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The HP0062 gene encodes a small acidic protein of 86 amino acids with a theoretical
pI of 4.6. The crystal structure of hypothetical protein HP0062 from Helicobacter
pylori has been determined at 1.65 Å by molecular-replacement method. The crystal-
lographic asymmetric unit contains dimer, in which HP0062 monomer folds into a
helix–hairpin–helix structure. The two protomers are primarily held together by
extensive hydrophobic interactions in an antiparallel arrangement, forming a four
helix bundle. Aromatic residues located at a or g position in the heptad leucine
zipper are not major contributor required for HP0062 dimerization but important
for the thermostability of this protein.

Key words: dimerization interface, Helicobacter pylori, helix–hairpin–helix structure,
HP0062, leucine-zipper.

Abbreviations: ADSC, Area Detector Systems Corporation; CCD, Charge-Coupled Device; CD, Circular
Dichroism; NCS, Non-Crystallographic Symmetry; ORFs, Open Reading Frames; RMSD, Root Mean
Square Deviation; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TTS, Type III Secretion.

Helicobacter pylori is a Gram-negative, pathogenic bacte-
rium that infects half of the world’s population and is
responsible for the majority of the cases of gastric and
duodenal ulcers (1). It is the only organism that is
uniquely adapted to survive in the low pH conditions
and can establish a permanent infection of the human
stomach. In the most severe cases, long-term infection
can lead to gastric cancer (2).

Currently, three complete genome sequences of H. pylori
strain 26695, J99 and HPAG1 have been determined (3–5).
In the chromosome of strain 26695, 1,590 open reading
frames (ORFs) were identified. Among them, 499 ORFs
are annotated as ‘hypothetical proteins’ whose function
and 3D structures have never been identified.

As the part of our structural genomics effort on
H. pylori, we have determined the 3D structure of hypo-
thetical protein HP0062 (O24902_HELPY) at 1.65 Å reso-
lution. The HP0062 gene encodes a small acidic protein
of 86 amino acids with a theoretical pI of 4.6. Primary
structure of HP0062 displays a modified leucine zipper,
in which additional aromatic residues are located at a or
g position in the leucine zipper. In order to verify the role
of the aromatic residues (F14, F21, F36) in the structural
integrity of HP0062, we made triple mutant (F14, 21,
36A) and compared thermostabilities of HP0062 wild-
type and its triple mutant protein. We also speculated

the biological role of HP0062 based on the gene charac-
teristics and 3D structural comparisons.

MATERIALS AND METHODS

Cloning, expression and purification—The predicted
ORF of HP0062 was amplified from H. pylori strain
26695 genomic DNA using standard PCR methods
and ligated into a pET-21a(+) expression vector
(Novagen, Darmstadt, Germany). The resulting construct
contains eight non-native residues at the C-terminus
(LEHHHHHH) that facilitate protein purification. The
accuracy of the cloning was confirmed by DNA sequen-
cing. The resulting expression plasmid was then trans-
formed into Escherichia coli BL21(DE3) (Novagen). Cells
were grown at 378C until A600 = 0.6 and expression was
induced by the addition of isopropyl-b-D-thiogalactopyra-
noside to a final concentration of 0.5 mM. After an addi-
tional 4 h of growth at 378C, cells were harvested by
centrifugation and resuspended in 50 mM Tris–HCl, pH
7.5 and 0.5 M NaCl buffer. Cells were lysed by sonication
at 48C and the supernatant was loaded to Ni2+-NTA
column (Qiagen, Turnberry Lane Valencia, Ca, USA;
3 ml of resin per liter of cell culture) previously equili-
brated with the same buffer. The column was washed
extensively with wash buffer (50 mM Tris–HCl, pH 7.5,
0.5 M NaCl and 50 mM imidazole); then the bound pro-
tein was eluted with elution buffer (50 mM Tris–HCl,
pH 7.5, 0.5 M NaCl and 500 mM imidazole) until there
was no detectable absorbance at 280 nm in the eluant.
Fractions containing protein were concentrated to
�2 ml and applied to a Superdex-75 (Pharmacia,
Uppsala, Sweden) column that had been equilibrated
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with the final buffer (50 mM Tris–HCl, pH 7.5
and 0.15 M NaCl). Purified protein was judged to be
>95% pure by SDS–PAGE. The triple mutant of
HP0062F14,21,36A, in which the three phenylalanine
residues (F14, F21, F36) were substituted with alanine,
was constructed by site-directed mutagenesis using
the Quick Change Site-Directed Mutagenesis kit
(Stratagene, La Jolla, CA, USA) according to the manu-
facturer’s instructions. The mutation was confirmed by
DNA sequencing. Protein expression and purification
were performed as previously described for the wild-
type HP0062.

Crystallization and Data Collection—HP0062 protein
was concentrated to 12–15 mg/ml in 50 mM Tris–HCl,
pH 7.5, 0.15 M NaCl and crystals were grown using the
hanging-drop vapour diffusion method at 293 K. Crystals
were obtained after several days by mixing 1 ml of protein
solution and 1 ml of precipitant solution (4–6% PEG3350,
100 mM citrate, pH 4.5) and equilibrating against 1 ml
reservoir of precipitant solution. For crystal freezing,
crystals were transferred to a cryoprotecting solution
containing 8% PEG3350, 100 mM citrate, pH 4.5, 30%
glycerol within a minute in several steps and flash-
frozen in a stream of nitrogen gas at �100 K. Crystal-
lographic data were collected on the beamline 6C of the
Pohang Light Source (PLS), South Korea, using an
ADSC Quantum 210 CCD detector, with radiation of
wavelength �= 1.23985 Å. The data set was processed
and scaled with HKL2000 (6). The crystals are orthor-
hombic in space group P212121. The data collection and
processing statistics are summarized in Table 1.

Structure Determination and Refinement—A test set
constituting 5% of the scattering amplitudes was selected
for cross-validation. The structure of HP0062 was deter-
mined by molecular replacement using the program
AMoRe (7) with the previously known structure of
HP0062 as a search model (PDB ID: 2gts). In particular,
molecular replacement searches affected with using
monomer which is generated by symmetry operation
were successful. Rigid body refinement followed by
torsional-simulated annealing and group B factor refine-
ment reduced the R-factors to Rcryst = 0.319, Rfree = 0.323.
The initial model was subjected to iterative cycles of
manual model building with Coot (8), and crystallo-
graphic refinement by CNS (9) and Refmac 5.0 (10) in
CCP4. Non-crystallographic symmetry (NCS) was imple-
mented over two monomers with the restraint weight of
300 kcal/mole/Å2. Solvent molecules became apparent in
the later stages of refinement and were added into the
model. Two final rounds of TLS restrained refinement
(without any NCS restraints) were carried out using
Refmac 5.0 (11). Further refinement was pursued until
no further decrease of the Rfree was observed
(Rcryst = 0.186, Rfree = 0. 225).

The refinement statistics are summarized in Table 1.
Overall quality of the model is excellent with 100% resi-
dues in the allowed regions of Ramachandran plot.
Coordinates and experimental structure factors of the
HP0062 structure have been deposited in the Protein
Data Bank with accession code ID 3fx7.

Circular Dichroism—Circular dichroism (CD) spec-
tra were collected on a J-715 Spectropolarimeter (Jasco,

Hachioji, Japan) equipped with a peltier temperature
control system (Model PTC-348WI). All measurements
were performed with purified HP0062 samples (0.2 mg/
ml) in 50 mM sodium phosphate buffer (pH 6.8). Samples
were scanned three times with a bandwidth of 1 nm and
a response time of 2 s from 190 to 250 nm at a rate of
50 nm/min. Thermal denaturation curves were obtained
by monitoring the change in molar ellipticity at 222 nm
at a scan rate of 18C/min by increasing and decreasing
the temperature in the range of 20–1008C. By monitoring
changes in secondary structure content, apparent transi-
tion temperature (Tapp) values were estimated by fitting
the data using the five-parameter sigmoid function from
curve-fitting program Sigmaplot, followed by determin-
ing the inflection point by numerical differentiation of
the curves with Origin 8.

RESULTS AND DISCUSSION

Overall Structure of HP0062 and Dimeric State—The
HP0062 monomer folds into a hairpin structure, in
which two a-helices (the N- and the C-helix) are con-
nected by a short loop (Fig. 1A). Furthermore, the proto-
mers dimerize in an antiparallel arrangement, in which
the N and C helices of one protomer pack against the
N and C helices of the second protomer, forming a
four-helix bundle. The two protomers in an asymmetric

Table 1. Crystallographic data collection and refinement
statistics.

Data collection
Beam line BL-6C (PLS)
Wavelength (Å) 1.23985
Resolution range (Å) 40.0–1.65 (1.71–1.65)a

Space group P212121

Unit cell parameters (Å) a = 39.30, b = 51.90, c = 83.31
Observations (total/unique) 264,154/20,637
Completeness (%) 97.1 (95.1)
Redundancy 12.8 (12.6)
Rsym

b 4.9 (24.8)
I/� 59.3 (11.0)

Refinement
Resolution range (Å) 40.0–1.65 (1.69–1.65)
Rwork

c (%) 18.6
Rfree

c (%) 22.5
Protein atoms 1,554
Water molecules 100
Average B-value (Å2) 15.3
RMSD from ideal geometry

Bond length (Å) 0.010
Angles (in degrees) 1.125

Ramachandran analysis (%)
Most favoured region 97.6
Additional allowed region 2.4
Generously allowed region 0.0
Disallowed region 0.0

aNumbers in parentheses indicate the statistics for the last resolution
shell. bRsym=

P
|Ihkl�<Ihkl>|/

P
<Ihkl>, where Ihkl, single value of

measured intensity of hkl reflection; and <Ihkl>, mean of all mea-
sured value intensity of hkl reflection. cRwork=

P
|Fobs�Fcalc|/P

Fobs, where Fobs, observed structure factor amplitude; and Fcalc,
structure factor calculated from model. Rfree is computed in the
same manner as Rwork, using the test set of reflections.
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unit of the orthorhombic crystal are similar, and the
topologically equivalent Ca carbons superimpose with a
root mean square deviation (RMSD) of 0.79 Å. The over-
all dimensions of the dimer are about 15� 16� 67 Å.
We propose that the dimer seen in the crystal is a biolo-
gically relevant, since the dimeric state is consistent
with the oligomeric form seen by gel filtration chroma-
tography (Fig. 2). Previously, Binkowski et al. deter-
mined the structure of HP0062 at 2.1 Å in a P3121
space group as a monomer (PDB ID: 2gts). The previous
structure is almost identical with this (the topologically
equivalent Ca carbons superimpose with a RMSD of
0.58 Å), and also forms a dimer through crystallographic
symmetry. So, the overall structure and dimeric state is
consistent with the previous report, even though the
pH of the crystallization solution is different (7.4 com-
pared with 4.5).

Dimerization Interface and Thermostability—The leu-
cine zipper is a typical member of the coiled coil family,
the most common and extensively investigated structural
motifs (12). The leucine zipper domain is defined as an
a-helix comprised of heptad repeats (abcdefg)n, in which

A

B

C

Fig. 1. Structure of the HP0062 dimer and molecular
details of the dimerization interface. (A) Ribbon diagram of
the HP0062 dimer is represented. One monomer is in blue, the
other in pink. Side and top views of the HP0062, showing the
leucine zipper (yellow). (B) The Ca traces of subunit A (blue) and
B (grey) are shown in coil representation, and the interface resi-
dues (marked in Fig.3) are shown in ball-and-stick representation.

For clarity, only residues of subunit A are labelled. (C) A calcu-
lated hydrophobicity of subunit A (red, hydrophobic; blue, hydro-
philic; white, neutral), showing the hydrophobic face in the
dimerization interface and hydrophilic side in the outer face
(rotated 1808). The partner subunit B of the HP0062 dimer is
shown in ribbon diagram and coloured in green. The diagrams
were generated by UCSF Chimera (27).

Ribonuclease A

HP0062 (dimer)

Chymotrypsinogen A

Ovalbumin

Albumin

Log MW

HP0062

Fig. 2. Analytical gel filtration of HP0062 at pH 7.5 and
258C on a BioSep-SEC-S 3000 column. HP0062 elutes with a
retention volume of 9.69 ml, corresponding to the mass of the
homodimer. (Inset) Calibration of the gel filtration column. The
dotted line indicates the logarithm of the apparent molecular
mass and Kd of HP0062.
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the residues at positions a and d are hydrophobic (mainly
leucine at position d) and mediate critical interhelical
interactions, while b, c, e, f and g are hydrophilic
and form the solvent-exposed part of coiled-coil (13).
Primary structure of HP0062 displays a modified leucine
zipper at N-helix, in which additional aromatic residues
are located at a or g position in the leucine zipper, giving
the protein stronger hydrophobic interactions. The mul-
tiple sequence alignment shown in Fig. 3 reveals that
the leucine zipper and additional aromatic residues
in N-helix and corresponding hydrophobic residues in
C-helix are well conserved. As expected with the
sequence analysis, the two protomers in the dimer are
primarily held together by hydrophobic interactions
(Fig. 1), burying �1,748 Å2 of surface area. The leucine,
isoleucine, alanine, valine and phenylalanine side chains
at positions a, d and g point to the centre of the dimer
(Fig. 1A and B). The inner dimerization interface of the
monomer shows a concave hydrophobic surface, while the
other outer one displays a hydrophilic surface (Fig. 1C).
These dimerization interfaces are basically similar to the
previous structure (PDB ID: 2gts).

Usually high core/internal hydrophobicity gives the
protein high thermostability (14). To verify the role of
the aromatic residues (F14, F21, F36) in the structural
integrity of HP0062, we expressed and purified wild-type
and its mutant with triple mutations (F14, 21, 36A). The
CD spectrum of the mutant in the far-UV region at 208C
was very similar to that of the wild-type HP0062
(Fig. 4A), indicating that the integrity of the secondary
structure of this protein was not affected by the removal
of these aromatic residues. We then determined the Tapp

as described previously to compare thermostabilities
of HP0062 wild-type and its triple mutant protein. As
shown in Fig. 4B, the Tapp values for the triple mutant
was decreased dramatically to 57.08C (open triangle)
compared with that of the wild-type HP0062 (82.88C,
open circle). Moreover, HP0062 wild-type (solid circle)
and its triple mutant protein (solid triangle) recovered
the folding when the temperature gradually decreased.
On the other hand, the triple mutant retained the
dimeric state according to gel filtration chromatography
(data not shown). These demonstrate that aromatic resi-
dues located at a or g position in the heptad leucine
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Fig. 4. Thermal denaturation and renaturation profiles of
wild-type and mutant HP0062. (A) Far-UV CD spectra of wild-
type (filled circle) and HP0062F14,21,36A mutant (open circle) are
plotted as molar ellipticity versus wavelength. Plots of molar
ellipticity versus wavelength in far-UV range of wild-type
HP0062 and its mutant are nearly superimposable. (B) Thermal
denaturation profiles of wild-type (open circle) and

HP0062F14,21,36A mutant (open triangle) and thermal renatura-
tion profiles of wild-type (filled circle) and HP0062F14,21,36A

mutant (filled triangle). Changes in molar ellipticity at 222 nm
at a scan rate of 18C/min in the temperature range of 20–1008C
were measured. Conditions used for both assays are described
under the MATERIALS AND METHODS section.

N helix C helix

Fig. 3. Multiple sequence alignment of the HP0062 and its
homologues. HP0062 from H. pylori 26695 aligned with the
sequences of homologous proteins from H. pylori J99 (jhp0057),
H. pylori B128 (hpb128_165g16), H. pylori P12 (hpp12_0062),
H. pylori 98-10 (hp9810_903g19), H. pylori HPAG1
(hpag1_0062) and H. pylori g27 (hpg27_57). The secondary struc-
ture elements are indicated as black bars (a-helices), black line

(coil region) and black dashed line (disordered residues). The
participation of various residues in the formation of the dimer
interface is indicated by open circles (leucine zipper) and solid
circles (aromatic residues) for the N-helix and by solid triangles
for the corresponding hydrophobic residues of the C-helix.
Sequence alignment was generated by CLUSTAL W (28).
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zipper are not major contributor required for HP0062
dimerization, but important for the thermostability of
this protein. It seems that the extensive hydrophobic
interactions including leucine zipper is enough for the
dimerization.

Structural Comparison and Biological Implication—
A search for structural homologues using program
DALI (15) within the protein data bank shows that
the overall structure of HP0062 has similarity with
the coiled-coil segments of over 100 functionally unre-
lated proteins that are involved in various protein–
protein interactions. They include among others Rad50
from Pyrococcus furiosus (ATPase, PDB code 1l8d,
Z-score = 8.4, RMSD = 2.2), gp41 from HIV (transmem-
brane glycoprotein, PDB code 1f23, Z-score = 8.2,
RMSD = 1.8) and p58/p45 from Rattus norvegicus (nucleo-
porin, PDB code 2osz, Z-score = 8.0, RMSD = 3.9).
Fold-matched structures identified by the SSM program
(16) executed by ProFunc Server (17) include not only
Rad50 from P. furiosus (ATPase, PDB code 1l8d,
Q-score = 0.558, RMSD = 1.71) and gp41 from HIV (trans-
membrane glycoprotein, PDB code 3cp1, Q-score = 0.522,
RMSD = 2.09), but also EsxA from Staphylococcus aureus
(virulence factor, PDB code 2vrz, Q-score = 0.612,
RMSD = 1.90). EsxA and EsxB are secreted by an
ESAT-6-like system that is required for the pathogenesis
of S. aureus infectons (18). The secreted Mycobacterium
tuberculosis CFP-10 (culture filtrate protein-10 kDa) and
ESAT-6 (early secreted antigenic target-6 kDa) complex
(1:1 complex) have been shown to play an essential role
in tuberculosis pathogenesis (19). Structures of S. aureus
EsxA dimer (20) and M. tuberculosis CFP-10/ESAT-6
complex (21) have recently been determined. Despite
the very low sequence conservation (S. aureus EsxA
shares 12% sequence identity with ESAT-6, 14% with
CFP-10 and 13% with S. aureus EsxB), the structures
are similar. They share a similar helix–hairpin–helix
topology with the HP0062 dimer, despite no sequence
similarity with HP0062 at all.

The ESAT-6/WXG100 superfamily, observed in
many Gram-positive bacteria including M. tuberculosis,
Bacillus subtilis, B. anthracis, S. aureus and Clostridium
acetobutylicum, is composed of approximately 100 amino
acids, exists as gene clusters, is exported from the cell
with no signal peptides but with a Trp-X-Gly signature
motif, and possesses extensive coiled-coil domains (22).
These family proteins are speculated as a new Gram-
positive secretion system potentially driven by the
FtsK/SpoIIIE ATPase domains in the YukA-like proteins
(22). Interestingly, the HP0062 orthologues are found in
similar neighbourhoods in all known genomes of H. pyori
strains (data not shown). The most common neighbour of
HP0062 in these genomes is a conserved hypothetical
ATP-binding protein [HP0066 in the case of H. plylori
26695], which has a FtsK/SpoIIIE domain when analysed
by PFAM (http://www.sanger.ac.uk/Pfam).

On the other hand, a number of Gram-negative animal
and plant pathogenic bacteria use type III secretion
(TTS) systems to target bacterial effector proteins into
eukaryotic cells. This system requires more than 20 pro-
teins and its core components are homologous to proteins
essential for the assembly of surface flagella required for

bacterial motility (23–25). TTS chaperones are found in
almost all bacteria that use flagellar and/or virulence-
associated TTS systems. These chaperones share
common features, including small (12–18 kDa) dimer,
an acidic pI, an overall a-helical character and a putative
carboxy-terminal amphipathic helix that is thought
to mediate interactions with their cognate substrate
proteins (23, 24). The structure of one such chaperone,
FliS, reveals a compact four-helix bundle that binds its
target protein in an extended conformation (26).

Surprisingly, HP0062 shows extensively similar char-
acteristics to those of the ESAT-6 family of Gram-positive
bacteria; small dimer, helix–hairpin–helix structure,
no signal peptide but with WXG motif in the hairpin
bend (WRD in HP0062), and gene clusters with a protein
with FtsK/SpoIIIE domain. And it also has similar char-
acteristics to those of the TTS chaperones of Gram-
negative bacteria; small dimer, an acidic pI, an overall
a-helical character and a carboxy-terminal amphipathic
helix. Taken all together, we speculate that HP0062
might be an ESAT-6 family analogue of H. pylori and
function as a transport chaperone and/or adaptor protein
to facilitate interactions with host receptor proteins.
Additional biochemical and biophysical studies including
localization experiment and protein–protein interactions
with ATP-binding protein could provide valuable insights
into the precise function of this protein.
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