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Background: Helicobacter pylori SabA outer membrane protein is crucial for the bacteria to adhere to host stomach surface

during chronic infection.

Results: The structure of the extracellular SabA adhesion region is determined by x-ray crystallography.
Conclusion: SabA adhesion structure may provide insight into binding sites important for ligand receptor interactions.
Significance: SabA is the first reported extracellular domain structure of the H. pylori outer membrane protein family.

The gastric pathogen Helicobacter pylori is a major cause of
acute chronic gastritis and the development of stomach and
duodenal ulcers. Chronic infection furthermore predisposes to
the development of gastric cancer. Crucial to H. pylori survival
within the hostile environment of the digestive system are the
adhesins SabA and BabA; these molecules belong to the same
protein family and permit the bacteria to bind tightly to sugar
moieties Lewis® and sialyl—LewisX, respectively, on the surface of
epithelial cells lining the stomach and duodenum. To date, no
representative SabA/BabA structure has been determined,
hampering the development of strategies to eliminate persistent
H. pylori infections that fail to respond to conventional therapy.
Here, using x-ray crystallography, we show that the soluble
extracellular adhesin domain of SabA shares distant similarity
to the tetratricopeptide repeat fold family. The molecule
broadly resembles a golf putter in shape, with the head region
featuring a large cavity surrounded by loops that vary in
sequence between different H. pylori strains. The N-terminal
and C-terminal helices protrude at right angles from the head
domain and together form a shaft that connects to a predicted
outer membrane protein-like B-barrel trans-membrane
domain. Using surface plasmon resonance, we were able to
detect binding of the SabA adhesin domain to sialyl-Lewis* and
Lewis® but not to Lewis®, Lewis®, or LewisY. Substitution of the

The atomic coordinates and structure factors (code 405J) have been deposited in
the Protein Data Bank (http://wwpdb.org/).

This article contains supplemental Table 1 and Figs. 1-3.

' Joint first authors. Both authors contributed equally to this work.

2 Joint senior authors.

3 An Australian Research Council Federation Fellow and Honorary National
Health and Medical Research Council of Australia Principal Research fellow.
To whom correspondence may be addressed: Dept. of Biochemistry and
Molecular Biology, ARC Centre of Excellence in Structural and Functional
Microbial Genomics, Monash University, Clayton Campus, Melbourne, VIC
3800, Australia. Tel.: 61-4-18170585; Fax: 61-3-99029500; E-mail: james.
whisstock@monash.edu.

“To whom correspondence may be addressed: Dept. of Biochemistry and
Molecular Biology, Monash University, Clayton Campus, Melbourne, VIC
3800, Australia. Tel.: 61-3-99029216; E-mail: terry.kwok@monash.edu.

6332 JOURNAL OF BIOLOGICAL CHEMISTRY

highly conserved glutamine residue 159 in the predicted ligand-
binding pocket abrogates the binding of the SabA adhesin
domain to sialyl-Lewis* and Lewis™. Taken together, these data
suggest that the adhesin domain of SabA is sufficient in isolation
for specific ligand binding.

Helicobacter pyloriis a Gram-negative bacterium that chron-
ically infects more than half of the world population and is a
major etiological factor of peptic ulcer, atrophic gastritis and
gastric adenocarcinoma, and mucosa-associated lymphoid tis-
sue lymphoma (1). The ability to attach to the gastric epithe-
lium is crucial for H. pylori to colonize and establish lifelong
chronic infection in the host. The sialic acid binding adhesin
(SabA)® is one of the best characterized H. pylori adhesins (2, 3).
It belongs to the Hop superfamily of outer membrane proteins,
which also includes the Lewis” antigen-binding adhesin, BabA,
and the glycoprotein-binding adhesins AlpA and AlpB. The
four proteins all comprise a similar domain structure: an N-ter-
minal extracellular domain of unknown structure and a C-ter-
minal trans-membrane domain that is predicted to adopt an
integral eight stranded B-barrel similar to the outer membrane
protein-like family of integral membrane proteins (see Fig. 14).

SabA interacts with sialyl-Lewis™ antigen, an important
blood group antigen that is rarely expressed in healthy gastric
epithelium but is present in abundance in inflamed and cancer-
ous gastric epithelium (3). The SabA-sialyl-Lewis™ interaction
is therefore likely to play a pivotal role in H. pylori colonization
during chronic infection, as chronic H. pylori infection is
almost always associated with chronic active gastritis (1). Epi-
demiological data suggest that interaction between SabA and
gastric sialyl-Lewis™ is also important for H. pylori colonization
in patients with no or weak Lewis® antigen expression (4).

® The abbreviations used are: SabA, sialic acid binding adhesin; BabA, Lewis®
antigen-binding adhesin; SetMet-SabA, selenomethionine-substituted
SabA; SPR, surface plasmon resonance; K, dissociation constant.
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TABLE 1
SabA X-ray data collection and structure refinement statistics
r.m.s.d., root mean square deviation.

SetMet derivative
Data collection Peak Inflection point Native
Temperature (K) 100 100 100
Space group P3,21 P3,21 P3,21
Unit cell parameters a=b=179.08c= 6453 A a=b=17890;c= 6442 A a=b=180.04c= 6447 A
Wavelength (A) 0.9690 0.9795 0.9537
Resolution (A) 89.5-2.9 (3.06-2.9) 89.5-3.3 (3.4-3.3) 90.0-2.2 (2.3-2.2)
Completeness (%) 100 (100) 100 (100) 100 (100)
Total reflections 239,968 (35,408) 164,853 (24,138) 556,070 (81,900)
Unique reflections 26,604 (3843) 18,899 (2707) 60,966 (8825)
Multiplicity 9.0 (9.2) 8.7 (8.9) 9.1(9.3)
Ry (%) 6.7 (33.7) 9.7 (42.0) 4.4 (35.7)
R.. (%) 20.2 (103.4) 29.1 (128.0) 13.4/(109.1)
Mean I/o(l) 10.0 (2.7) 8.7 (2.5) 14.2 (2.4)
Mosiacity 0.54° 0.60° 0.32°
Refinement
Non-hydrogen atoms 3011
Protein 2838
Water . 159
Resolution, A 90.0-2.2
Ry % 140
e 160
r.m.s.d. from ideality
Bond lengths,ﬂA 0.02
Bond angles, A 1.53
Chirality 0.09°
Planarity 0.007°
Dihedrals 14.4°
Ramachandran plot (%)
Preferred regions 96.4
Allowed regions 2.8
Disallowed regions 0.8
B factors, A*
Average main chain 55.037
Average side chain and water 59.137
Average all atoms 57.122

SabA-mediated binding of H. pylori to sialyl glycoconjugates
and sialyl gangliosides requires NeuAca2—-3Gal disaccharide as
the minimal binding epitope and is favored by extended and
flexible glycan core chains (5). Furthermore, SabA variants in
different H. pylori clinical isolates exhibit different affinities
and specificities for the sialylated glycans, sialyl dimeric Lewis™
antigen, sialyl-Lewis® and dialyllactosamine (5). Such variable
SabA ligand-binding specificity might be a host adaptation
mechanism by which H. pylori rapidly modulates its adherence
properties to achieve optimal colonization and concomitantly
evade host immune responses.

Apart from binding to gangliosides, SabA also mediates binding
of H. pylori to laminin in a manner that is dependent on the termi-
nal a2-3-sialic acid of the glycan moiety on laminin (6). The phys-
iological significance of this interaction remains to be elucidated.
SabA is also essential for binding of H. pylori to sialylated glyco-
conjugates on erythrocytes and neutrophils (5, 7, 8). The latter
interaction leads to non-opsonic oxidative burst involving G pro-
tein signaling and activation of phosphatidylinositol 3-kinase (8).

Our knowledge of the various important functions of SabA
has so far been based on the results of competitive inhibition of
H. pylori adherence using soluble sialyl-Lewis® conjugates or
the loss of functions observed with H. pylori sabA deletion
mutants. The molecular mechanisms underpinning the various
functions of SabA protein therefore remain unknown. Cur-
rently, however, it is predicted that the extracellular adhesin
domain of SabA contains key determinants for interaction with
the host cell surface (9). Accordingly, to investigate the struc-
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tural basis of SabA adhesin function and furthermore to pro-
vide structural insights across the SabA/BabA superfamily, we
set out to determine the three-dimensional structure of the
soluble SabA adhesin domain.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—The full-length sabA
gene was amplified and isolated from the genome library of
H. pylori strain 26695 (5'-ACAACAAAAACATTACTTTA-
AGG-3’" (forward primer) and 5'-CAAGCTCTCTTCTTTA-
AGGG-3’ (reverse primer)). The mature SabA protein contains
an N-terminal extracellular adhesin region (residues 1-460),
which shows no sequence homology to any known protein
structures, and a predicted C-terminal B-barrel domain (resi-
dues 461—635), which anchors SabA to the outer membrane of
H. pylori. For this structural study, the N-terminal soluble
domain of SabA was cloned into pET15 vector for overexpres-
sion. The corresponding mutants with Tyr-148, Lys-152, Gln-
159, and GIn-162 substituted by alanine were generated by site-
directed mutagenesis using primers shown in supplemental
Table 1. A hexahistidine tag and a tobacco etch virus protease
site were introduced at the start of the constructs to facilitate
purification and removal of the tag as required.

The wild-type and mutant recombinant SabA proteins were
expressed in Escherichia coli Rosetta 2 (DE3) as insoluble inclu-
sion bodies. The inclusion bodies were isolated, washed, and
solubilized in 50 mm Tris-HCl, pH 8, 300 mm NaCl, and
8 M guanidinium chloride. Protein purity and integrity were
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FIGURE 1. Domain organisation of SabA. A, schematic illustrating the predicted domain structure of SabA. B, crystal structure of SabA N-terminal adhesion
region. The handle is in blue, the tetratricopeptide repeat region is colored in magenta and the remainder of the molecule is in orange. Dashed lines indicate
disordered regions. The two conserved disulfide bonds are represented as cyan sticks. The short loop interruption in Helix-1 is marked with an asterisk. The
C-terminal helix is connected to a trans-membrane B-barrel domain, which anchors the SabA adhesion region to the outer membrane of H. pylori.

checked by SDS-PAGE. SabA was refolded by dialysis against
20 mm Tris-HCI, pH 8, and 50 mm NaCl. The refold solution
was clarified by centrifugation and further purified by size-ex-
clusion chromatography. The success of the refolding of wild-
type SabA and SabA mutants was ascertained by circular dichr-
oism (see supplemental Fig. 2).

Selenomethionine-substituted SabA (SeMet-SabA) was expressed
in E. coli BL21(DE3) grew in M9 minimal media supplemented
with 20% glucose, 2 mm MgSO,, 100 um CaCl,, 100 mg/liter
lysine, phenylalanine, threonine each, 50 mg/liter isoleucine,
leucine, valine each, and 60 mg/liter pL-selenomethionine. The
expression, isolation, refolding and purification of SeMet-SabA
were similar to those of the unlabeled protein.

Crystallization—For SabA crystallization, the N-terminal
purification tag was first removed by digestion with the tobacco
etch virus protease. SabA protein was buffer-exchanged into 20
mM Tris-HCI, pH 8, 50 mm NaCl, and concentrated by ultra-
filtration to 5 mg/ml. Initial SabA crystallization conditions
were screened by the sparse matrix approach using the hang-
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ing-drop vapor diffusion technique. A single hit (100 mm
sodium acetate, pH 4.6, 200 mMm ammonium acetate, 30% PEG
4000) was identified after one month. SabA crystallization was
optimized by varying pH and PEG concentrations of hit condi-
tion, drop size, and by microseeding. Typically, using the opti-
mized conditions (200 mm sodium acetate, pH 4.6, 18 -20%
PEG 4000), SabA crystals were visible within 2 days and grew to
maximum size in 2 weeks. For cryo-protection, SabA crystals
were equilibrated in mother liquor supplemented with 30%
glycerol or PEG 4000 for at least 30 min prior to flash-cooling in
liquid nitrogen.

Data Collection and Processing—X-ray diffraction data for
both the native SabA and SeMet-SabA were collected on beam-
line MX2 at the Australian Synchrotron (Table 1). Diffraction
data were indexed, integrated, and scaled using HKL2000 (10),
MOSFLM (11), and SCALA (12) from the CCP4 package (13).

Structure Determination and Refinement—SeMet-SabA
formed small rod crystals under similar precipitation condi-
tions but using lower protein concentration (3 mg/ml). These

A=V EN
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cryo-protected crystals belong to the same space group and
have similar unit cell parameters to the native SabA crystals. A
fluorescence scan was carried out with a SeMet-SabA crystal
around the selenium absorption edge to determine the wave-
lengths corresponding to the peak (0.9690 A) and infection
point (0.9795 A). Anomalous diffraction data sets were col-
lected with the SeMet-SabA crystals at the peak (2.90 A) and
infection point (3.3 A) wavelengths (Table 1).

Automated experimental phase calculations were carried out
using Auto-Rickshaw (14, 15) by the two-wavelength anoma-
lous diffraction method. A solution was identified in the space
group P3,21 with one SabA molecule per asymmetric unit (sol-
vent content of 80%). The calculations identified seven sele-
nium sites using SHELXD (16). The sites were refined using
MLPHARE/PHASER/BP3 (17-19). The resulting phase were
subjected to phase extension and density modification using
PIRATE (13) and the automated model building was performed
using the program ARP/wARP (20) at 2.9 A. The initial ARP/
wARP model was fragmented and had wrong sequence assign-
ment in the electron density map. Using the calculated posi-
tions of selenium and density-modified electron density map,
the SabA structure model was built manually, and alternated
with refinement cycles using Phenix (21) or REFMAC5 (22).
Using the native data set, the final SabA structure was refined to 2.2
Awith R, and Ry, of 14.0 and 16.0%, respectively (Table 1).

Surface Plasmon Resonance Analysis of Interaction of SabA
with Lewis Antigens—Surface plasmon resonance (SPR) exper-
iments were performed using a Biacore T100 biosensor system
(GE Healthcare) at 25 °C as described previously (23) with the
following modifications. All analyses of purified His-tagged
SabA N-terminal adhesin domain were performed in PBS at pH
6.8 ata flow rate of 30 ul per min. SabA was diluted to 0.1 mg/ml
and loaded on Flow Cell 2 of a nickel-nitrilotriacetic acid sensor
chip with 10 min of contact time. Flow cell 1 was loaded with
purified heat denatured (99 °C for 5 min) SabA diluted to 0.1
mg/ml as reference. Serial dilutions of Lewis antigens (Elicityl
SA, Crolles, France) were prepared to 0.00625, 0.0125, 0.025,
0.05, and 0.1 mm and run using single-cycle kinetics as follows.
After the injection of five glycan dilutions, the chip was regen-
erated with EDTA. Subsequently, the chip was reloaded with
Ni?* and SabA before the injection of the next Lewis antigen to
be tested. A 10-min dissociation time was allowed after the
addition of each analyte. SPR signals were analyzed using the
Biacore Evaluation software to determine K,

RESULTS

Structure of SabA Adhesin Domain—The mature SabA adhe-
sin protein (residues 1-460, lacking the trans-membrane
domain) was expressed in E. coli, refolded from inclusion bod-
ies, and used in crystallization experiments. The crystal struc-
ture of the SabA adhesin was solved to 2.2 A and revealed a
predominantly a-helical molecule shaped similar to a golf
putter (Fig. 1B) and comprising a “handle” and a “head” region.
All residues were visible except for 26 residues from the N ter-
minus and 61 residues from the C terminus. Residues 114 and
182-184, which are located at the tips of two highly mobile
loops (as estimated through b-value analysis), were also not
visible in electron density.

MARCH 7, 2014 «VOLUME 289-NUMBER 10

FIGURE 2. Structural superposition of SabA (magenta and gray) and pec-
tin methylesterase inhibitor (green) around the tetratricopeptide repeat
portion as calculated by DALI.

The handle domain (Fig. 1B, in blue) forms a rigid shaft that
comprises the N- and C-terminal helices interacting to form an
anti-parallel two-helix coiled-coil bundle. The C terminus helix
and the disordered linker region (residues 400 — 460) connect to
the predicted B-barrel trans-membrane domain (Fig. 1B).

The central head domain essentially comprises a bundle of
a-helices, juxtaposed at approximately right angles to the han-
dle domain. The core region of the head domain is a four-helix
antiparallel coiled-coil bundle (Helix-1-4; a tetratricopeptide
repeat repeat; Fig. 1B in magenta). Except for Helix-1, which is
interrupted in the middle by a short loop (Fig. 1B, marked with
an asterisk), the other three a-helices are continuous and are
~30 residues in length. The four-helix bundle is a common
structural scaffold motif found in a variety of proteins and,
accordingly, DALI (24) and 3-D BLAST (25) searches reveal
that the head domain is distantly homologous to a number of
different proteins, e.g. hydrolases (Protein Data Bank code
10R0; Z-score, 8.3) (26), pectin methylesterase inhibitor (Pro-
tein Data Bank code 1X8Z; Z-score, 7.6) (27), and part of the
BRO-1 domain (3um2; Z-score, 5.7) (28). Fig. 2 shows an exam-
ple of the superposition between SabA and a pectin methyles-
terase inhibitor.

The connecting region between Helix-1 and -2 comprises
140 residues (Fig. 1B, in gold) and is made up of short a-helices,
loops, and a small B-sheet (residues 110-112 and 117-119).
Predominant features within the Helix-1/2 connecting region
include a pair of interacting ~20 residue a-helices (residues
144 -163 of Helix-1a and 191-209 of Helix-1b) that sits on top
of Helix-1 and -2 of the core four-helix bundle. The loops join-
ing Helix-1a/Helix-1b and Helix-1b/Helix-2 are both con-
strained by disulfide bonds, each of which is formed by a pair of
closely spaced cysteines (four to five amino acids apart; Cys-
135/Cys-141 and Cys-173/Cys-178). Sequence alignments (Fig.
3) of SabA from different Helicobacter strains reveal both disul-
fide bonds are highly conserved in the SabA branch of the fam-
ily. Interestingly, however, Cys-141 is absent in the BabA
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AVITSVLGFJSLYAGNYFTFFVGKKVG-DSGQPASV-QGNJPFKTI IENES--GIENGAMDQTTY DKMBKLAEDL TNSA----
AVITSVLGFfSLYAGNYLTFFVGNKD---TKQPADV-QGN@PFSTITSNCS--GLENCAMDQTTYNKM@KLAEDL TNSA----
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ALKENNGKVNVTYTYTCSGDGNNNCSSQVTGVLDDKRNGGSVTKTQTIDGKRVTTKISSKVVDFNAPGNTSGVSYTEITNQLNGVPD
ALKENNGTVNVTYTYTCSGEGNNNCSPQTTG--VTNQONGGSKTKTQTIDGKQVNTTISSKVVDSGASGNTLGVSYTEITHQLNGVPD
ALKENNGKVNVTYTYTCSGDGNNNCSSQVTGVNN--QKDGTKTKIQTIDGKSVTTTISSKVVDSRADGNTTGVSYTEITNKLEGVPD
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ALKENNGTVNVTYSYTCSGEGNDNCSLQTTGVTN--QNNGTKTETQTIDGKSVTTTISSKVVDSQAYGNTTGVSYTEITNKLDGVPD

197 271
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---ETAQKLMDLIANTKTAMMWKNIVINGVSNA--SGAITSTNYPTQYAV------- FNNIKAMIPILQQAVTLSQSNHTLSASLQA
---NLAQQLMDLIASTKTAMMWKNIVISGVSNA--PGAINSTGYPTQYAV--—---—— FNNIKAMIPILQQAVTLSQNNNSISGNLQA
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SAQALLAQASTLINTINNACPYFHASNSS----- EANAPK--FSTTTGKICGAFSEEISAIQKMITDAQELVN---QTSVINEHEQT
SAQALLAQASTLINTINEACPYFHATNSS----- EANAPK--FSTTTGKICGAFSEEISAIQKMITDAQELVN---QTSVINSNEQS
SAQALLAQASTLINTINTACPYFHANNSS----- EANAPK--FSTTTGKICGAFSEEISAIQKMITDAQELVN---QTSVINEHEQS
272 334
-—-QA---TG----SQTNPKFAKDIYTFAQNQKQVISYAQDIFNLFNS-IPAEQYKYLEKAY@KIPNA--—--——-——-— STPT----N
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--QA---TG----SQTNPKFAKDI YAFAQNQKQVISYAQDIFNLFSS-IPKDQYRYLEKAY]
-—QA---TG----SQTNPKFAKDIYTFAQNQKQVISYAQDIFNLFNS-IPAEQYKYLEKAY|
TQQVGGSGGKPFNPFTDDSFAQGMLANASAQAKMLDLSHQVGQAINPGNLSGTFKNFVTG
~TPVGGSNGKPFNPFTDASFAQGMLANASAQAKMLSLSEQVGQTLNPDRLTGDFQNFVKN
~TPVGNNNGKPFNPFTDASFAQGMLANASAQAKMLNLAEQVGQAINPERLSGTFQNFVKG
-TPVGNNNGKPFNPFTDASFAQGMLANASAQAKMLNLAHQVGQAINPENLSENFKNFVTG
~TPIGNNNGKPFNPFTDASFAQGMLANASAQAKMLNLAHQVGQTINPDNLTGNFKNFVTG

TCHNPSTAGTGGTQRSAPGTVTTQ
TCHNPSTAGTSGTQRSAPGTVTTQ
TCNNPSTAGTGGTQESAPGTVTTQ
TCNNKSTAGTGGTQESAPGTVTTQ
TCNNPSTAGTGGTQRSAPGTVTTQ

335 § 417
PYRQ-VVNLNQEVQTIKNNVSYY@NR---VDAALSVARDVYNLKSNQAEIVTAYNDAKTLSEEISKLPHNQVNTKDIVTLPYDKNAP
PYRQ-EVNLNQEIQTIQNNVSYY@NR---LDSALSVAKDVYNLKSNQANIVTAYSNANNLSEEISKLPYNQVNTKDIVTLSHDQONAP
PYRQ-VVNLNKEVQTIQNNVSYY@NR---LDSALSVAKDVYNLKSNQKEIVAAYNGAKNLSQEISQLPYNQVNTKDIVTLPYDKNAP
PYRQ-EVNLNQEIQTIQNNVSYY@NR---VDAALSVAKDVYNLKSNQTEIVTTYNNAKNLSQEISKLPYNQVNTKDIITLPYDQONAP
PYRQ-VVNLNQEVQTIKNNVSYY@NR---VDAALSVARDVYNLKSNQAEIVTAYNDAKTLSEEISKLPHNQVNTKDIVTLPYDKNAP
TFASGCAYVEQTITNLNNSISHFETOQEQQIEQAENIADTLVHFKSRYSELGNTYNS-~--ITTALSKVPNAQSL-QNVVSKKNNPYSP
TFASGCAYVEQTITNLNNSISHFTQEQQIEQAENIADTLVHFKSRYSELGNTYNS-~--ITTALSKVPNAQSL-QNVVSQKNNPYSP
TFASGCAYVGQTITNLKNSIAHFETOEQQIQQAENIADTLVNFKSRYSELGNTYNS---ITTALSNIPNAQSL-QONAVSKKNNPYSP
TFASGCAYVEQTLTNLGNSIAHFETOEQQIQQAENIADTLVNFKSRYSELGNTYNS-~--ITTALSKVPNAQSL-QONVVSKKNNPYSP
TFASGCAYVEQTITNLTNSIAHFRTOEQQIQQAENIADTLVNFKSRYSELGNTYNS---ITTALSKVPNAQSL-QNVVSKKNNPYSP

418 460
AAGQSNYQINPEQQSNLNQALAAMSNNPFKKVGMISSQNNNGA
AAGQYNYQINPEQASNLSQALAAMSNNPFKNVGMISSQSNNGA
AAGQYNYQINQEQASNLSQALAAMSNNPFKKIGMIASQSNNGA
AAGQYNYQINPEQQSNLSQALAAMSNNPFKKVGMISSQNNNGA
AAGQSNYQINPEQQSNLNQALAAMSNNPFKKVGMISSQNNNGA
QGIETNYYLNQONAYNQVQTINQELGRNPFRKVGIVSSQTNNGA
QGIETNYYLNQONSYNQIQTINQELGRNPFRKVGIVSSQTNNGA
QGIDTNYYLNQONSYNQIQTINQELGRNPFRKVGIVSSQTNNGA
QGIETNYYLNQONSYNQIQTINQELGRNPFRKVGIVNSQTNNGA
QGIETNYYLNONSYNQIQTINQELGRNPFRKVGIVGSQTNNGA

pCEVEN
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180°

Top view

Q162* K152* Qle2* K152*

FIGURE 4.Ligand-binding pockets calculated by an automatic ligand-binding-site prediction program (POCASA). A and B, the binding pockets (dark gray
surface) are predicted mostly toward to the tip of the SabA head domain. C and D, view from the top toward the predicted ligand binding pockets (removed
in D for clarity). A number of highly conserved residues (cyan sticks), in particular Ser-80, Pro-81, Trp-97, Tyr-148, Lys-152, GIn-159, and GIn-162, line the surface
of these pockets. Tyr-148, Lys-152, GIn-159, and GIn-162 were mutated to alanine in this study are marked with an asterisk. A glycerol molecule (pink sticks) is
observed in the crystal structure and forms hydrogen bond interactions with Lys-152 and GIn-159. E, electrostatic potential surface representation of the SabA
head domain showing the predicted pockets (gray dots) generated using CCP4 mg (30). A glycerol molecule (pink sticks) binds in a positively charged cavity.

branch of the family (Fig. 3). Instead, in BabA, we note a con-
served cysteine at position 108 (SabA numbering; Fig. 3,
marked with a #); from a structural perspective, we suggest this
residue would be appropriately positioned to form a disulfide
bond with the conserved Cys-135.

Sequence/Structure Insights Suggest Functionally Conserved
Portions of the SabA Structure—W'e also analyzed the structure
of the SabA adhesin domain with respect to sequence conser-
vation. The primary sequences of BabA (41 sequences) and
SabA (33 sequences) from multiple H. pylori strains were
aligned to identify identical residues that might be important

for the function of these adhesins (Fig. 3). We further used the
web-based automatic ligand-binding-site prediction program
POCASA (29) to predict pockets and cavities in the SabA head
domain, with the rationale that these might represent potential
ligand binding sites (Fig. 4, A and B). Three adjacent pockets
stretching from the non-structured tip of the head domain to
the grove formed between Helix-1 and -4 were present. Inter-
estingly, many of the identical SabA/BabA surface residues (Fig.
3, highlighted in red, and Fig. 4, C and D, cyan sticks) lined along
the POCASA predicted pockets, suggesting that these cavities
may play a role in the binding of host cell ligands. In particular,

FIGURE 3. Primary sequence alignment of SabA and BabA N-terminal adhesion regions. The alignment was generated with Clustal Omega using 33 SabA
and 41 BabA sequences from various H. pylori strains (KEGG database). The figure shows a representative of the complete alignment (five sequences from each
protein). Residues in yellow are identical in all SabA and BabA, red are identical surface residues in the predicted binding pocket, cyan are cysteine residues
involved in disulfide bonds in SabA. The position of the alternative conserved cysteine residue in BabA is marked (#). Ser-80 and Pro-81 (@) map to the
interruption in Helix-1, and Gly-357 (§) causes a slight kink in Helix-4. Tyr-148, Lys-152, GIn-159, and GIn-162 were mutated to alanine in this study are marked
with an asterisk.
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TABLE 2

Affinity of SabA for Lewis antigens determined by surface plasmon
resonance

K, determined®”

Sialyl-Lewis™ Lewis®
SabA wild-type 199 um £ 2.7 50.4 uM *+ 8.2
SabA Y148A 21.1 um £ 5.6 151.7 um £ 30.5
SabA K152A 24.5 um £ 2.1 62.8 uM * 13.6
SabA Q159A NCDI* NCDI*
SabA Q162A 31l7um £ 7.1 NCDI*

“No interaction was observed between SabA and SabA mutants with Lewis®,
Lewis®, and Lewis”.

® Data shown are mean K, values determined from four independent
experiments.

¢NCDI indicates no concentration-dependent interaction was detected (K, > 1
mm).

we noted a deep (~9 A) positively charged cavity (Fig. 4E), lined
at the bottom by Trp-97 and at one side Helix-1a with identical
residues Lys-152, GIn-159, and GIn-162 (Fig. 4, C and D). In our
structure, a glycerol molecule (cryo-protectant) is found in this
cavity (Fig. 4E), forming hydrogen bond interactions with the
side chain of Lys-152 and GIn-159. We further note three other
conserved residues, Ser-80 and Pro-81 map to the interruption
in Helix-1 and Gly-357 causes a slight kink in Helix-4 (Fig. 4, C
and D).

The Interaction of SabA Adhesin Domain with Binding
Partners—The SabA crystal structure was solved in the absence
of any ligand molecule. Previous experimental studies sug-
gested that the SabA ligands include sialic acid or sialyl-Lewis™
(5, 6). Accordingly, we attempted to co-crystallize or soak-in
sialic acid or sialyl-LewisX; however, these experiments were
unsuccessful. We then performed SPR experiments based on
small molecule single cycle kinetics to examine the interaction
of SabA with a variety of sugars. SabA bound sialyl-Lewis™ with
aK,,0f19.9 = 2.7 um (Table 2 and supplemental Fig. 3A4). It also
bound to Lewis™ but at a 2.5-fold lower affinity with a K, of
50.4 = 8.2 uM (Table 2 and supplemental Fig. 3B). No binding of
SabA to other Lewis antigens, including Lewis®, Lewis®, and
Lewis¥, was detected at ligand concentrations up to 1 mu, indi-
cating that the observed binding of SabA to sialyl-Lewis™ and
Lewis™ was highly specific (Table 2).

To test whether the aforementioned glycerol-bound posi-
tively charged cavity of SabA functions as a glycan-binding site,
we generated SabA mutants with point substitution of Tyr-148,
Lys-152, GIn-159, or GIn-162 by alanine. These residues are
predicted to play key roles in the interaction of SabA with
ligands for the following reasons: (i) these four amino acids line
along the surface of Helix-1a, with their side chains pointing
toward the glycerol binding cavity (Fig. 4, C and D); (ii) Lys-152
and GIn-159 form hydrogen bonds with the bound glycerol in
the crystal structure (Fig. 4, D and E); (iii) all four amino acids
are highly conserved. Lys-152, GIn-159, and Gln-162 are con-
served in both SabA and BabA (Fig. 3), whereas Tyr-148 is iden-
tical among all SabA orthologs but is replaced by the hydropho-
bic residue isoleucine in BabA.

The results of SPR analysis show that substitution of Gln-159
by alanine (Q159A) dramatically weakened the binding of SabA
to sialyl-Lewis™ and Lewis™ by >50- and 20-fold, respectively
(Table 2 and supplemental Fig. 3). In contrast, the substitution
of Tyr-148, Lys-152, or GIn-162 by alanine (Y148A, K152A, and
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Q162A, respectively) did not significantly alter the affinity of
SabA for sialyl-Lewis™, although they reduced the binding of
SabA to Lewis™ 3—20-fold (Table 2). Despite the obvious effects
of the mutations on ligand binding to SabA, the mutations did
not cause any global structural perturbation of SabA: gel filtra-
tion profiles (supplemental Fig. 1) and circular dichroism spec-
tra (supplemental Fig. 2) of the SabA mutants are highly similar
to that of their wild-type counterpart. Thus, we conclude that
Gln-159 is of critical importance for the binding of SabA to
sialyl-Lewis™ and Lewis®. Furthermore, our data suggest that
residues Tyr-148 and Gln-162 are essential only for the binding
of SabA to Lewis™ but not to sialyl-Lewis*. The charged side
chain of Lys-152, which forms a hydrogen bond with the bound
glycerol in the crystal structure, surprisingly does not seem to
be required for the binding of SabA to either sialyl-Lewis™ or
Lewis™.

DISCUSSION

In this study, we present the structure of the SabA adhesin
domain. These data reveal a “club-shaped” molecule that, on
first inspection, presents a number of features consistent with a
proposed function in interaction with host-cell surface glyco-
proteins. For example, we note the presence of a highly con-
served cavity in the SabA head domain that would provide an
attractive binding site for a potential ligand. Although, to date,
we have been unable to crystallize the SabA adhesin domain in
the presence of a bound carbohydrate ligand, we were able to
detect the binding of SabA protein to sialyl-Lewis™ (K}, of
19.9 £ 2.7 um) by small molecule single cycle kinetics SPR,
which is a highly sensitive method for analyzing molecular
interactions. Surprisingly, we also detected an interaction
between SabA and Lewis™, which occurred with weak affinity
(K of 50.4 = 8.2 um). In contrast, binding to SabA was not
detected using Lewis®, Lewis®, and Lewis" as the analyte. These
results are in agreement with previous reports that the sialic
acid moiety is required for optimal binding of SabA to sialyl-
Lewis™ and that SabA binding is highly specific to Lewis™ gly-
cans (3, 5, 6). Additionally, this study shows for the first time
that the adhesion domain of SabA in isolation is fully functional
and sufficient for selective binding to sialyl-Lewis™ or Lewis™.

To understand the molecular basis of SabA ligand binding,
we mutated four highly conserved residues selected based on
the analysis of the primary and tertiary structures of SabA and
the structure of the predicted ligand-binding cavities. Of the
four mutations tested, Q159A has the most significant effect,
abolishing SabA binding to both sialyl-Lewis™ and Lewis™.
These data suggest that GIn-159 plays a critical role in ligand
binding. In contrast, although Lys-152 is conserved, the K152A
mutation does not cause significant changes in the binding
affinity to sialyl-Lewis™ or Lewis™.

Substituting Tyr-148 and GIn-162 with alanine significantly
reduced Lewis*-binding (3- to >20-fold) but had little or no
effect on sialyl-Lewis™-binding. Tyr-148 and GIn-162 are found
on either end of the putative ligand-binding pocket and form
part of the surface of the cavity. The side chains of these resi-
dues also form multiple Van der Waals interaction with other
parts of the protein (Tyr-148 with the loop region; Gln-162 with
residues in Helix-1 and Helix-4). It is plausible that changing
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these residues to the smaller alanine may alter the shape of the
binding pocket in such a way that binding to the smaller Lewis™
trisaccharide becomes less favorable compared with the bind-
ing of the larger sialyl-Lewis™ tetrasacchaide. This remains to
be ascertained by further mutagenesis of SabA and structural
studies on SabA-Lewis™ and SabA-sialyl Lewis™ complexes.

In summary, our study shows that the N-terminal domain of
SabA functions as a sugar-binding adhesion domain, in which a
cavity lined by conserved amino acids likely serves as a highly
selective ligand-binding site. Notably, this region consists of
amino acid residues that are not only conserved among SabA
orthologs but also between SabA and BabA. Thus, the findings
in this study have significant implications for understanding
the structure-function relationship of not only SabA but also
that of BabA. It would be of interest to test whether mutating
the corresponding residues in BabA will influence the specific-
ity or affinity of Lewis”-binding to BabA.

Previous studies suggested that SabA-mediated binding of
H. pylori to sialyl glycoconjugates and sialyl gangliosides
requires NeuAca2-3Gal disaccharide as the minimal binding
epitope (5), whereas the results in this study indicate that the
adhesion domain of SabA binds to not only sialyl-Lewis™ but
also Lewis™. This difference in glycan-binding specificity
between the purified SabA adhesion domain and SabA
expressed on intact bacteria could be due to differences in steric
hindrance, hydrophobicity and/or charges of the local environ-
ments of SabA. Alternatively, other domains/regions of SabA
may play a role in fine-tuning the glycan-binding specificity.
Future investigations are required to further understand the
molecular basis of the ligand-binding specificity of SabA and
hence its role for pathogenesis in the complex gastric environ-
ment during chronic H. pylori infection. Such knowledge will
be instrumental for the development of new drugs against
H. pylori-induced chronic gastritis and gastric cancer.
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