these changes in the distal pocket, key catalytic
groups remain unchanged. The most important is Asp 140,
which is essential in the activation of the HO peroxy
intermediate by a mechanism involving the hydrogen-
bonding network of the bridging waters and the Asp 140
carboxylate side chain (43). Although Asp 140 remains fixed
in place, rigid and catalytically important solvent structure
present in the heme-HO-1 active site is lost in biliverdin-
HO-1. In particular are the key waters present near the Asp
140 side chain that play a crucial role in the activation of
oxygen (31).

On the proximal side the histidine ligand (His 25) moves
away from the heme pocket. The hydrogen bond between
Glu 29 and His 25 in heme-HO-1 is lost in the biliverdin-
HO-1 structure. In addition, the side chain of Gln 38, located
near pyrrole A in the vicinity of theδ-mesocarbon, points
down toward the proximal helix, enabling it to be H-bonded
with the carbonyl oxygen of Glu 29 in the closed molecule
of heme-HO-1. In the biliverdin-HO-1 structure the same
residue has its side chain pointing up, and the bonding
interaction with Glu 29 is lost (Figure 4).

Heme Binding Site. In the heme-HO-1 structure the heme
is only partially buried in the protein. Three of the fourmeso
edges are buried in the protein, while one, theδ-mesoedge,
is exposed along with the heme propionates (Figures 5). The
R-mesoedge of the heme, which is selectively targeted for
hydroxylation in the HO reaction, faces a wall of hydro-
phobic residues in the protein interior consisting of Phe 214,
Met 34, and Phe 37 (Figures 5). In biliverdin-HO-1 these
residues remain relatively unchanged. On the opposite side
of the heme a number of ionic/H-bonding interactions
between the heme propionates and nearby side chains are
important for orientating the heme in the active site. Basic
residues Arg 183, Lys 18, and Lys 22 surround the
propionates, thus holding the heme in place in the heme-
HO-1 structure. In the biliverdin-HO-1 structure several of
these residues have changed. Residues such as Arg 183, Lys
179, Lys 18, and Lys 22 have either turned or moved away

from their positions in the heme-HO-1 structure (Figure 5).
Also in contact with the heme propionates in the heme-
HO-1 structure is Tyr 134. In the biliverdin-HO-1 structure
the aromatic ring of Tyr 134 clearly leans away from the
heme propionates, and its movement results in a reorientation
of Thr 135.

BiliVerdin Binding Site.The movement of the distal and
proximal helices, absence of solvent structure in the active
site, and loss of direct interactions with the heme propionates
and heme iron increase the overall size of the HO-1 active
site, thus allowing biliverdin to adopt a totally different
binding location. Although the spectroscopic data clearly
indicate that a full equivalent of biliverdin is bound, the
electron density is not sufficiently clear to enable an
unambiguous positioning of the biliverdin. This very likely
is the result of high mobility and, possibly, multiple binding
modes. Even so, the positioning of one of the heme
propionates and the pyrrole ring containing one of the lactam
oxygen atoms is clear because the lactam oxygen is close
enough to Asn 210 to accept an H-bond (Figure 2C). While
the detailed interactions between biliverdin and protein
cannot unambiguously be assigned, it is clear that biliverdin
adopts a twisted conformation and is more buried than the
heme. In the heme-HO-1 structure the heme is only partially
buried in the active site with theδ-mesoheme edge and
propionates exposed at the molecular surface. The total
solvent-accessible surface area of the heme is 145 Å2. In
biliverdin-HO-1 the biliverdin adopts a nonplanar curled
conformation and moves further into the active site to occupy
a large internal cavity that in the heme-HO-1 complex sits
above theR-mesoheme carbon, and the solvent-accessible
surface area decreases to 45 Å2 (Figures 2C and 5). Without
the iron to coordinate the biliverdin and His ligand, the heme
pocket cannot provide sufficiently favorable interactions to
hold biliverdin within the heme site.

Comparison to Other BiliVerdin (Iron-Free) Structures.
The structure of biliverdin in biliverdin-HO-1 is somewhat
atypical to that previously reported for protein structures
cocrystallized with either biliverdin or ferric biliverdin or
the lone structure of biliverdin itself (44). In such proteins
biliverdin adopts an almost all-Z-all-syntype conformation,
similar to heme itself, with the exception being that the rings
containing the lactam oxygens must twist in order to avoid
collision between the lactam oxygen atoms. In the biliver-
din-HO-1 structure, biliverdin does not adopt a planar
conformation with each of the pyrrole rings twisted in and

FIGURE 5: Stereo diagram of the heme and biliverdin binding locations in human HO-1. Comparison of the heme pocket region between
the closed conformation of heme-HO-1 (gray) and the biliverdin-HO-1 structure (green).
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out of the plane with respect to one another. In the
biliverdin-HO-1 complex the twist resembles a left-handed
helix which places the lactam oxygen atoms about 5 Å apart
compared to 3.3 Å for rat biliverdin(Fe)-HO-1 (29), 3.0 Å
in the apomyoglobin-biliverdin complex (44), 2.8 Å in the
biliverdin IXâ reductase (45), and 3.4 Å in the crystal
structure of biliverdin dimethyl ester (46). Biliverdin is a
flexible molecule which should be able to adopt a number
of near isoenergetic conformations ranging from heme-like
to linear. That the biliverdin-HO-1 complex exhibits the
more linear conformation is very likely due to the lack of
extensive protein-heme nonbonded contacts than in proteins
such as myoglobin which are designed to firmly hold the
heme in place. This also helps to understand why the electron
density for biliverdin is weak even though the spectroscopy
clearly shows that a full equivalent of biliverdin is bound to
HO-1.

DISCUSSION

Recent crystallographic results (31) combined with mu-
tagenic studies have substantially advanced our overall
understanding of HO catalysis, especially the steps leading
to the regiospecific hydroxylation of heme. Although crystal-
lographic information is not yet available for the HO catalytic
intermediatesR-meso-hydroxyheme and verdoheme, detailed
spectroscopic and mechanistic studies have provided valuable
information detailing the structural and functional require-
ments of these intermediates during catalysis (47). The least
well-known step during HO catalysis is the conversion of
verdoheme to biliverdin. This step is known to require
oxygen and reducing equivalents (47), but very little is
known about the mechanism whereby biliverdin is produced
from verdoheme and finally released from the enzyme.
Coupled with the recent work on the structure of the iron(III)
biliverdin-HO-1 complex (29), our present work provides
a more detailed picture on the release of biliverdin during
HO catalysis.

BiliVerdin-HO-1 Vs Heme-HO-1. The most unexpected
finding is the conformation and location of biliverdin
compared to other biliverdin-protein complexes and move-
ment of biliverdin into an internal cavity. For example, in
the biliverdin-myoglobin complex (44) the biliverdin adopts
a planar heme-like conformation. In the rat iron(III) biliverdin
complex the iron(III) biliverdin also adopts a planar heme-
like conformation and binds in the same pocket as the heme
and retains the His ligand-Fe iron interaction although at a
longer distance of 2.44 Å. Clearly, the protein-biliverdin
interactions in myoglobin are sufficiently strong to maintain
biliverdin in the planar configuration while this is not the
case with HO-1. The heme in myoglobin is substantially
more buried than the heme in heme-HO-1, and hence, there
are fewer nonbonded contacts in HO-1 to help hold the
biliverdin in a planar conformation. In addition, myoglobin
lacks the large internal cavity found in HO-1 that provides
the additional room for biliverdin to adopt the more linear
conformation. As the rat iron(III) biliverdin-HO-1 structure
and our presents studies show, the iron must be present in
order for biliverdin to maintain a planar conformation.

Owing to the lack of strong interactions to maintain a
planar conformation, the biliverdin adopts an energetically
more favorable extended but curled conformation. This

requires many changes in the active site, which includes the
movement of key basic side chains that are used to interact
with the propionates and properly orient the heme and a
widening of the active site from 43.6 A3 in heme-HO-1 to
61.2 A3 in biliverdin-HO-1, which allows more room for
biliverdin to move out of the heme site to the internal pocket.
The key feature in the location and partial burial of biliverdin
is the introduction of two carbonyl groups, the biliverdin
lactam oxygens. The heme in heme-HO-1 sits just below a
tier of polar residues consisting of Arg 136, Asp 140, and
Asn 210, which are also involved in a network of polar
interactions with a second tier of residues that includes Tyr
58 and Tyr 114. We postulate that when the heme is cleaved,
producing biliverdin, the lactam oxygens of biliverdin are
stabilized by a cluster of internal polar residues, Asp 140,
Arg 136, and Asn 210, which partly accounts for the
observed curled conformation and partial burial. The fairly
high B factors and poor electron density for parts of the
biliverdin clearly indicate that the biliverdin does not form
many specific interactions and, hence, is not tightly bound.
In summary, it appears that the observed binding site and
conformation of biliverdin are energetic defaults. Biliverdin
probably prefers a linear as opposed to the flat conformation,
but since HO-1 cannot provide enough interactions to hold
biliverdin in the planar conformation, biliverdin must seek
out an alternate binding mode that requires the product to
adopt the more favorable partial linear conformation. This
further requires burial and the formation of fairly weak
protein-biliverdin interactions.

BiliVerdin-HO-1Vs Iron(III) Bili Verdin-HO-1: Catalytic
Implications for Product Release. Once iron(III) biliverdin
is formed, the next step in the HO catalytic cycle is reduction
and release of the iron (48) from iron(II) biliverdin. As
already noted, the rat iron(III) biliverdin-HO-1 shows that
iron(III) biliverdin forms many of the same interactions as
heme and retains a near planar conformation. Our present
work shows that once the iron is reduced and released, the
biliverdin adopts a totally different conformation and binding
mode. The main question is whether the binding mode we
observe is physiologically relevant. Detailed kinetic studies
show that (48) in the presence of biliverdin reductase the
rate-limiting step is the conversion of ferrous verdoheme to
iron(III) biliverdin. However, in the absence of biliverdin
reductase dissociation of biliverdin is the rate-limiting step.
The dissociation of biliverdin from the internal pocket
observed in the present study is undoubtedly a slow process
and is the reason dissociation of biliverdin is rate-limiting.
When biliverdin reductase is present, it very likely forms a
complex with HO-1 near the active site which facilitates
biliverdin release. Indeed, recent binding experiments be-
tween biliverdin reductase and human HO-1 have shown that
human HO-1 and biliverdin reductase do form a tight
protein-protein complex (Kd ) 0.2-0.5 µM) and that
biliverdin reductase binds to the exposed molecular surface
of the heme binding pocket where residues Lys 18, Lys 22,
Lys 179, Arg 183, and Arg 185 of human HO-1 are
particularly important for efficient binding between the two
proteins (49). This would indicate that in the presence of
biliverdin reductase the biliverdin may never adopt the linear
conformation and move into the internal cavity but instead
is rapidly removed by biliverdin reductase. Given this

Crystal Structure of Human HO-1-Biliverdin Complex Biochemistry, Vol. 43, No. 13, 20043799



scenario, the binding mode we observe is not physiologically
relevant.

The true scenario is very likely more complex. P450
reductase also is thought to bind to the same surface of HO-1
as biliverdin reductase (39). Therefore, P450 reductase must
first bind, reduce the iron, and dissociate, and then biliverdin
reductase must bind. It seems unlikely that multiple second-
order binding/dissociation events between proteins occur
faster than biliverdin can adopt the linear conformation and
move into the internal cavity especially since this is a first-
order unimolecular process. Thus, biliverdin reductase more
likely binds to HO-1 after biliverdin has moved into the
internal cavity. We therefore suggest that the binding mode
we observe in HO-1 for biliverdin provides a way to
temporarily but loosely hold biliverdin until biliverdin
reductase can bind and remove biliverdin for further process-
ing. On a more teleological note, this view provides a reason
HO-1 has such a large internal cavity.
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