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X-ray Crystal Structure of Human Heme Oxygenase-1 with (2R,4S)-2-[2-(4-Chlorophenyl)ethyl]-

2-[(1H-imidazol-1-yl)methyl]-4[((5-trifluoromethylpyridin-2-yl)thio)methyl]-1,3-dioxolane: A Novel,
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The crystal structure of humanheme oxygenase-1 (HO-1) in complexwith (2R,4S)-2-[2-(4-chlorophenyl)-
ethyl]-2-[(1H-imidazol-1-yl)methyl]-4[((5-trifluoromethylpyridin-2-yl)thio)methyl]-1,3-dioxolane (4) re-
veals a novel, inducible binding mode. Inhibitor 4 coordinates the heme iron, with its chlorophenyl group
bound in a distal hydrophobic pocket, as seen in previous structures. However, accommodation of the 5-
trifluoromethylpyridin-2-yl group requires a significant shift in the proximal helix, inducing the formation
of a hydrophobic pocket. This is the first example of an induced binding pocket observed in HO-1.

Introduction

The heme oxygenase (HOa) system comprises two active
isozymes, namely, the inducible (HO-1) and the constitutive
(HO-2); they catalyze the regioselective, oxidative cleavage of
heme at the R-meso carbon to release ferrous iron (Fe2þ),
carbon monoxide (CO), and biliverdin, the last being further
transformed into bilirubin via bilirubin reductase (Supporting
Information Figure S1).1,2 This reaction is the main source of
CO in mammals with ∼85% of the CO produced in humans
under normal physiological conditions being derived from
heme. There has been increasing evidence of the cellular
regulatory actions of CO including anti-inflammatory,
antiapoptotic, antiproliferative, and vasodilatory effects.3-6

Moreover, the HO system may have a protective role in
several conditions including diabetes, inflammation, heart
disease, hypertension, neurological disorders, organ trans-
plantation, and endotoxemia.7 HO-1 also has potential ther-
apeutic applications in cancer, as its activity has been
associated with the growth of most tumors.8-10

The use of selectiveHO inhibitors is crucial in the dissection
of the CO/HO system and the mechanisms underlying its
physiological effects and pathologies. Theymay also be bene-
ficial in therapeutic applications. First-generation HO inhibi-
tors have been metalloporphoryin-based and thus, because
of their structural similarity to heme, have some degree of
nonselectivity and toxicity. The discovery of azalanstat (1)
(Figure 1),2 which lacks the porphyrin nucleus of first-gen-
erationHO inhibitors, as a potent inhibitor ofHO-1 andHO-
2, led to a program in our laboratory aimed at the design of
novel, isozyme-selective HO inhibitors. A structure-activity
study was undertaken to systematically design and synthesize
analogues of 1, a process that resulted in a series of novel

compounds, several of which have been shown to be potent
HO-1 inhibitors.11-15

Aspart of ourprogram,wehavealsoundertakena structural
studyof complexes formedbetweenhumanHO-1 (hHO-1) and
some of our selective HO-1 inhibitors using X-ray crystal-
lography. We have reported the crystal structure of hHO-1 in
complexwith 1-(adamantan-1-yl)-2-(1H-imidazol-1-yl)ethanone
(2)16 which, in conjunction with the crystal structure of rat
HO-1 in complex with another of our compounds, namely,
(2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-yl)methyl]-1,3-
dioxolane (3),17 revealed a common binding mode for these
imidazole-based HO-1 inhibitors, despite having differing
chemical features beyond the imidazolyl moiety (Figure 1).
In general, the inherent flexibility of the hHO-1 distal helix
allows the heme-binding pocket to expand to accommodate
the inhibitor without displacement of the heme moiety,
resulting in noncompetitive inhibition. Shifts in the proximal
side of the pocket and with heme itself also contribute to this
expansion to a lesser extent. The imidazole group serves as an
anchor with the nitrogen at position 3 coordinating with the
heme iron to result in a hexacoordinated heme. The western
region of the inhibitor fits into a hydrophobic pocket on the
distal side of the heme-binding pocket to stabilize binding
further. The central region of the inhibitor, while close to the
catalytically critical Asp140 residue, does not perturb its
position. Rather, heme oxidation is inhibited via disruption
of the ordered hydrogen-bonding network that Asp140 is
involved in and, in particular, the ultimate displacement of the
catalytically critical distal water ligand by the inhibitor.
Recently, we have published a study of imidazole-dioxo-

lane compounds in which the effect of substituents at the
4-position of the dioxolane ring was analyzed, i.e., a series of
analogues structurally more similar to 1, as they included
substituents in the northeastern region.15 Most of these com-
pounds were highly potent inhibitors of HO with moderate
selectivity for HO-1. On the basis of the current structural
knowledge, it was not clear how the northeastern substituents,
which are rather bulky, would be accommodated by hHO-1.
There are at least twopossibilities: (i) hHO-1 undergoes a large
conformational change to create a new binding subpocket; (ii)

*To whom correspondence should be addressed. Phone: (613) 533-
6277. Fax: (613) 533-2497. E-mail: jia@queensu.ca.

†The hHO-1 complex structure has been deposited (PDB code
3HOK).

aAbbreviations: HO, heme oxygenase; Fe2þ, ferrous iron; CO,
carbon monoxide; CHESS, Cornell High Energy Synchrotron Source;
MR, molecular replacement; HP, hydrophobic pocket.
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this series of compounds assumes a different binding mode
than that previously observed.16,17 Either way, the binding
would be novel. To reveal the binding mode, we carried out
crystallographic studies and herein report the structure of
hHO-1 with a representative example of these compounds,
namely, (2R, 4S)-2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imida-
zol-1-yl)methyl]-4[((5-trifluoromethylpyridin-2-yl)thio)methyl]-
1,3-dioxolane (4) (Figure 1), which demonstrates for the first
time the inhibitor-induced creation of a secondary, peripheral
hydrophobic pocket, which can be formed to accommodate
substituents in thenortheastern regionofour seriesof inhibitors.

Results and Discussion

Crystallization and Structure Determination of hHO-1 in

Complex with 4. Initial screens using a CO formation
assay with rat spleen microsomal fractions gave an IC50 of
2.1 ( 0.6 μM.15 In comparison, the inhibitor that we pre-
viously cocrystallizedwith hHO-1, inhibitor 2, had an IC50 of
7( 1 μM.16 As such, the samemethodology was undertaken
to cocrystallize hHO-1 with 4.16

To confirm binding of inhibitor 4 prior to setting up
cocrystallization trials, spectral analyses were undertaken
on the native protein and that incubated with inhibitor at a
molar ratio of 1:3 for ∼1 h. The Soret peak of the native
protein incubated with inhibitor shifted to 413 nm, thus
verifying binding (Supporting Information Figure S2). This
mixture was subsequently utilized for crystallization trials
based on and expanded from previous conditions.16,18,19 The
crystals formedwere very similar to those obtainedpreviously
for native and hHO-1 in complex with 2.16 Diffraction data
for the cocrystal were obtained to a resolution of 2.19 Å and
assigned to the P21 space group. As the cell dimensions were
different from those of previous crystal structures, molecular
replacement was carried out using the native heme-conju-
gated hHO-1 complex (PDB code 1N3U) as the initial probe.
Two unambiguous solutions were obtained corresponding to
the two molecules in the asymmetric unit. The structure was
refined to an R of 0.222 and an Rfree of 0.289. A total of 186
water molecules was added to the structure. The Ramachan-
dran plot demonstrated no residues in the disallowed region.
The final statistics are given in Table 1.
It is noted that of the two molecules in the asymmetric unit,

the B molecule had significant and unambiguous difference
density that could be used to position the inhibitor. Moreover,
we were able to detect an additional residue at the N-terminus
(Met9), which had not been found in the native18,19 or the
inhibitor complexes16 determined to date. In contrast, the
density for the A molecule was somewhat weak. Following
molecular replacement, clear difference density was observed

but it was disconnected, incomplete, and still somewhat weak.
Further, therewas not a similar shift in theproximal helix of the
protein to accommodate the northeastern region of the inhi-
bitor (data not shown). Thus, while there is partial density
potentially corresponding to the inhibitor, we could not place
this molecule with complete confidence. Moreover, a signifi-
cant portion of the protein molecule was associated with weak
density, making it difficult to resolve, which may indicate that
there was still movement occurring in the A molecule as the
protein tried to accommodate and bind the inhibitor. Indeed,
analysis of the normalized B-factor values for each residue
revealed that thermal factors in the region of the proximal helix
were higher than the average for the molecule but also sig-
nificantly higher than those of the equivalent region in the B
molecule (data not shown). Comparison with the normalized
values of the closed, i.e., putatively more active, conformation
of the native structure (PDB code 1N45, chain A) revealed an
increase in the thermal factor values in the proximal helix (data
not shown); in contrast, there is a decrease in the relative values
of the thermal factors in this region for the Bmolecule. Thus, it
appears that the binding of the inhibitor may not have reached
completion in the Amolecule. As such, water was placed in the
density corresponding to the partial density in this molecule.
Given the ambiguity of this molecule, all further discussionwill
focus on the inhibitor-bound complex in the B molecule.

Overall Structure. In general, the overall structure of
hHO-1 in complex with 4 (Figure 2A) is similar to that of
the native heme-conjugated hHO-1 and to previous struc-
tures of hHO-1 in complex with analogous compounds.16,17

The distal helix shifts outward in a similar manner to
accommodate the inhibitor, although not to the same
extent as to accommodate the bulky adamantyl group of 2
(Figure 3). In addition to these expected changes, there is a
major conformational change involving the proximal helix
to accommodate the bulky 5-trifluoromethylpyridin-2-yl
group in the northeastern region of the inhibitor. Structures
of the native holo and apo forms of hHO-1, as well as the
holoenzyme in complex with 2, reveal a sharp bend of ∼60�
in the proximal helix (Asn30 andAla31) which is followed by
a shorter helical segment from Glu32 to Lys39. From the
complex structure with 4, it appears that interaction with the

Figure 1. Structures of 1-4.

Table 1. Diffraction and Refinement Statisticsa

space group P21
a, b, c (Å) 55.07, 54.59, 71.88

β (deg) 94.64

molecules in the asymmetric unit 2

solvent content (%) 36.09

mosaicity (�) 1.95

resolution range (Å) 50-2.19

total reflections/unique reflections 64 747/19 662

completeness (%) 89.9 (68.8)

I/σ 17.3 (3.4)

Rmerge
b 0.098 (0.355)

average redundancy 3.3 (2.6)

Refinement Statistics

σ cutoff for refinement none

Rcrys
c/Rfree

c 0.222/0.289

no. of reflections: used/in test set 18614/1018

no. of non-hydrogen atoms used in refinement 3802

rmsd bond length (Å)/rmsd bond angle (deg) 0.007/1.047
aValues in parentheses are for the outermost shell (2.28-2.20 Å).

b Rmerge =
P

|Iobs - ÆIæ|/
P

Iobs, where Iobs is the intensity measurement
and ÆIæ is themean intensity formultiply recorded reflections. c Rcryst and
Rfree =

P
|Fobs - Fcalc|/

P
|Fobs| for reflections in the working and test

sets, respectively.
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5-trifluoromethylpyridin-2-yl group causes residues in the
region to be pushed back resulting in an “unkinking” and
extension of the proximal helix up to Gln38. The north-
eastern group now occupies the hydrophobic space origin-
ally occupied by the thiol group of Met34 which has been
shifted to the exterior of the newly formed pocket along with
the functional groups of Phe33, Met34, Phe37, and Gln38.
As well, the functional groups of Arg35 and Glu32 are
shifted to the interior of the pocket and may be stabilized
by an electrostatic interaction between the two side chains
(2.25 Å). The magnitude of this change is exemplified by
Gln38, which is shifted 10.76 and 11.79 Å relative to the
native structure and the complex with 2, respectively, while

Phe33 is shifted 8.01 and 9.03 Å, respectively (Supporting
Information Figure S3). As seen by the electrostatic surface
representation of the molecule (Figure 2B), binding of 4

results in further expansion, relative to the complex with 2,
to give a more open inhibitor-binding pocket.16 The bulky
northeastern region of the inhibitor is encompassed by
another, newly formed, peripheral hydrophobic pocket.
Residues lining this secondary hydrophobic pocket that
make contributions to hydrophobic interactions include
Ala28, Ala31, Arg35, Phe214, and Glu215 (Figure 2A). A
detailed table of residues within van der Waals distance of
the inhibitor, which contribute to its binding, is given in
Supporting Information Table S1. Knowledge of the pre-
sence of charged groups within this region, such as Glu32,
Glu215, and Arg35, may be utilized in the design of future
compounds to further enhance the binding in this region.
In general, residues that contribute to the binding of other

regions of the inhibitor are similar to those that have been
demonstrated previously.16 While most of the interactions
contributing to inhibitor binding are due to hydrophobic
interactions and metal coordination, hydrogen bonding may
also contribute to the stability. One of the oxygens of the
dioxolane group is close enough to a water molecule (3.48 Å)
to formapotential, weakhydrogenbond.Thiswatermolecule
may also be involved in a hydrogen-bonding networkwith the
carbonyl group of Thr135 (2.61 Å), similar to what was
observed in the crystal structure of rat HO-1 in complex with
3.17 In the secondary hydrophobic pocket, another water
molecule is also in a potential hydrogen-bonding network
involving the nitrogen of the pyridine ring in the northeastern
region (3.49 Å) and with the carboxylate side chain of Glu32
(3.33 Å) to further stabilize the northeastern region of the
inhibitor. As observed in previous complex structures, the
binding of the inhibitor does not perturb the position of the
catalytically critical Asp140 residue. Rather, HO-1 inhibition
results from the disruption of the ordered hydrogen-bonding
network involving Asp140 and from displacement of the
critical distal water ligand required for heme oxidation.18,19

Induced Formation of the Proximal Hydrophobic Pocket.

The significant conformational change observed in the prox-
imal helix implies that there is a degree of flexibility associated

Figure 3. Structural alignment of hHO-1 in complex with 4 (green)
with thenativeholoenzyme (PDBcode1N45, chainA,magenta) andof
hHO-1 in complexwith 2 (PDBcode 3CZY, chainAcyan).Residues in
the shifted proximal helix are highlighted as wheat stick diagrams
(black labels), with corresponding residues in the native structure
depicted as lines (italicized maroon labels). 4 is depicted in yellow.

Figure 2. Crystal structure of hHO-1 in complex with 4. (A)
Ribbon diagram of the inhibitor-binding site at 2.19 Å resolution.
Heme (orange) and 4 (yellow) are depicted as stick models. An omit
map (red), contoured at 2σ, is shown. Dashed lines indicate co-
ordination of imidazole nitrogens of 4 and His25 with the heme Fe.
Residues within van der Waals distance of the northeastern region
of 4 are indicated (black), as are the twowater molecules involved in
inhibitor stabilization, and select residues mentioned in the text
(blue). Residues in the proximal helix that have been shifted because
of inhibitor binding are highlighted (wheat). (B) Electrostatic sur-
face potential of the inhibitor-binding site. Blue and red indicate
positive and negative electrostatic potentials, respectively, as calcu-
lated using PyMOL.29 The chlorophenyl moiety in the western
region of 4 binds to the distal hydrophobic pocket in a manner
similar to the binding of the analogous chlorophenylmoiety of 3; the
adamantyl moiety in the western region of 2 also binds to this distal
hydrophobic pocket. The 5-trifluoromethylpyridin-2-yl group in
the northeastern region of 4 fits into the secondary hydrophobic
pocket. As such, the inhibitor-binding pocket in this complex is
larger andmore open than that seen for previous structures ofHO-1
in complex with imidazole-based inhibitors.16,17
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with this region that allows it to accommodate a bulky group in
the northeastern region of a potential ligand. This was not
apparent in previous structures of inhibitor-HO complexes
which tended to focus more on the flexibility of the distal helix
to open up the heme-binding pocket.16,17 A potential, second-
ary hydrophobic pocket was noticed when analyzing our
previous crystal structure of hHO-1 in complex with 2.16 This
potential pocket is not apparent in structures of the native
human18,19 or rat HO-1 in complex with 3.17 Indeed, we were
able to automatically dock 116 and (2R,4S)-2-[2-(4-chlorophe-
nyl)ethyl]-2-[(1H-imidazol-1-yl)methyl]-4-[(phenylsulfanyl)-
methyl]-1,3-dioxolane15 using the structure of hHO-1 in com-
plex with 2 as a template such that the northeastern regions of
the respective compounds fit into this potential pocket. How-
ever, our current complex structure demonstrates that there is
a significant amount of conformational change involved in
forming the secondary hydrophobic pocket, an aspect that
could not have been anticipated from our previous work.
This unanticipated and significant conformational move-

ment of the proximal helix led us to investigate this region
more closely. Previous studies in which crystal structures of
the apo and holo forms of hHO-1 were compared had
indicated regions of large deviation in the proximal helix
by plotting the rmsd for CR atoms between the two holo and
four apo forms.19 Interestingly, the deviation reported be-
tween the holo and apoHO-1 forms was 1.8 Å, a value much
lower than that observed upon binding of 4. Moreover, a
hydrogen-bonding interaction between the Nε atom of
Gln38 and the carbonyl oxygen of the Glu29 backbone
observed in the holoenzyme structure is absent in the apo
form, which allows Gln38 to be quite flexible, its side chain
adopting different conformations. The complex structure of
hHO-1 with 4 reveals that the hydrogen-bonding interaction
between Gln38 and Glu29 is also absent because of the shift
of Gln38 away from the heme-binding pocket. A new
hydrogen bond is formed between its backbone amide group
of Gln38 and the carbonyl oxygen of Met34 (2.99 Å).
An analysis of the normalized temperature factors was

performed to determine whether this region had an inherent
flexibility similar to that seen with the distal helix and
whether the distortion upon binding of the inhibitor caused
it to becomemore flexible. A plot of the normalized B-factor
values revealed that residues near the end of the proximal
helix were slightly higher than the average for the molecule
(0.5-1 standard deviations) (Supporting Information Fig-
ure S4A).However, a difference plot inwhich the normalized
B-factors of the closed, i.e., putatively more active, confor-
mation of the native structure (PDB code 1N45, chain A)
were subtracted revealed a decrease in the thermal factors
relative to the native structure, implying a decrease in flex-
ibility (Supporting Information Figure S4B). It is noted that
this proximal helical region of the native holoenzyme showed
greater than average thermal factors (∼1-2 standard devia-
tions) (Supporting Information Figure S4A), albeit not as
high as those of the distal helix, which may imply some
degree of flexibility in this region that is ultimately stabilized
by interactions with the bulky 5-trifluoromethylpyridin-2-yl
group of the northeastern region of 4.

Conclusions

The binding of 4 to hHO-1 is very similar to that of other
imidazole-based inhibitors that have been characterized to
date.16,17 However, accommodation of the bulky 5-trifluoro-

methylpyridin-2-yl group in the northeastern region requires a
significant amount of conformational change to cause the
formation of a secondary, peripheral hydrophobic pocket by
“unkinking” and extending the proximal helix. As a result, this
northeastern group occupies a hydrophobic space originally
taken up by the thiol group of Met34, which is shifted to the
exterior of the pocket. This newly formed hydrophobic pocket
further stabilizes inhibitor binding mainly through hydropho-
bic interactions, although there appears to be awatermolecule
that may form a hydrogen-bonding network with the nitrogen
of the pyridine ring and with the carboxylate side chain of
Glu32. The conformational change also resulted in the re-
arrangement of several functional groups between the interior
and exterior of this newly formed hydrophobic pocket. As
such, the presence of Arg35 and Glu32 within the pocket may
be exploited in future designs to strengthen binding in this
region. The extent of formation of this secondary hydrophobic
pocket could not be anticipated from previous structures of
hHO-1 in complexwith imidazole-based inhibitors that lacked
this northeastern region.16,17 Thus, this observation is an
example of binding by “induced fit” in which the subpocket
is formed by interaction with (in order to accommodate) the
5-trifluoromethylpyridin-2-yl substituent in the northeastern
region of the inhibitor.

Experimental Methods

Synthesis.We have reported the synthesis of 4 hydrochloride
in a previous publication.15 The compound was determined
to be >98% pure by elemental analysis (for C, H, and N)
performed at MHW Laboratories (Phoenix, AZ) and was also
characterized using 1H and 13C NMR spectroscopy and high-
resolution electrospray mass spectrometry.

Expression and Purification of hHO-1. For crystallization
purposes, a truncated, soluble version of hHO-1 was used that
contains 233 amino acids (hHO1-t233) and has been employed
successfully to solve the high-resolution crystal structure for
hHO-1.16,18-20 Bacterial expression and purification of hHO-1
were performed as described previously,16 based on published
protocols.21-23

Crystallization of hHO-1 in Complex with 4. Crystallization
was performed using sitting-drop vapor diffusion as described
previously,16 based on published protocols.18-20 The crystal-
lization conditions consisted of 2.16 M ammonium sulfate and
1.15%1,6-hexanediol in 100mMHEPES (pH7.25). The heme-
hHO-1 complex (412 μM in 20 mM potassium phosphate) was
mixed with 4 at a molar ratio of 1:3 and incubated for ∼1 h at
room temperature. Binding was confirmed using spectral ana-
lysis to confirm a shift in the native Soret peak (from 403 to
413 nm) prior to setting up crystallization plates, as described
previously.16 Crystallization drops consisted of 2 μL of the
protein-inhibitor solution mixed with 2 μL of the reservoir
solution.

Data Collection and Structure Determination. X-ray diffrac-
tion data were collected at the A1 beamline of the Cornell High
Energy Synchrotron Source (CHESS). For data collection a
cryoprotectant comprising 100 mM HEPES (pH 7.25), 2.32 M
ammonium sulfate, 1.15% 1,6-hexanediol, and 20% (v/v) gly-
cerol was used. Crystals were subsequently flash-cooled in a
stream of N2 at 100 K. Data were collected for 180�, with an
oscillation of 1�, and processed usingHKL2000.24 The structure
of the protein-inhibitor complex was solved by molecular
replacement (MR) using Phaser in the CCP4 suite;25 the
heme-hHO-1 complex (PDB code 1N3U) was the initial probe.
An initial template of 4 was generated using CS Chem3D Ultra
(version 6.0, Copyright 2000, CambridgeSoft.com) and the
Dundee PRODRG2 server.26 Following initial refinement with
Refmac5, the structure of 4wasmanually inserted in the B chain
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and subsequently refined using iterative cycles of Xfit and
Refmac5 in the CCP4 suite.25 The refined B molecule was then
superimposed onto the A molecule and the resultant structure
further refined as previously described. Some rebuilding and
refinement were also performed using PHENIX27 and Coot.28

Standard parameters for heme were used as described in its
library entry in the program during refinement, with no addi-
tional restraints on planarity, bond lengths, and angles. Struc-
tural alignments and determination of contact residues were
performed using CCP4.25 Electrostatic surface potentials were
calculated, and all images were prepared using PyMOL.29

B-Factor Analysis.An analysis of the temperature factors was
carried out as follows.30,31 B-Factor values for the CR atoms
were normalized by the following equation:

Bi
0 ¼ ðBi -BaveÞ

σ

where Bi is the B-factor for the CR atom of residue i, Bi
0 is the

normalized value, Bave is the average of the Bi values over the
whole molecule, and σ is the standard deviation.
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