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ABSTRACT: Heme oxygenase (HO) catalyzes the regiospecific cleavage of the porphyrin ring of heme
using reducing equivalents and O2 to produce biliverdin, iron, and CO. Because CO has a cytoprotective
effect through the p38-MAPK pathway, HO is a potential therapeutic target in cancer. In fact, inhibition
of the HO isoform HO-1 reduces Kaposi sarcoma tumor growth. Imidazole-dioxolane compounds have
recently attracted attention because they have been reported to specifically inhibit HO-1, but not HO-2,
unlike Cr-containing protoporphyrin IX, a classical inhibitor of HO, that inhibits not only both HO isoforms
but also other hemoproteins. The inhibitory mechanism of imidazole-dioxolane compounds, however,
has not yet been characterized. Here, we determine the crystal structure of the ternary complex of rat
HO-1, heme, and an imidazole-dioxolane compound, 2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-
yl)methyl]-1,3-dioxolane. This compound bound on the distal side of the heme iron, where the imidazole
and 4-chlorophenyl groups were bound to the heme iron and the hydrophobic cavity in HO, respectively.
Binding of the bulky inhibitor in the narrow distal pocket shifted the distal helix to open the distal site
and moved both the heme and the proximal helix. Furthermore, the biochemical characterization revealed
that the catalytic reactions of both HO-1 and HO-2 were completely stopped after the formation of
verdoheme in the presence of the imidazole-dioxolane compound. This result should be mainly due to
the lower reactivity of the inhibitor-bound verdoheme with O2 compared to the reactivity of the inhibitor-
bound heme with O2.

Heme oxygenase (HO,1 EC 1.14.99.3) catalyzes the O2-
dependent cleavage of the porphyrin ring of heme using

reducing equivalents to produce biliverdin, iron, and CO (1).
This reaction (Scheme 1) consists of three sequential
oxidation steps (2-4). In the first step, O2 bound to the heme
iron is activated to become hydroperoxide, and electrophilic
addition of its terminal oxygen to theR-meso carbon
producesR-hydroxyheme. In the second step,R-hydroxy-
heme is converted to verdoheme with the concomitant release
of the R-mesocarbon as CO. Approximately 85% of CO
produced under normal physiological conditions is derived
from this reaction (5). Last, the oxygen bridge of verdoheme
is cleaved to produce biliverdin-iron chelate, and the iron
is released prior to the dissociation of biliverdin. In the
reaction catalyzed by HO, heme acts as both substrate and
cofactor.

Two isoforms of HO, HO-1 and HO-2, are present in
mammals. Although it was previously reported that a third
isoform, HO-3, is present in rats, recent genetic analysis
revealed thatho3 is a pseudogene (6). HO-1 (32 kDa) is
strongly expressed in spleen and liver, and its expression is
induced by various substances, including heme itself. HO-1
mainly functions to maintain iron homeostasis and is
involved in defending the body against oxidative stress by
removing prooxidant, free heme, and by producing the
antioxidants, biliverdin and bilirubin (7, 8). In contrast, HO-2
(36 kDa) is expressed constitutively in brain, testis, and
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vascular systems. The principal role of HO-2 is supposed to
be production of CO as a neurotransmitter (9, 10).

A recent study suggested that CO produced by HO-1 has
antiinflammatory, antiproliferative, and antiapoptotic effects
(11), though the direct molecular targets of CO were not
identified. Furthermore, it has been shown that the growth
of most tumors depends on HO-1 (12) and that the tumor
growth induced by the viral G protein-coupled receptor,
which is expressed in AIDS-Kaposi sarcoma lesions, is
suppressed by the inhibition of HO-1 and enhanced by the
induction of HO-1 expression (13). Thus, HO-1 is a potential
therapeutic target in cancer.

Imidazole-dioxolane compounds have recently attracted
a great deal of attention because they exhibited high
selectivity for the inhibition of HO activity in rat spleen
microsomes compared to that in rat brain microsomes,
suggesting that the inhibitors selectively inhibit HO-1 over
HO-2 (14). Furthermore, imidazole-dioxolane compounds
did not effectively inhibit the activities of nitric oxide
synthase and soluble guanylyl cyclase though Cr-containing
protoporphyrin IX, a classical inhibitor of HO, inhibits not
only the HO isoforms but also these hemoproteins (15). The
mechanism employed by the imidazole-dioxolane com-
pounds to inhibit the activity of HO, however, has not yet
been characterized.

Here, we determine the crystal structure of the ternary
complex of rat HO-1, heme, and the imidazole-dioxolane
compound, 2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-
yl)methyl]-1,3-dioxolane (DIOCPI). Additionally, we bio-
chemically characterized the mechanism by which this
compound inhibits the HO reaction. Our results revealed that
the imidazole-dioxolane compound bound to the distal side
of the heme iron in HO and completely inhibited both HO
isoforms from converting verdoheme to biliverdin and
provide the structural basis for the design of HO-specific
inhibitors.

MATERIALS AND METHODS

Chemical Synthesis of DIOCPI. DIOCPI (16) was prepared
from 4-(4-chlorophenyl)-1-(1H-imidazol-1-yl)-2-butanone

(14, 17) by forming a ketal with ethylene glycol using
p-toluenesulfonic acid (Scheme 2) (18). A 0.40 mmol
solution of 4-(4-chlorophenyl)-1-(1H-imidazol-1-yl)-2-bu-
tanone (100 mg) in toluene (5 mL) was mixed with 4.0 mmol
of ethylene glycol (223µL) and 0.80 mmol ofp-toluene-
sulfonic acid monohydrate (76 mg), and the mixture was
heated at reflux for 4 h. After cooling to room temperature,
the reaction mixture was poured into saturated aqueous
NaHCO3 in ethyl acetate while being stirred at 0°C and
extracted with ethyl acetate. The combined organic layers
were washed with saturated aqueous NaCl and dried over
anhydrous MgSO4. Concentration was followed by silica gel
column chromatography (chloroform/methanol) to give DIO-
CPI (72.5 mg, 0.25 mmol, 63%) as a colorless solid:1H
NMR (500 MHz, CDCl3) δ 7.47 (1H, s), 7.22 (2H, d,J )
8.5 Hz), 7.08 (2H, d,J ) 8.5 Hz), 3.98 (2H, s), 3.85 (2H,
m), 3.46 (2H, m), 2.67 (2H, m), 1.89 (2H, m); ESI-MSm/z
293 (M + H+).

Enzymes. Truncated rat HO-1 (Met 1-Pro 267) was
prepared as described previously (19). The cDNA for a
soluble form of rat HO-2 (Met 1-Ala 288) was amplified
with a sense primer (5′-AACTCAGCACATATGTCTTCA-
GAGGTGGA-3′) and an antisense primer (5′-GCTAGGCT-
TGGATCCTTAAGCCATG-3′) using a rat liver cDNA
library (Invitrogen, Carlsbad, CA). The PCR-amplified
fragments were cloned into theNdeI-BamHI sites of the
pET-11a expression vector. The resulting plasmid was
transformed intoEscherichia coliBLR(DE3) cells, and the
cells were grown in LB medium with 50µg/mL ampicillin
at 37 °C. When the OD600 of the culture reached 0.5-0.6,
IPTG was added to a final concentration of 1 mM and the

Scheme 1: Reaction Scheme of HO

Scheme 2a

a Reagents and conditions: (a) ethylene glycol,p-toluenesulfonic
acid monohydrate, toluene, reflux, 4 h.
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culture was further incubated at 37°C for 3 h with shaking.
The harvested cells were sonicated, and the membrane
fraction was removed by centrifugation. The cell lysate was
purified by two-step column chromatography on hydroxy-
lapatite and POROS-HQ columns, according to the proce-
dures used to prepare truncated rat HO-1 (19), except that
all buffers contained 0.4 mM DTT. The purified enzyme
resulted in a single protein band of 33 kDa following SDS-
PAGE. The final preparations of rat HO-1 and rat HO-2 had
specific activities of 8413( 283 and 4712( 459 units/mg
of protein, respectively; 1 unit represents the amount of
enzyme that catalyzes the formation of 1 nmol of bilirubin/h
under the usual assay conditions (20). The enzyme activities
of recombinant rat HO-1 and HO-2 were comparable to those
reported in previous studies (19, 21). Recombinant rat liver
NADPH-cytochrome P450 reductase (CPR) that lacked the
57 N-terminal hydrophobic amino acids was expressed and
purified as previously described (22).

The ferric heme complexes of rat HO-1 and rat HO-2 were
purified by hydroxylapatite column chromatography after
mixing 1.2 equiv of heme with the enzyme (20). The ferrous
heme complexes were prepared by reducing the ferric form
of the complexes with a stoichiometric amount of sodium
dithionite under anaerobic conditions.

The reconstitution and purification of the complexes of
verdoheme with rat HO-1 and HO-2 were performed as
reported previously (23).

Inhibitor Binding Study. Inhibitor binding studies were
performed in an anaerobic glovebox at room temperature
(25°C). Aliquots of DIOCPI dissolved in 1 mM DMSO were
added to 5µM ferric or ferrous heme-HO complexes.
Spectra were recorded after each addition of DIOCPI.
Titration curves were constructed by plotting the absorbance
at 414 nm (for a ferric heme-HO complex) or 423 nm (for
a ferrous heme-HO complex) against the amount of DIOCPI
added(0.2-10µM)andanalyzedusingDeltagraph(DeltaPoint,
Monterey, CA).

Preparation of Crystals of the Ternary Complex of Rat
HO-1, Heme, and DIOCPI. The ferric heme-HO-1 complex
was crystallized under aerobic conditions similar to those
used for the azide-bound heme-HO-1 complex (24). The
microseeding technique was used to improve the diffraction
quality of the crystals. DIOCPI-bound crystals were prepared
by soaking crystals in a crystallization solution containing 1
mM DIOCPI and 5% (v/v) DMSO. After being soaked for
1 min, a DIOCPI-bound crystal mounted on a cryoloop was
immediately cooled with liquid nitrogen. Crystals were
broken when soaked over a few minutes or in the DIOCPI
solution at a higher concentration.

Determination of the Structure of the Ternary Complex.
Diffraction data were collected at 100 K using the synchro-
tron radiation (λ ) 1.0000 Å) at the BL41XU beamline of
SPring-8 and the ADSC Quantum315 detector. Diffraction
data were processed and scaled with HKL2000 (25). The
crystal belonged to space groupP3221 with the following
unit cell dimensions:a ) b ) 66.2 Å andc ) 121.0 Å.
The structure of the DIOCPI-bound form of the complex
was determined using the molecular replacement method
with MolRep (26) and the protein moiety of the azide-bound
heme-HO-1 structure (PDB entry 1IVJ) (24) as a search
model. Rotational and translational searches using the
diffraction data (15-4.0 Å) identified one molecule in an

asymmetric unit. The respective correlation coefficient and
R-factor for the correct solution were 0.684 and 0.411,
respectively, whereas those for the second unrelated peak
were 0.318 and 0.594, respectively. The structure of the
protein moiety was refined with CNS (27). The resultantFo

- Fc electron density map showed significant electron
density for the heme and DIOCPI. Then, heme and DIOCPI
were added to the model and refined. The structure of the
tetrapyrrole moiety of heme was restrained in a planar
conformation, and the distances between the heme iron and
the nitrogen atoms of the imidazole rings of His 25 and
DIOCPI were weakly restrained to 2.0 Å in the refinements
(10 kcal/mol). Finally, several water molecules and a chloride
ion were added to the model and refined. Diffraction and
refinement statistics are summarized in Table 1.

Single-TurnoVer HO Reaction with Rat Heme-HO Com-
plexes. All single-turnover reactions were monitored by
optical absorption changes at 25°C using a Varian Cary 50
Bio UV-visible spectrophotometer. Briefly, the reaction
mixtures (0.1 mL) contained 5µM heme-rat HO-1 or
heme-rat HO-2 complexes, 0.04µM CPR, and 25µM
NADPH in 0.1 M potassium phosphate buffer (pH 7.4) in
the presence or absence of 25µM DIOCPI. Spectra were
recorded in the range of 300-900 nm.

RESULTS

Binding of Inhibitor to the Ferric and Ferrous Heme-
HO Complexes. First, we examined the binding of DIOCPI
to the complexes of heme and recombinant rat HO-1 or HO-2
proteins. Under anaerobic conditions, the addition of an
excess amount of DIOCPI to the ferric heme-rat HO-1
complex at pH 7.4 caused a Soret shift from 405 to 414 nm,
indicating that DIOCPI directly interacted with the ferric
heme iron. Titration studies revealed DIOCPI bound tightly
to the ferric heme-rat HO-1 complex with a dissociation

Table 1: Diffraction and Refinement Statistics

diffraction statisticsa

resolution (Å) 50-2.70
no. of observations 66326
no. of unique reflections 8774
completeness (%) 97.4 (93.1)
meanIo/σ(I) 10.6
Rsym

b (%) 9.1 (31.9)
refinement statistics

Rc/Rfree
d (%) 19.4/24.6

no. of protein atoms 1742
no. of ligand atoms (heme and

DIOCPI)
43/20

no. of solvent molecules
(Cl- and H2O)

1/10

average atomicB-factor (Å2)
(protein/ligands/solvent
molecules)

48.9/53.1/47.9

rms deviations from ideal
values
bond lengths (Å) 0.01
bond angles (deg) 1.22

Ramachandran plot
most favored (%) 91.6
additionally allowed (%) 8.4

a Values in parentheses correspond to the highest-resolution shell
(2.80-2.70 Å). b Rsym ) ∑hkl∑i|Ii(hkl) - 〈I(hkl)〉|/∑hkl∑iI i(hkl). c R )
∑hkl||Fo(hkl)| - |Fc(hkl)||/∑hkl|Fo(hkl)|. d Rfree value calculated for 5%
of the data set not included in the refinement.
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constant of 0.2µM. The anaerobic addition of an excess
amount of DIOCPI to the ferric heme-rat HO-2 complex
produced an absorption spectral change similar to that
observed for the ferric heme-rat HO-1 complex. DIOCPI,
however, had a 5-fold lower binding affinity for the ferric
heme-rat HO-2 complex; the dissociation constant was
0.9 µM.

Interestingly, DIOCPI also bound stoichiometrically to the
ferrous forms of the heme-rat HO-1 and heme-rat HO-2
complexes under anaerobic conditions. The addition of an
excess amount of DIOCPI to the complexes of ferrous heme
and rat HO-1 or HO-2 at pH 7.4 caused a Soret shift from
430 to 423 nm. The dissociation constants of DIOCPI were
0.5 and 1.0µM for the ferrous forms of the heme-rat HO-1
and heme-rat HO-2 complexes, respectively. These results
indicate that DIOCPI has similar affinities to those of O2 or
CO for the ferric and ferrous forms of the heme-rat HO-1
and heme-rat HO-2 complexes (28).

Structure of the Ternary Complex of Rat HO-1, Heme,
and DIOCPI. To investigate the detailed mode of binding
of the imidazole-dioxolane compound to the heme-HO
complex, we determined the crystal structure of the ternary
complex of rat HO-1, heme, and DIOCPI at a resolution of
2.7 Å. The structure has a number ofR-helices and is similar
to the previously reported structure of rat HO-1 in complex
with heme (29). The electron density map clearly shows that
DIOCPI is bound on the distal side of the heme (Figure 1
and Figure S1 of the Supporting Information). The contacts
between the heme-HO-1 complex and DIOCPI are listed
in Table 2. The imidazole ring of DIOCPI is coordinated to
the heme as was indicated by the optical spectrum of the
heme-HO-1 complex in the presence of DIOCPI. The mode
of binding of the imidazole ring to the heme iron in the
complex presented here is similar to that in the ketocona-
zole-cytochrome P450 complex (30, 31). The 4-chlorophe-
nyl group of DIOCPI is bound to the hydrophobic cavity in
the distal heme pocket, wherein the CO released from the
CO-bound heme-HO-1 complex following photolysis was
trapped and xenon was bound under a high-pressure xenon
atmosphere (32). The water molecule that is hydrogen
bonded to the carbonyl group of Thr 135 is weakly hydrogen

bonded to the oxygen atom of the dioxolane group of
DIOCPI. In addition, the dioxolane group interacts hydro-
phobically with Leu 147 and the heme. Thus, hydrophobic
interactions and coordination bonding are responsible for the
binding of DIOCPI to the heme-HO-1 complex.

A structural comparison of the rat ferric heme-HO-1
complex and its DIOCPI-bound form is shown in Figure 2.
In the rat ferric heme-HO-1 complex, a water/hydroxide
ion is coordinated to the distal side of the heme iron, and
the carbonyl group of Gly 139 and the amide group of Gly
143 are hydrogen bonded to this water/hydroxide ion (24,
29). Once DIOCPI had bound, the conformation of the main
chain of Ser 142 and Gly 143 changed and the bending angle
of the distal helix changed to open the distal heme pocket.
Although a similar structural change of the distal helix is
observed in the biliverdin-iron chelate-bound form of rat
HO-1 (33), the helical structure of the bending point of the
distal helix (Gly 143-Gln 145) is disrupted in the DIOCPI-
bound form. In addition to the change in the distal helix,
the heme and the proximal helix were shifted approximately
0.8 Å toward theR-mesocarbon along theR-γ axis of the
heme. Similar structural changes of the heme and the
proximal helix are observed in the CO- and CN--bound
forms of the rat heme-HO-1 complex (34). These structural
changes in the heme pocket allow the structure to accom-
modate the bulky inhibitor in the narrow distal pocket.

FIGURE 1: Stereodiagrams of the mode of binding of DIOCPI to rat heme-HO-1. A simulated annealing omit map of DIOCPI contoured
at 4.0σ is superimposed on the model. Heme, His 25, and the residues involved in the binding of DIOCPI are shown as stick models. The
coordination bonds of the heme iron and the hydrogen bond to DIOCPI are shown as dashed lines.

Table 2: Contacts between the Heme-HO-1 Complex and DIOCPIa

atom of heme-HO-1/atom
of DIOCPI distance (Å)

Phe 33 Cε/Cl 3.7
Met 34 Cε/C14 3.6
Phe 37 Cδ/Cl 3.5
Val 50 Cγ/C14 3.6
Gly 139 O/N1 3.2
Asp 140 Oδ/C4 3.3
Gly 143 C/C1 3.4
Leu 147 Cδ/C7 3.3
Phe 167 Cú/C12 3.5
heme Fe/N2 2.2

a Residues less than 3.8 Å from DIOCPI are listed. Atom names of
DIOCPI refer to Scheme 2.
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Single-TurnoVer Reactions of the Complexes of Heme and
Rat HO-1 or HO-2. To further investigate the effect of
DIOCPI on heme degradation, we measured absorption
spectral changes during the HO reaction in air. The single-
turnover NADPH/CPR-supported reaction of the heme-rat
HO-1 complex is shown in Figure 3a. The heme complexed
with rat HO-1 immediately changed to the ferrous oxy form
upon addition of NADPH and CPR, which was indicated
by the appearance of the 537 and 579 nm peaks. The ferrous
oxy form was then transformed to biliverdin as indicated by
the decrease in the Soret band and the increase in the
absorption at approximately 670 nm. The heme bound to
rat HO-1 was completely degraded to biliverdin within 30
min under these conditions.

Figure 3b shows the single-turnover NADPH/CPR-sup-
ported reaction of the heme-rat HO-1 complex in the
presence of DIOCPI. Upon addition of NADPH and CPR,
the intensity of the 414 nm Soret band slowly decreased and
the band shifted to 405 nm. In the visible region, new
absorption peaks at 537 and 573 nm, which corresponded
to the oxy form of the heme-rat HO-1 complex, appeared

within 5 min and then decreased in intensity along with the
appearance of a new peak at 699 nm after 30 min. No
additional spectral changes were observed after 60 min. The
rate of conversion of heme to verdoheme was preliminarily
estimated by the initial rate of the decrease of the magnitude
of the Soret band (Figure S2). In the absence of DIOCPI,
the conversion rate was 1.04µM/min, whereas in the
presence of DIOCPI, it was 0.33µM/min. When CO gas
was introduced into the 60 min reaction mixture, the
magnitude of the 699 nm peak decreased and that of a clear
peak at 643 nm increased. Thus, we concluded that the
species that resulted in the 643 and 699 nm peaks were the
CO ferrous and DIOCPI-bound ferrous forms of verdoheme,
respectively (Figure S3).

To further confirm that the product formed in the single-
turnover reaction with DIOCPI was the DIOCPI-bound
verdoheme-HO-1 complex, we reconstructed the ferrous
verdoheme-rat HO-1 complex. Under anaerobic conditions,
the addition of an excess amount of DIOCPI to the ferrous
verdoheme-rat HO-1 complex at pH 7.4 caused the peaks
at 399 and 688 nm to shift to 405 and 699 nm, respectively

FIGURE 2: Stereodiagrams of the rat heme-HO-1 complex and rat heme-HO-1 complex bound to DIOCPI. The structure of the DIOCPI-
bound form of the rat heme-HO-1 complex (orange) is superimposed on the structure of the rat heme-HO-1 complex (blue, PDB entry
1DVE) to minimize the rms differences of the positions of the CR atoms (rms difference) 0.83 Å for 214 residues). Heme, DIOCPI, and
His 25 are shown as stick models. Only the main chain is shown for the other residues. Water molecules that are involved in the hydrogen
bond network in the distal heme pocket of the rat heme-HO-1 complex and the water molecule hydrogen bonded to DIOCPI in DIOCPI-
bound forms are also shown.

FIGURE 3: Absorption spectral changes of the heme-rat HO-1 complex during the NADPH/CPR-supported single-turnover reaction. The
spectra were recorded before (s) and after the addition of NADPH [1 (‚‚‚), 5 (- - -), 10 (-‚-), and 30 min (thick line)]: (a) without DIOCPI
and (b) in the presence of 25µM DIOCPI.
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(Figure S4). The spectrum is identical to the final spectrum
observed for the single-turnover reaction of the heme-rat
HO-1 complex in the presence of DIOCPI. DIOCPI is bound
to the ferrous verdoheme-rat HO-1 complex with a dis-
sociation constant of 1.0µM.

We next evaluated the inhibitory effect of DIOCPI for rat
HO-2. Figure 4a shows the changes in the absorption
spectrum during the NADPH/CPR-supported reaction of the
heme-rat HO-2 complex in air. The spectrum of the heme-
rat HO-2 complex following the addition of NADPH
indicated that the heme was in the oxy form and then was
transformed to biliverdin. The rate of degradation of the heme
in rat HO-2 was somewhat slower than that of the heme in
rat HO-1, which reflects the difference in the specific
activities of rat HO-1 (8413( 283 units/mg of protein) and
rat HO-2 (4712( 459 units/mg of protein). Figure 4b shows
the changes in the absorption spectrum during the NADPH/
CPR-supported reaction of the heme-rat HO-2 complex in
the presence of DIOCPI. The spectral changes were almost
identical to those observed for the heme-rat HO-1 complex
in the presence of DIOCPI. Finally,∼16.6% of heme in
complex with rat HO-2 remained after the 60 min reaction.
The product of the 60 min reaction was confirmed to be the
DIOCPI-bound ferrous verdoheme-rat HO-2 complex (Fig-
ure S4). The dissociation constant of DIOCPI was 2.4µM
for the ferrous verdoheme-rat HO-2 complex.

These findings indicate that DIOCPI can bind to heme
and verdoheme in complex with rat HO-1 and rat HO-2.
Moreover, HO reactions in the presence of DIOCPI were
completely terminated after the formation of verdoheme. This
was likely due to the lower reactivity of DIOCPI-bound
verdoheme with O2 compared to the reactivity of DIOCPI-
bound heme with O2.

DISCUSSION

It has been reported that DIOCPI is a better inhibitor of
HO activity in spleen microsomes compared to that in brain
microsomes; the IC50 for spleen microsomes is 2.8µM,
whereas that for brain microsomes is>100µM (15). These
results suggest that DIOCPI selectively inhibits HO-1 over
HO-2. Our study, however, clearly showed that DIOCPI is
an equally effective inhibitor of HO-1 and HO-2. The

structure of the ternary inhibitor complex of HO-1 supports
our biochemical evidence. The structure of HO-2, which has
not yet been determined, is likely to be similar to that of
HO-1 because of the high degree of similarity in the amino
acid sequences of these two isoforms. Although Met 34, Val
50, and Phe 167 in HO-1 are substituted in HO-2 with Val,
Ala, and Tyr, respectively (Figure S5), the affinities of
DIOCPI for HO-1 and HO-2 are expected to be similar. The
IC50 reported in the previous study for the HO activity in
spleen microsomes agreed with the affinity of DIOCPI for
the ferrous heme-HO-1 complex, whereas the IC50 reported
for the HO activity in brain microsomes did not concur with
our result. Although the reason for this discrepancy is unclear
at present, it might be related to the samples that were
employed; purified recombinant proteins from rat were used
in our assay, whereas tissue extracts from human were used
in the previous study (14-16, 35). In addition to the
similarity of the structures of rat heme-HO-1 and human
heme-HO-1 complexes (29, 36), the residues involved in
the binding of DIOCPI in rat HO-1 are completely conserved
in human HO-1, and Met 34, Val 50, and Phe 167 in human
HO-1 are substituted in human HO-2 in the same way that
they are in rat HOs (Figure S5). Therefore, the use of either
human HOs or rat HOs would bring about the same results
and also would not give a clue about solving the discrepant
results obtained with purified enzymes and microsomes.

We have shown the structural basis for the binding of
imidazole-dioxolane compounds to HO. O2 bound to the
distal side of the heme becomes an active ferric hydrogen
peroxide species, and then theR-mesocarbon of heme is
hydroxylated in the first step of the HO reaction. Asp 140
and the hydrogen bond network on the distal side of the heme
are likely to have a prominent role in this reaction (24, 37-
39). The structure of the ternary complex demonstrated that
the imidazole-dioxolane compound disrupts the hydrogen
bond network and potentially competes with O2 for binding
to the ferrous heme iron (Figure 2). In fact, the rate of
conversion of heme to verdoheme in HO-1 moderately
decreased in the presence of DIOCPI (Figure S2).

Moreover, DIOCPI binds tightly to the ferrous ver-
doheme-HO complex as well as to the heme-HO complex.
A recent study showed that the association rate constant for

FIGURE 4: Absorption spectral changes of the heme-rat HO-2 complex during the NADPH/CPR-supported single-turnover reaction. The
spectra were recorded before (s) and after the addition of NADPH [1 (‚‚‚), 5 (- - -), 10 (-‚-), and 30 min (thick line)]: (a) without DIOCPI
and (b) in the presence of 25µM DIOCPI.
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binding of O2 to the ferrous verdoheme-HO-1 complex (2.5
× 102 M-1 s-1) was 4 orders of magnitude smaller than that
for the heme-HO-1 complex (6.9× 106 M-1 s-1) (28, 40).
Together with these results, our findings indicate that
complete inhibition of the HO reaction after the formation
of verdoheme by DIOCPI is due to the low reactivity of the
verdoheme-HO-1 complex with O2.

The DIOCPI-bound structure determined in this study
should be useful for the structure-based design of HO
inhibitors. A previous study showed that (2R,4R)-2-[2-(4-
chlorophenyl)ethyl]-2-[(1H-imidazol-1-yl)-methyl]-4-methyl-
1,3-dioxolane, which has a methyl group added to the C4
position of the dioxolane group of DIOCPI, is more effective
for the inhibition of HO activity in spleen microsomes (15).
The structure presented here suggests that the addition of
the methyl group to DIOCPI stabilizes the binding of the
imidazole-dioxolane compound through hydrophobic in-
teractions between the additional methyl group and heme,
Met 34, and Leu 147. Electron density for DIOCPI showed
that the imidazole and the dioxolane groups in HO-1 are
ordered, whereas the chlorophenyl group is slightly disor-
dered, although the chlorophenyl group appears to be
involved in inhibitor binding through hydrophobic interac-
tions. Drug design focused on the chlorophenyl moiety may
produce a more effective and specific inhibitor of HO
activity.
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SUPPORTING INFORMATION AVAILABLE

A 2Fo - Fc electron density map of the heme pocket of
the ternary complex (Figure S1), absorption changes at the
Soret band in the absence or presence of DIOCPI during
the single-turnover reaction (Figure S2), absorption spectrum
change of the reaction mixture in the presence of DIOCPI
by the introduction of CO gas (Figure S3), spectra of the
ferrous verdoheme-HO complex in the absence or presence
of DIOCPI (Figure S4), and sequence alignment of HO-1
and HO-2 (Figure S5). This material is available free of
charge via the Internet at http://pubs.acs.org.
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