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Summary

Periplasmic binding proteins (PBPs) of Gram-negative bacteria sense essential nutrients
and mediate their uptake by ATP-binding cassette (ABC) transporters. The gene for a
PBP of H. pylori SS1, annotated as GInH, is located within the glnPQH operon encoding an
ABC importer system. In this study, GInH has been expressed in E. coli and purified to >
98% homogeneity. The recombinant protein was folded according to the circular dichroism
(CD) analysis and behaved as a monomer in solution. Crystals of GInH have been grown
by the hanging-drop vapour-diffusion method using polyethylene glycol (PEG) 4000 as a
precipitating agent. The crystals belonged to the primitive monoclinic space group P2, with
unit cell parameters a = 38.67, b = 93.36, ¢ = 64.13 A, p = 93.72°. A complete X-ray diffraction
data set was collected to 1.3 A resolution from a single crystal using synchrotron radiation.
Molecular replacement using this data revealed that the asymmetric unit contains a single
molecule. This is a key step towards elucidation of the structural basis of the GInH function.

Keywords: Helicobacter pylori, glutamine-binding protein, circular dichroism, protein

crystallization, GInH

1. Introduction

A significant portion of the world's population is
infected with Helicobacter pylori (1), a motile,
flagellated bacterium that colonizes the human gastric
mucosa and is associated with chronic gastritis, gastric
and duodenal ulcers (2). H. pylori infection has also
been linked to an increased person's risk of developing
mucosa-associated lymphoid tissue (MALT)-lymphoma
(3), type 2 diabetes (4) and gastric adenocarcinoma (35).
Currently, no vaccine is available against this pathogen;
symptomatic patients are treated using a combination
of at least two antibiotics plus a proton pump inhibitor/
bismuth citrate. In recent years, eradication rates have
been falling due to the spread of resistance to some
antibiotics (6,7). Therefore, there is an urgent need
for identification of new protein targets for antibiotic
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development.

H. pylori takes up essential nutrients, such as
amino acids, di- and oligopeptides and metal ions,
from host cells (6-8). It scavenges the nutrients using
various transport proteins including ATP-binding
cassette (ABC) transporters (9-1/). A canonical ABC
transporter consists of two trans-membrane domains,
two nucleotide-binding domains and a periplasmic
substrate-binding protein (PBP), sometimes termed
solute-binding protein (SBP) (/2). PBPs bind
their substrates at the periplasmic space with high
specificity and then deliver them to the cognate
trans-membrane domains located in the cytoplasmic
membrane. Although PBPs are very diverse in terms
of the their amino acid sequence, their structural fold
is highly conserved (/3). The structure of a typical
PBP comprises two globular lobes joined by a flexible
hinge region. Many PBPs operate via the so-called
"Venus flytrap" mechanism, where ligand binding at the
interface results in a large conformational change due to
the closure of the two lobes around the ligand molecule
(14). In addition to their role in nutrient sensing, some
PBPs mediate chemotaxis towards the nutrient source
(15,16). Furthermore, it has been shown that PBPs play
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roles in bacterial virulence, and may, for some bacteria,
be immunogenic, raising the notion that PBPs may be
targeted for the development of antibacterial vaccines,
therapies and new drugs (/4,17).

Analysis of the whole genome sequences of different
H. pylori strains suggested that this pathogen possesses
seven to eight PBPs, of which one has been annotated
as the ABC transporter glutamine-binding protein
precursor, GInH (/8-217). In the genomic context, glnH
is a part of the g/lnPOH operon, where g/nP codes for
an ABC transporter permease, and g/nQ for an ATP
binding subunit. Apart from this genome sequence-
derived information, no studies have been published
yet on H. pylori GlnH, and its natural ligand is not
yet known. H. pylori GInH shares only modest (24%)
sequence identity with a well-characterized glutamine-
binding protein from E. coli (GInBP), which binds
L-glutamine with a K, of 0.5 uM (22-25). Interestingly,
it shares 56% and 51% overall sequence identity with
the cysteine-binding proteins Cj0982 from C. jejuni (26)
and Ngo2014 from N. gonorrhoea (27), respectively.
This suggests that GInH may serve to deliver glutamine
and/or cysteine to the permease encoded by ginP.
In order to understand how GInH interacts with its
putative ligand and to elucidate its three-dimensional
structure, we have initiated an X-ray crystallographic
study of GInH. This paper describes the cloning,
purification, crystallization and the preliminary X-ray
crystallographic analysis of recombinant GInH from H.
pylori strain SS1.

2. Materials and Methods
2.1. Gene cloning and overexpression

The signal sequence of H. pylori GInH (NCBI ID
WP _077232337.1) was predicted by using the online
tools PrediSi (28) and Phobius (29). The coding
sequence, lacking the signal peptide (residues 1-24),
was codon-optimized, synthesized and ligated into
the pet151/D-TOPO expression vector (Invitrogen,
Waltham, MA, USA) by GenScript (Piscataway, USA).
This vector harbors an N-terminal hexa-histidine tag
followed by a V5 epitope and a tobacco etch virus
(TEV) protease cleavage site (HHHHHHGKPIPNPL
LGLDSTENLYFQGIDPFT). The recombinant protein
used for thermal melts and crystallization comprised
residues 25-277 of GInH plus additional GIDPFT
residues from the TEV cleavage site and the vector as a
cloning artifact. The vector was transformed into E. coli
BL21 DE3 (Novagen, Darmstadt, Germany) and cells
were cultured at 37°C in Luria-Bertani (LB) medium
supplemented with 50 ug/mL ampicillin (G-Bioscience,
MO, USA). Overexpression of GInH was induced with
1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG)
(Astral Scientific, NSW, Australia) at an ODy, of 0.60,
and growth was continued for a further 4 h. Cells were

then harvested by centrifugation at 4,800 x g for 15 min
at 4°C.

2.2. Purification

Protein was purified by following the procedure
described in (30). Briefly, harvested cells were
resuspended in a buffer A (20 mM Tris-HCI pH 8.0,
100 mM NaCl, 1mM phenylmethylsulfonyl fluoride
(Merck, Darmstadt, Germany)) and lysed using an
EmulsiFlex-C5 high-pressure homogenizer (Avestin,
Ottawa, Canada). Cell debris was then removed
by centrifugation at 10,000x g for 15 min at 4°C.
Imidazole (Sigma-Aldrich, MO, USA) and NaCl were
added to the supernatant to final concentrations of 20
mM and 500 mM, respectively. The protein sample
was loaded onto a 5 mL Ni-NTA affinity column (GE
Healthcare, Chicago, IL, USA) pre-equilibrated with
buffer B (20 mM Tris-HCI pH 8.0, 500 mM NaCl and
20 mM imidazole), washed with the same buffer and
eluted with buffer C (20 mM Tris-HCI pH 8.0, 500
mM NaCl and 500 mM imidazole). The N-terminal
Hise tag was either left on, or cleaved off using TEV
protease (Invitrogen, Waltham, MA, USA) during
overnight dialysis against buffer D (20 mM Tris-HCI
pH 8.0, 150 mM NaCl, 2 mM DL-Dithiothreitol (DTT)
(Sigma-Aldrich, MO, USA) and 1% v/v glycerol (Astral
Scientific, NSW, Australia)) at 4°C. Following the
incubation with TEV, NaCl and imidazole were added
to the sample to final concentrations of 500 mM and 20
mM, respectively, and the cleaved tag, TEV protease
and any uncleaved protein were removed by passing the
sample through the Ni-NTA affinity column. The final
stage in the purification of both tagged and untagged
versions of the protein was gel filtration using the
Superdex 200 HiLoad 26/60 column (GE Healthcare,
Chicago, IL, USA) equilibrated with buffer E (20
mM Tris-HCI pH 8.0, 150 mM NacCl), at a flow rate
of 4 mL/min. The peak fractions of the eluate were
pooled, protein concentration was determined using the
Bradford assay (37) and purity was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

2.3. Size-exclusion chromatography coupled to multi-
angle light scattering (SEC-MALS) analysis

SEC-MALS analysis involved an injection of 50 pL
of the 100 uM GInH-Hiss solution in buffer E onto a
Superdex 200 5/150 HiLoad size-exclusion column (GE
Healthcare, Chicago, IL, USA) pre-equilibrated with
buffer E flowing at 0.15 mL/min. The eluate was passed
through a Shimadzu HPLC in-line DAWN HELEOS
light scattering detector, an Optilab T-rEX differential
refractive index detector and a quasi-elastic light
scattering detector (WyattQELS, Wyatt Technology
Corporation, Santa Barbara, CA, USA). The MALS
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detectors were normalized against 100 pM of bovine
serum albumin (BSA). Data collection and analysis
was performed with ASTRAG6 (Wyatt Technology
Corporation).

2.4. Circular dichroism (CD) analysis

The purified GlnH-Hiss was buffer-exchanged into
10 mM sodium phosphate pH 7.4. CD spectra were
recorded using a J-815 spectropolarimeter (JASCO,
Tokyo, Japan) at a protein concentration of 0.24 mg/
mL in 2-mm path length cuvette (Starna Pty Ltd, NSW,
Australia) at 25°C over a wavelength range of 200-
250 nm with a scan rate of 20 nm/min. Spectra were
recorded in triplicate and averaged. The secondary
structure content was estimated by fitting the ellipticity
data using the BeStSel server (32).

2.5. Protein buffer optimization

To assess the protein stability in different buffers,
thermal melts were performed using a Rotor-Gene
Q Real time PCR instrument (QIAGEN, Hilden,
Germany). Purified GInH in buffer E was concentrated
to 12 mg/mL and then diluted 36-fold into a series of
test buffers containing 10x SYPRO Orange reagent
(Sigma-Aldrich, 5000x stock, catalogue number
S5692). The samples were then thermally denatured
by heating from 35°C to 90°C at a ramp rate of 0.5°C/
min. Protein unfolding was monitored by following the
SYPRO Orange fluorescence emission (A, 530 nm/A,,
555 nm). The unfolding data were fit to a derivation
of the Boltzmann equation for the two-state unfolding
model to obtain the midpoint of denaturation (the
melting temperature 7,,) (33) using GraphPad Prism.
All experiments were performed in triplicate.

2.6. Crystallization

GInH was concentrated to 20 mg/mL using an
Amicon Ultracel 10 kDa cut-off concentrator (Merck,
Darmstadt, Germany) and centrifuged at 4°C for 30 min
at 13,200% g to clarify the solution. The crystallization
screening was performed by the hanging-drop vapour-
diffusion method using an automated Phoenix
crystallization robot (Art Robbins Instruments, CA,
USA) and commercial screens PEG/Ion HT and Crystal
Screen HT (Hampton Research, CA, USA), JCSG+
Suite (QIAGEN, Hilden, Germany) and JBS HTS1 and
HTS2 (Jena Bioscience, Jena, Germany). The initial
crystallization droplets contained 100 nL of protein
solution plus 100 nL of reservoir solution, and were
equilibrated against 50 uL of reservoir solution in a 96-
well Art-Robins CrystalMation Intelli-plate (Hampton
Research, CA, USA). After one day, needle-like crystals
appeared in condition B10 of the Crystal Screen HT
containing 0.2 M sodium acetate, 0.1 M Tris-HCI pH

8.5 and 30% w/v polyethylene glycol (PEG) 4000.
After two days, needle-like crystals also appeared in
condition H3 of the JCSG+ Suite screen, containing 0.17
M ammonium sulfate, 25.5% w/v PEG 4,000 and 15%
v/v glycerol. Manual optimization resulted in larger,
rod-like crystals in a condition containing 0.2 M sodium
acetate (Merck, Darmstadt, Germany), 0.05 M Tris-HCI
pH 8.5 and 28% w/v PEG 4,000 (Sigma-Aldrich, MO,
USA).

2.7. Data collection, processing and molecular
replacement

Prior to data collection, the crystals were briefly
soaked in a cryoprotectant solution containing 0.1
M Tris-HCI pH 8.5, 0.2 M sodium acetate, 36% w/v
PEG 4,000 and 10% v/v glycerol, and flash-frozen in
liquid nitrogen. X-ray diffraction data were collected
from a single crystal to 1.3 A resolution using an
ADSC Quantum 210r detector (Area Detector Systems
Corporation, Poway, CA, USA) at the MX1 beamline
of the Australian Synchrotron. A total of 360 images
were taken using 0.5° oscillations. Data processing
and scaling were performed using iMosfim (34) and
AIMLESS (35), respectively from the CCP4 suite
(36). The Matthews coefficient was calculated using
MATTHEWS COEF (37) from CCP4. Molecular
replacement was performed using Phaser (38) from
CCP4 with the structure of cysteine-binding protein
from C. jejuni (PDB ID 1XT8) as a search model.
Model refinement was carried out using Phenix (39).

3. Results and Discussion

The H. pylori ginH gene encodes a 277-a.a. long pre-
protein containing a cleavable N-terminal signal peptide
(a.a. 1-24). The recombinant GInH that lacks the signal
sequence was overexpressed in E. coli and purified to
> 98% electrophoretic homogeneity as determined by
Coomassie Blue-stained SDS-PAGE gel (Figure 1). The
recombinant protein contained amino acid residues 25-
277 of GInH plus six N-terminal additional residues
from the TEV cleavage site and the vector (GIDPFT).
It migrated on SDS-PAGE with an apparent molecular
weight (MW) of ~29 kDa, which is in agreement with
the value calculated from the amino acid sequence (29.2
kDa).

Prior to the biophysical and crystallization
experiments, we searched for an optimal buffer, in
which GInH is most stable, using a thermal shift assay.
We monitored thermal unfolding of the protein samples
prepared in different buffers as they were heated from
35°C to 90°C. The results of this assay (Figure 2)
suggested that the protein is more stable at pH 6.5-
8.0 than at pH < 6.0, and that within the pH 6.5-8.0
range, the melting temperature of the protein in the gel
filtration buffer E (20 mM Tris-HCI pH 8.0, 150 mM
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Figure 1. Coomassie blue-stained 15% SDS-PAGE gel of
recombinant GInH. M, molecular weight ladder; Lane 1, 15
ng of GInH-His6 after the first Ni-NTA step; Lane 2, 15 pg of
purified, untagged GInH.
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Figure 2. Effect of different buffers on the melting temperature
T,, of GInH. Results are means =+ standard deviation (S.D.) for
three independent replicates.

NaCl) does not differ much from that in other tested
buffers. Therefore, to streamline the procedure, the
protein for all subsequent experiments was prepared in
the gel filtration buffer E.

Circular dichroism analysis (Figure 3) of GInH-Hise
in the far-UV region of 200-250 nm involved fitting of
the experimental spectrum for the purpose of secondary
structure calculation using BeStSel server. The values
derived from the spectrum (a 35%, B 21%) were very
close to those predicted from the primary sequence
analysis (o 34%, B 22%) using the YASPIN server (40),
confirming that the recombinant protein is folded.

SEC-MALS analysis was performed to determine
the oligomeric state of GlnH-Hiss in solution and
the sample monodispersity. GInH eluted as a single
roughly symmetrical peak (Figure 4), the middle of
which corresponds to a species with a polydispersity
index value of 1.0. This indicates that the sample was
largely homogenous with respect to the molecular mass.
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Figure 3. Far-UV CD spectrum of H. pylori GInH.
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Figure 4. SEC-MALS analysis of GInH-His,. The peak (thin
line) represents the UV trace for fractions containing protein.
The UV absorbance values, normalized to 0-100% scale, are
shown on the left-hand y-axis. The thick black line across the
peak indicates the estimated molecular mass of the eluting
protein particles (values are shown on the right-hand y axis).

Table 1. Molecular weights estimated by SEC-MALS
analysis (BSA, bovine serum albumin)

Sample Polydispersity Molecular weight (kDa)
GInH-Hiss 1.0 344
BSA control 1.0 63.2

The MW of GIn-Hiss, as determined by SEC-MALS
analysis (Table 1), was 34.4 kDa, which is close to
the value calculated from the protein sequence (32.2
kDa), demonstrating that this protein is monomeric in
solution. This result is in agreement with the findings
that majority of PBPs behave as monomers in solution
at physiologically relevant concentrations, including,
for example, YckK (a different periplasmic binding
protein from H. pylori (41)), ModA (a molybdate-
binding protein from the archaeon Methanosarcina
acetivorans (42)), SitA (a metal-binding PBP from the
Staphylococcus pseudintermedius (43)) and OppA (a
putative-oligopeptide binding PBP from Thermotoga
maritima (44)).

Crystals of GInH (Figure 5) were obtained using
a sparse matrix crystallization approach. A complete
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Figure 5. Crystals of GInH from H. pylori SS1.

Figure 6. A representative diffraction image (0.5° oscillation)
obtained for a GInH crystal using an ADSC Quantum 210r
detector on the MX1 station at the Australian Synchrotron,
Victoria, Australia. The edge of the detector corresponds to
the resolution of 1.36 A.

data set was collected from a single cryo-cooled crystal
using the Australian Synchrotron (AS) facility to a
resolution of 1.3 A (Figure 6, Table 2). Autoindexing
of the diffraction data with iMosfim suggested that the
crystal belonged to the primitive monoclinic symmetry,
with unit cell parameters a = 38.67, b = 93.36, ¢ = 64.13
A, 0.=90.00, B = 93.72, y = 90.00°. The analysis of the
scaled data using POINTLESS (36) showed systematic
absences along the 0kO axis, with only reflections
with k£ = 2n present, which suggested that the crystals
belong to space group P2,. The average I/o(I) value
was 15.8 for all reflections (resolution range 37.71-
1.30 A) and 3.3 in the highest resolution shell (1.32-
1.30 A). A total of 397,406 measurements were made
of 106,244 independent reflections. Data processing
gave an R, of 0.046 for intensities (0.293 in the
highest resolution shell). The data was 95% complete
(69% completeness in the outer shell). Calculation of

Table 2. Data-collection and processing statistics

Items MX1 beamline, Australian Synchrotron
Detector ADSC Quantum 210r Detector
Wavelength (A) 0.95

Temperature (K) 100

Total rotation range (°) 180

Mosaicity (°) 0.33

Space group P2,

Unit cell parameters

a, b, c(A) 38.67 93.36 64.13

a, B,y (°) 90.00 93.72  90.00

Resolution range (A) 37.71-1.30 (1.32-1.30)

Observed reflections 397,406 (12,068)
Unique reflections 106,244 (3,795)
Mean I/o(1) 15.8(3.3)
Completeness (%) 95 (69)
Multiplicity 3.7@3.2)
Rierge 0.046 (0.293)
CC1p) (%) 99 (85)
Rieas 0.062 (0.384)
Ryim 0.032 (0.210)

Values in parentheses are for the highest resolution shell.

the Matthews coefficient (Vy,) using MW = 29.2 kDa
gave values of 4.0 and 2.0 A’ Da”', assuming one or two
subunits in the asymmetric unit, respectively (45). An
automated molecular replacement (MR) was performed
with Phaser using the coordinates of the cysteine-
binding protein from C. jejuni (PDB ID 1XTS8) as a
search model. The MR solution contained 2 subunits in
the asymmetric unit. After several rounds of XYZ and
B refinement using the simulated annealing protocol in
Phenix, the R and Ry, values fell from 0.481 and 0.487
to 30.2 and 32.9, respectively, confirming that the MR
solution is correct. Model building is currently under
way.

Worku et al. (46) demonstrated that glutamine acts
as a chemoattractant for the H. pylori isolates obtained
from endoscopic biopsies of patients with non-ulcer
dyspepsia or duodenal ulcer. Given the similarity of H.
pylori GInH to the glutamine-binding PBP of E. coli, it
would be essential to establish in the future if glutamine
is a natural ligand recognized by GInH, and if not, what
is, and what role GInH plays in chemotaxis and in the
nutrient uptake. Furthermore, determination of the
crystal structure of GInH in complex with its natural
ligand will provide an insight into the structural basis
of its ligand specificity that could be an important step
towards the development of therapeutic small molecule
inhibitors targeting chemotaxis or nutrient uptake.
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