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Abstract. Human heme oxygenase-1 (hHO-1) is a rate-limiting
enzyme in heme metabolism. It regulates serum bilirubin level.
Site-directed mutagenesis studies indicate that the proximal
residue histidine 25 (His25) plays a key role in hHO-1 activity.
A highly purified hHO-1 His25Ala mutant was generated and
crystallized with a new expression system. The crystal structure
of the mutant was determined by X-ray diffraction technology
and molecular replacement at the resolution of 2.8 A, and the
model of hHO-1 His25Ala mutant was refined. The final
crystallographic and free R factors were 0.245 and 0.283,
respectively. The standard bond length deviation was 0.007 A,
and the standard bond angle deviation was 1.3°. The mutation
of His25 to Ala led to an empty pocket underneath the ferric
ion in the heme, leading to loss of binding iron ligand.
Although this did not cause an overall structural change, the
enzymatic activity of the mutant hHO-1 was reduced by 90%.
By supplementing imidazole, the HO-1 activity was restored
~90% to its normal level. These data suggest that Ala25
remains unchanged in the structure compared to His25, but the
important catalytic function of hHO-1 is lost. Thus, it appears
that His25 is a crucial residue for proper hHO-1 catalysis.

Introduction

Heme oxygenase (HO) is a membrane-bound protein that
facilitates the catabolism of heme in conjunction to coenzyme
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NADPH-cytochrome P-450 reductase. HO converts heme to
carbon monoxide (CO), ferric ion and biliverdin which can
further metabolize to bilirubin (1) by biliverdin reductase.

HO was once thought of as a rate-limiting enzyme only
for heme metabolism and maintaining dynamic balance of
intracellular hemoglobin. Its degradation products, including
biliverdin, ferric ion and CO, were considered toxic. However,
recent research demonstrated that these metabolites actually
exert important biological functions. HO activity is critical
for maintaining the ferric ion cycle and provides iron required
by the human body (2). Biliverdin and bilirubin are two well
known antioxidants (3,4). Although there is controversy
regarding the biological function of CO (5), CO is implicated
in neural conduction (6,7), protection of hemorrhagic shock
(8), and regulation of microvascular contractility (9).

In addition to mammals, HO is expressed in bacteria and
plants. HO was initially considered the terminal oxidase in the
cytochrome P450 enzyme system (10). Now it is known as an
enzyme independent of cytochrome P450 (11). In fact, HO is
not a hemoprotein. However, it can interact with heme, forming
a complex (12) in which heme acts as both a substrate and a
coenzyme. Similar to a hemoprotein, the complex is composed
of HO and heme that contains trivalent iron. The absorption
spectrum of HO is comparable to metmyoglobin and methemo-
globin. Heme degradation catalyzed by HO complex resembles
the oxidation reactions of myoglobin or hemoglobin with
ascorbic acid (13).

In mammalian cells there are at least two HO isomers,
HO-1 and -2, which are encoded by different genes. Another
isomer HO-3, cloned only in rat, presents several mismatches
in the heme signature motif, resulting in lower heme catalytic
activity (14). HO-1 is an inducible enzyme with 288 amino
acids total and is called heat shock protein 32 (15). HO-1 is
induced by oxidative stress such as heme, heat shock, endo-
toxin, hydrogen peroxide, cytolysin, ultraviolet, heavy metals,
and CO (16-18). HO-1 expression is mainly regulated at a
transcription level. HO-1 exists in a variety of tissues, but is
predominant in the liver and spleen. Lack of HO-1 leads to
growth delay, anemia, and endothelial cell injury (19,20). It is
reported that HO-1 can inhibit inflammatory response (21) and
allograft rejection (22,23). Human HO-2 contains 316 amino
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acids. It is a constitutive enzyme highly expressed in the brain
and testis. Its main catalytic product is CO which is considered
likely to be involved in signal transduction pathways (3,24).
Compared to HO-1, HO-2 has an additional sequence segment
at the N-terminus.

The histidine (His) residue at position 25 (His25) plays an
important role in forming a unique HO-1 complex with five-
coordinated ferric heme molecules (25,26). Replacement of
histidine with alanine (His25Ala) upregulates the activity of
catalase and the level of intracellular glutathione, thereby
enhancing the resistance to organic or inorganic peroxides.
This is different from wild-type HO-1 (27). The study of the
crystal structure of His25Ala mutant human heme oxygenase-1
(hHO-1) may provide an in depth understanding of its catalytic
mechanism.

Materials and methods

Reagents. pET28b(+) and Escherichia coli BL21 (DE3) were
purchased from Novagen (Madison, WI). Ni-NTA Superflow
Cartridge was purchased from Qiagen (Hilden, Germany).
Superdex-75 HR 16/60 column was purchased from GE
Healthcare (Uppsala, Sweden). T4 DNA ligase, restriction
enzymes, and Taq DNA polymerase were purchased from
Takara (Dalian, China). Wild-type and His25Ala mutant
hHO-1 expression plasmids pBHO-1(w) and (m) were
constructed in our laboratory. All other chemicals used were of
analytical reagent grade.

Construction of recombinant prokaryotic-expressing vector.
In order to obtain His-tag fusion protein of 233-amino acid
HO-1, PCR was performed using pBHO-1(w) and (m) as
templates of wild-type and mutant HO-1. PCR primer pairs
of wild-type (sense: 5'-GAC AGC ATG CCC CAG GAT
TTG TCA GAG GCC CTG AAG GAG GCC ACC AAG
GAG GGC ACA CCC-3', antisense: 5'-AAC AGC TAT
GAC CAT G-3') and mutant HO-1 (sense: 5'-GGA CAA
TCC ATG GAG CGT CCG CAA CCC GAC-3', antisense:
5'-GCT AGA AGC TCG AGT GCC CGT GAG GGG CTC
TG-3', containing Ncol and Xhol site) were synthesized by
Shanghai Bio-Asia Biotech Co. (Shanghai, China). PCR
mixture (50 ul) contained 50 ng templates, 150 pmol primers,
3 umol/l dNTPs, 1 ul (10 U) DNA polymerase, 20 mmol/l
Tris-HCI (pH 8.4), 10 mmol/l KCI, and 2 mmol/l MgSO,.
The PCR condition was 94°C for 10 min for predenaturation,
followed by 30 cycles at 94, 65, and 72°C for 1 min each and
final extension at 72°C for 10 min. The PCR product and His-
tagged fusion expression plasmid pET28b(+) were digested
with Ncol and Xhol. The fragments of interest were isolated
with agarose gel and ligated by T4 DNA ligase. After ligation,
the expression plasmids pET28b(+)-HO-1(w) and (m) were
verified by DNA sequencing.

Protein expression and purification. HO-1 expression plasmids
were transfected into competent BL21 (DE3) cells by electro-
poration. The positive clones were grown in 2xYT medium
containing kanamycin at 37°C for 12-16 h. After reaching the
concentration at ODg, of 0.5-0.8, 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG, Sigma) was added to induce
protein expression for 16 h at 37°C. The cells were collected by
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centrifugation and resuspended in 50 ml of extraction buffer
(20 mM sodium phosphate, 0.5 M NaCl, pH 7.4). The cell
suspension was sonicated on ice for 10 sec in a 10-sec interval
with Xingzhi Y96-II sonic dismembrator (Ninbo, China) set
at 400 W. Cellular debris was removed by centrifugation at
13,000 rpm for 40 min. The supernatant was purified by
chromatography. Briefly, the purified lysate was applied to the
Ni-NTA-fast flow column (Qiagen, Hilden, Germany) that was
equilibrated with 20 mM sodium phosphate at pH 7.4. After
washing off unbound proteins, retained proteins were eluted
using a linear gradient of imidazole over a 5-column volume.
The purity was assessed by SDS-PAGE gel electrophoresis.
The proteins were then concentrated using Amicon ultra centri-
fugal filter device (Millipore, Bedford, MA) and loaded on
Superdex-75 HR 16/60 column equilibrated with 20 mM
sodium phosphate at pH 7.4. The proteins were eluted using
linear gradient of imidazole again. The purified proteins were
concentrated using the Amicon ultra centrifugal filter device to
40 mM. The purity was re-assessed by 14% SDS-PAGE
analysis.

hHO-1 activity assay. hHO-1 activity assay was performed as
described previously with minor modifications (28). Briefly,
the reaction mixture contained 40 mM fusion proteins of
wild-type or mutant hHO-1 fragments, 50 #M heme (Fluka,
USA), 5 mg/ml liver cytosol (source of biliverdin reductase),
1 U glucose-6-phosphate dehydrogenase, 2 mM 6-phospho-
gluconate, 0.8 mM NADPH, and 0.1 mM potassium phosphate
buffer (pH 7.4) to 0.5 ml. The mixture reacted at 37°C for
30 min followed by ceasing the reaction on ice. The samples
were scanned with spectrophotometer (Shima-dzu, Tokyo,
Japan) at 464 to 530 nm. Bilirubin concentration was calculated
based on change of optical density from 530 to 464 nm, with
an extinction coefficient of 40 mM-'cm'!. Heme oxygenase
activity was expressed as nanomole of bilirubin per milligram
of protein per hour (nM bilirubin mg protein'h!). In some
experiments, imidazole (10 mM) was added to the mixture to
restore the enzymatic activity of hHO-1. The recovery of
hHO-1 activity was measured at the end of reaction.

Crystal culture of hHO-1 and its mutant. The crystal culture
method of wild-type hHO-1 and its mutant was based on the
method by Schuller ef al, with some modifications (29). The
hanging drop vapor diffusion method was used for crystal
growth. The protein sample was dissolved in 20 mM
potassium phosphate buffer (pH 7.4) and centrifuged at 4°C,
10,000 rpm for 10 min to a concentration of 40 mg/ml. The
crystallization buffer contained 2.12 M ammonium sulfate,
0.1 M HEPES with a pH of 7.5 and 0.9% 1,6-isobutanol.
Proteins (2 ul) were mixed with the same volume of crystal-
lization buffer, balanced by 500 pl crystallization buffer and
cultured at 4°C.

Collection of crystal X-ray diffraction data. Identification of
initial diffraction of protein crystal and collection of diffraction
data were both carried out on the Rigaku diffractometer
(Rigaku, Japan). Crystals of an approprate size, obtained from
Hampton Cryoloop, were rapidly immersed in crystallization
buffer containing 35% frozen protector D-(+)-trehalose, and
quickly frozen in liquid nitrogen, then transferred to a rotary
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Figure 1. (A) Laser dynamic light scattering analysis of protein samples. (B) After laser dynamic light scattering, inspection revealed that the purified protein

is well distributed in the solution.

angle head, protected by a -180°C airflow. The swing angle of
each diffraction image was between 0.5-1°, and the exposure
time was between 2-4 min. The diffraction data were integrated
and normalized with CrystalClear (30).

Determination and refinement of the structure. Using the
crystal structure (1 NI6) of wild-type heme-HO-1 as a template,
the His25Ala hHO-1 homologous model was constructed for
which the His25Ala hHO-1 crystal structure was analyzed

and obtained with molecular replacement method by
Crystallography & NMR System (CNS) (31). The structure
refinement was achieved using the CNS software set to take
the gradient energy minimization correction of stereochemistry
constrained atomic locations and the atomic temperature
factor correction. Five percent of the diffraction data in refine-
ment were neglected in the Ry, calculation. The correction
result combined with SigmaA-weighted different maps and
simulated annealing composite omit maps (2Fo-Fc) were tested
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Figure 2. Determination of the protein purity of wild-type hHO-1 and its
mutant products. After hHO-1 was purified through Ni-column, SDS-PAGE
showed a single band with the purity >95%. lane 1, molecular weight
standards; lane 2, 0.5 pg/ul; lane 3, 1.0 pg/ul; lane 4, 1.5 pg/ul; lane 5,
2.5 ug/ul; lane 6-8,3.0 pg/ul.

Figure 3. Representative images of His25Ala heme-hHO-1 crystals. (A) In
room temperature, multi-layered crystal began to grow approximately one
week later, and reached the volume of 0.3x0.35x0.3 mm? within one month;
(B) The crystal cultured at 4°C usually required at least one month to reach
the size of crystal with thinner layers; (C) Regular-shaped single layer was
obtained by cutting to obtain better diffraction data.
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Figure 4. Two Fo-Fc electron density map near Ala25. Good density
performance at the ends of side chains in the (2 Fo-Fc) electron density map
with the contour at 1.5 o.

and manually adjusted in O program (32). CNS refinement
and model building in O program were repeated until R/Rg,.,
did not further decline. Then, water molecules were added to
the model. The structural analysis was achieved using
Procheck (33), CNS and other programs, while the graphics
were prepared with the PyMol program (34).

Results

Construction of short-chain DNA and recombinant expressing
plasmid. In order to compare the structure and activity of wild-
type and mutant hHO-1, the 710-bp fragment encoded amino
acids of wild-type and mutant hHO-1 were constructed in the
plasmids pET28b(+)-hHO-1(w) and (m). The insertions were
confirmed by Ncol/Xhol digestion and sequencing.

Purification of short-chain wild-type hHO-1 and its mutant
products. After transfection of the plasmids in DE3 and culture
for 18 h, the protein products of the pET28b(+)-hHO-1(w) and
(m) were confirmed by SDS-PAGE. Both constructs encoded
233 amino acid residues with a molecular weight of 28 kDa.
Coomassie blue staining test showed one band and the purity
was >95%. Furthermore, laser dynamic light scattering
inspection showed that the purified proteins were well dis-
tributed in the solution. Both thermostability and stability of
protein were suitable for crystal growth (Figs. 1A,B and 2).

Detection of enzymatic activity of wild-type hHO-1 and its
mutant. After generation of both wild-type and mutant hHO-1,
we tested and compared their enzymatic activity. Using
NADPH as an electron donor, we measured the activity of
wild-type hHO-1 and its mutant. The result showed that the
activity of His25Ala hHO-1 mutant was 90.5% lower than that
of wild-type hHO-1. However, by supplementing imidazole,
the activity of His25Ala hHO-1 mutant was restored to 87.5%
of that in wild-type hHO-1 (Table I).

Crystal culture of His25Ala hHO-1 mutant. In light of the
above finding, we then determined whether the mutation
altered the protein structure critical for enzymatic activity. To
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Figure 5. The crystal structures of hHO-1. (A) Overall structure of His25Ala mutant and wild-type hHO-1 were similar; (B) Heme pocket was mainly
comprised of two helices, proximal and distal. The Ala25 in proximal helix replaced the His25 in wild-type hHO-1. The proximal helix was farther away from

heme. It no longer directly interacted with heme, making the heme pocket larger.

optimize conditions for crystallization, we found that room
temperature was a key crystallization condition for His25Ala
hHO-1 mutant. In addition, the protein concentration (40 mg/
ml), crystallization buffer containing 2.12 mol/l ammonium
sulfate, 0.1 mol/l HEPES with pH of 7.5 and 0.9% 1,6-iso-
butanol were all crucial for optimal crystallization. Under
these conditions, crystals were obtained directly by X-ray
diffraction without complex plantation.

In room temperature, the crystal began to grow ~1 week
later, and reached the volume of 0.3x0.35x0.3 mm? within
one month (Fig. 3A). The crystal data were obtained using X-
ray diffraction. The crystal cultured at 4°C usually required at
least one month to reach the size of crystal with thinner
layers as that at room temperature (Fig. 3B), this was
unsuitable for data collection. The crystal shape of mutant
HO-1 was irregularly multi-layered, larger, and difficult for
collecting effective data by direct diffraction at room temper-
ature. However, a regular-shaped, single layer was obtained
by cutting (Fig. 3C) for better diffraction data.

Analysis of His25Ala heme-hHO-1 crystal structure. Since
His25Ala heme-hHO-1 crystal is monoclinic, space group P2,,
there are four molecules in an asymmetric unit cell. The routine
parameters were chosen to analyze the crystal structure. The
results showed that the R factor was 0.245 at 2.8 A resolution,
and the free R factor was 0.283. The deviations of bond length
and angle to the standard bond length and angle were 0.007 A
and 1.3° respectively, the dihedral angle was reasonable, the
shortest distance between two non-bonding atoms was >0.3
nm, carbon atom skeleton and electron density map were well
fitted by molecular replacement, optimization of various
factors and further adjustment on containing 27,482 protein
atoms and 300 water molecules (Table II).

The main chain of His25Ala hHO-1 molecule was also
well fitted to the final electron density map. Good density

performance at the ends of side chains was found in the (2 Fo-
Fc) electron density map with the contour at 1.5 o. Fig. 4
shows the fitting of electron density around Ala25 in the
mutant with the model.

Comparison of structures of His25Ala mutant and wild-type
hHO-1. After successful establishment of the crystal structures
of His25Ala mutant and wild-type hHO-1, the crystal structures
were compared. Overall structures of His25Ala mutant and
wild-type hHO-1 were similar. The heme pocket was mainly
comprised of two helices, proximal and distal. The Ala25 in
the proximal helix replaced the His25 in wild-type hHO-1.
The proximal helix was further away from heme. Therfore, it
no longer directly interacted with heme, making the heme
pocket larger. On the other hand, Ala28 and Glu29 were still in
contact with heme. The interaction of Ther21 with heme in
wild-type hHO-1 was mediated through a water molecule,
however, this was not observed in the mutant.

The most apparent feature of wild-type HO-1 structure is
the distal deformation that covers the distal heme surface,
creating an integrated oxygen-binding pocket (Fig. 5) as
previously reported (29,35). The distal helix structure in the
mutant was virtually unaffected. Gly139 and 143 in the
helix linked to heme directly. They were a part of the highly
conserved Gly139-Asp-Leu-Gly-Ser-Gly144 fragment (29).
Other residues that interacted with heme were Tyr134, Thr135,
Argl36 and Leul47. These amino acid residues were also
located in distal without change of spatial positions.

Hydrogen bonds were formed between N in the His25
imidazole ring and O in Glu29 in wild-type hHO-1. This
hydrogen bond lacked in the Ala25 mutant because Ala25
did not provide N for the hydrogen bond. However, other
adjacent hydrogen bonding interactions, including those
between Ala25 and 28, and between Glu29, Thr21 and Lys22,
were intact (Fig. 6).
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Table I. Enzymatic activity of wild-type and mutant hHO-1.

DES3 lysic Wild-type His25Ala His25Ala hHO-1
supernantant hHO-1 hHO-1 mutant mutant + imidazole
hHO-1
(nM bilirubin mg protein'h!) 04 232 2.2° 20.3
Purification 1.0 320 31.0 31.0
(fold)

The results represent values from duplicate measurements of three independent experiments. "p<0.05 compared with wild-type hHO-1 and
mutant + imidazole

Figure 6. Change of hydrogen bonds due to His25Ala mutation. (A) Ala25 in the mutant lacked N-terminal. Therefore, this hydrogen bond was disrupted.
However, other adjacent hydrogen bond interactions including those between Ala25 and 28, and between Glu29, Thr21 and Lys22 were intact; (B) Hydrogen
bonds formed between N in the His25 imidazole ring and O in Glu29 in wild-type hHO-1.

Figure 7. Representative images of hHO-1 molecular surface. (A) The molecular surfaces of His25Ala mutant and (B) wild-type hHO-1 were of little
difference, though the active pocket in the mutant was larger. A positive charge region on the brink of heme was formed around the catalytic reaction pocket.
(red, positive charge; blue, negative charge).
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Table II. Diffraction data structure refinement.

His25Ala Heme-hHO-1

Crystal data

Radiation source in house
Space group P2,
Cell parameters A)
a(A) 60.43
b (A) 71.54
c(A) 9473
Data collection
Detector distance (nm) 160
Moleculars per asymmetirc unit 4
Resolution (A) 2.8
Mosaicity (°) 0.84
Total observations 27482
Unique reflections 9,854
Completeness (%) 98
Mean I/o 14Q2.2)
Rmerge! 0.83 (0.301)
Refinement statistics
R factor? 0.245
free R factor 0.283
r.ms.d bond lengths (A) 0.007

r.ms.d. angles (°) 1.3

Water molecules 300
Ramachandran angles

Most favored (%) 92.7

Additional allowed (%) 6.2

Generously allowed (%) 0.1

'Rmerge = Y hklIX illi(hkl)-<I(hkl)>I/>hk1¥ ili(hkl)
2R factor = lIFol-IFcll/IFol

Overall, the molecular surfaces of wild-type hHO-1 and
His25Ala hHO-1 were of little difference, though the active
pocket in the mutant was larger. The two had the same sub-
strate affinity in electrostatic potential. A positive charge region
on the edge of heme formed around the catalytic reaction
pocket (Fig. 7). After mutation, Ala was still located in the
surface and did not influence the electrostatic potential of the
reaction pocket.

Discussion

hHO-1 protein contains 288 amino acids and has a molecular
weight of 33.0 kDa. It is anchored to the reticulum by a C-
terminal polypeptide chain consisting of 23 amino acids. As a
stress and protective protein, it plays an important role in anti-
oxidation, anti-apoptosis, anti-transplant rejection and other
biological functions (36-40). Therefore, studying the structure
and function of hHO-1 will enhance our understanding of
diseases influenced by HO. Since HO is a membrane-bound
protein, it is difficult to isolate it from purified solutions for
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crystallization and further structural study. As a result, previous
studies indirectly used spectrum data. The successful
expression of the truncated, soluble and functional form of
hHO-1 (lacking the C-terminal 23 amino acids) in E. coli
advanced the research of hHO-1 structure and biochemical
activities (41,42). This hHO-1 protein is usually composed of
233 amino acids in the final crystal due to hydrolysis. The
hydrolysis affects the crystal culture, especially in the
crystallization of mutant HO-1, which results in plantation
requirement for crystal formation (43-45). In this experiment,
we constructed an hHO-1 containing 233 amino acids and its
His25Ala mutant expression plasmid. We achieved high
expression in E. coli BL21 strain, up to 60 mg/l. Compared to
hHO-1, expressed by DH5a and consisting of 265 amino acids,
the level of hHO-1 expression is 2-fold higher (42). Determined
by gel filtration and affinity chromatography, a protein purity
>95% with high homogeneity was achieved. This approach
provides sufficient protein source for analysis of the structure
and activity of hHO-1.

In this study, we demonstrated that the growth condition
for His25Ala hHO-1 protein crystal does not need to be
maintained at 28°C (46). The crystal grows at room temper-
ature, and it is suitable for X-ray diffraction within one month.
Without plantation, the crystal culture is simplified. In addition,
the crystal cultured at room temperature has better quality than
that cultured at 4°C; we found that crystals developed at 4°C
always have thinner layers and are not useful in diffraction.

Spectroscopic analysis and site-directed mutagenesis
studies indicate that His25 is the ligand for heme iron. After
mutation of His25 to Ala25, the activity of protein reduced
~90%. However, by supplementing imidazole, the protein
activity resumed ~90% of the normal level.

The structural analysis of His25Ala hHO-1 protein crystal
indicates that after replacement of His25 with Ala, an empty
pocket forms below the ferric ion in the heme, leading to a loss
of binding iron ligand. Ala replacement does not cause a great
change in overall structure. Although formation of hydrogen
bonds around the active center is affected, the interaction of
other amino acid residues with heme does not change. The
impact on the electrostatic potential of the protein molecule
surface is also trivial. No obvious change was observed around
the active site. Therefore, the interaction of His25Ala hHO-1
with heme and other substrates could theoretically occur.
This is further evident by the fact that the addition of imidazole
restores HO-1 activity. His25 is a neutral imidazole instead of
imidazolate. Although His25Ala, a mutant of hHO-1, has a
diminished enzymatic activity, its activity is restored by the
addition of exogenous imidazole. The results indicate that
His25 site only functions as a catalyst. It does not play a
major role in the combination and fixation of heme. However,
further investigation is necessary to determine whether His25
is neutral at all stages of the HO reaction.

Overall, the structural difference between the wild-type
and the His25Ala mutant is small except for the enzymatic
active site, which causes the loss of the primary function of
catalyzing heme. The loss of activity of His25Ala mutant is
caused by the lack of Heme-His25 coordination, which is
necessary for its catalytic effect. Although the overall difference
between wild-type and mutant is small, the mutation did affect
the hydrogen bond network to some extent. Other reports show
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that the mutation at His25 disturbs the hydrogen-bonded
water cluster near the active site to a larger extent and affected
the activity of HO-1 (47-49). This suggests that His25 is crucial
to the catalytic function of the enzyme. In addition, the ability
to reduce oxidative agents diminish since the interaction
between HO-1 and oxidative agents, such as H,0O,, take the
same path as it catalyzes the oxidation of heme (47). The
availability of structures for both wild-type HO-1 and its
various mutants allows further exploration of the dynamics of
HO-1 structure and the differences in their binding abilities to
different partners.
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