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More than 50 Helicobacter pylori genes are predicted to encode outer membrane proteins (OMPs), but there has been relatively
little experimental investigation of the H. pylori cell surface proteome. In this study, we used selective biotinylation to label pro-
teins localized to the surface of H. pylori, along with differential detergent extraction procedures to isolate proteins localized to
the outer membrane. Proteins that met multiple criteria for surface-exposed outer membrane localization included known ad-
hesins, as well as Cag proteins required for activity of the cag type IV secretion system, putative lipoproteins, and other proteins
not previously recognized as cell surface components. We identified sites of nontryptic cleavage consistent with signal sequence
cleavage, as well as C-terminal motifs that may be important for protein localization. A subset of surface-exposed proteins were
highly susceptible to proteolysis when intact bacteria were treated with proteinase K. Most Hop and Hom OMPs were suscepti-
ble to proteolysis, whereas Hor and Hof proteins were relatively resistant. Most of the protease-susceptible OMPs contain a large
protease-susceptible extracellular domain exported beyond the outer membrane and a protease-resistant domain at the C termi-
nus with a predicted (3-barrel structure. These features suggest that, similar to the secretion of the VacA passenger domain, the
N-terminal domains of protease-susceptible OMPs are exported through an autotransporter pathway. Collectively, these results
provide new insights into the repertoire of surface-exposed H. pylori proteins that may mediate bacterium-host interactions, as
well as the cell surface topology of these proteins.

Helicobacter pylori is a Gram-negative bacterium that persis-
tently colonizes the human stomach (1, 2). H. pylori coloni-
zation results in gastric inflammation and is a risk factor for the
development of gastric adenocarcinoma, gastric lymphoma, and
peptic ulcer disease (3, 4). Many H. pylori-induced alterations in
host cells are mediated by secreted proteins such as VacA and
CagA, which are secreted by type V (autotransporter) and type IV
secretion systems, respectively (5, 6). Interactions between H. py-
lori and the host are also dependent on specialized proteins local-
ized on the surface of H. pylori (7). For example, H. pylori outer
membrane protein adhesins mediate H. pylori adherence to gas-
tric epithelial cells (8—10), and surface-exposed components of the
cag type IV secretion system (T4SS) have important roles in en-
gaging receptors on host cells (11, 12). Some H. pylori outer mem-
brane proteins (OMPs) can stimulate or inhibit inflammatory re-
sponses (13), and others can modulate the activity of the cag type
IV secretion system (14-16).

Several approaches have been used to experimentally identify
proteins localized on the surface of H. pylori or proteins associated
with the H. pylori outer membrane. These approaches have in-
cluded analyses of susceptibility to protease digestion (17), immu-
nolabeling (18), accessibility to chemical modification (19), and
differential detergent solubility (20). These experimental studies
have provided useful insights, but most have been limited by the
use of only a single method (thus lacking a means for validating
results) or the use of methods (such as two-dimensional [2D] gel
electrophoresis) that are suboptimal for detecting membrane pro-
teins that are present in low abundance. As an additional compli-
cation, it is difficult to separate H. pylori inner and outer mem-
brane proteins using methods optimized for studies of members
of the family Enterobacteriaceae (21, 22). Furthermore, H. pylori is
prone to undergo autolysis (23), which can potentially lead to

July 2014 Volume 196 Number 13

Journal of Bacteriology p. 2455-2471

artifactual surface exposure of proteins that have an intracellular
localization in intact bacteria.

Much of our current knowledge about the outer membrane
composition of H. pylori has been deduced from analyses of H.
pylori genome sequences. The first analysis of an H. pylori genome
sequence (from strain 26695) identified a family of 32 genes that
were predicted to encode integral outer membrane proteins (24).
These genes are subsequently denoted throughout the manuscript
as “annotated OMPs.” A subsequent genomic analysis identified
63 H. pylori genes that were predicted to encode outer membrane
proteins and classified these proteins into several different families
(25). The largest family, designated the “major OMP family” or
Hop family, corresponded to the genes identified in the earlier
genomic analysis and was divided into two subfamilies (21 Hop
proteins and 12 Hop-related or Hor proteins) (25). Among the 21
Hop proteins, at least five are reported to function as adhesins
(BabA, SabA, HopZ, AlpA, and AlpB) (8-10, 26), and several are
reported to have porin-like properties (27). In addition to the Hop
family of OMPs, several smaller families of putative H. pylori
OMPs have been designated, such as Hof proteins, Hom proteins,
FecA-like and FrpB-like iron-regulated proteins, and Hef efflux
pump proteins (25). The subcellular localization of many of the 63
putative OMPs has not been validated experimentally.
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Most of the in silico efforts to identify H. pylori OMPs have
been designed to identify OMPs with distinctive C-terminal mo-
tifs or B-barrel structures (24). Proteins exported to the surface of
H. pylori through pathways such as the flagellar or type IV secre-
tion systems might not possess these features and therefore might
not be successfully identified using these approaches. Thus, al-
though the in silico analyses provide a valuable resource for iden-
tifying candidate proteins that are likely to be localized to the outer
membrane, these analyses offer an incomplete view of the proteins
that are potentially exported to the surface of H. pylori. Experi-
mental studies are required in order to gain a more comprehensive
understanding of the cell surface proteome and to understand
how the production of cell surface proteins might vary under dif-
ferent environmental conditions.

The goals of the current study were to identify and analyze
proteins that are localized on the surface of the prototype H. pylori
reference strain 26695, to test the hypothesis that the cell surface
proteome of H. pylori includes additional proteins besides those
that have been predicted based on in silico analyses, and to eluci-
date the cell surface topology of surface-exposed proteins. To
identify surface-exposed proteins, we used multiple complemen-
tary biochemical and biophysical methods for protein separation,
coupled with robust mass spectrometric methods for protein de-
tection. We report here the identification of proteins that meet
multiple criteria for surface-exposed outer membrane localiza-
tion. These proteins include numerous proteins previously known
or predicted to be OMPs, as well as cag pathogenicity island-en-
coded proteins that are required for activity of the cag type IV
secretion system, putative lipoproteins, and additional proteins
that were not previously considered to be cell surface components.
We show that the majority of Hop and Hom OMPs on the surfaces
of intact bacteria are highly susceptible to proteolytic cleavage
by an exogenous protease, whereas Hor and Hof proteins are
relatively resistant. We present evidence that most of the pro-
tease-susceptible OMPs contain a large protease-susceptible
extracellular domain exported beyond the outer membrane and
a protease-resistant domain at the C terminus with a predicted
B-barrel structure. These features suggest that, similar to the se-
cretion of the VacA passenger domain, the N-terminal domains of
protease-susceptible OMPs are exported through an autotrans-
porter pathway. Collectively, these results provide new insights
into the repertoire of surface-exposed H. pylori proteins that may
mediate bacterium-host interactions, as well as the cell surface
topology of these proteins.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The variant of Helicobacter py-
lori strain 26695 used in this study contains an intact cag pathogenicity
island (PAI) and a functional cag type IV secretion system (T4SS), but it
does not produce flagella (28). A Acag PAI mutant strain has been de-
scribed previously (29). Bacteria were grown on either Trypticase soy agar
plates supplemented with 5% sheep blood or in sulfite-free brucella broth
supplemented with 10% fetal bovine serum (BB-FBS) at 37°C in room air
containing 5% CO,.

Generation of rabbit polyclonal antisera. Anti-UreA serum was ob-
tained from Santa Cruz. CagA, Cag3, CagM, CagT, and CagX, derived
from H. pylori 26695, were produced as recombinant proteins in Esche-
richia coli. Glutathione S-transferase (GST) fusion proteins, maltose-
binding protein (MBP) fusion proteins, and 6His-tagged proteins were
purified using gluthathione-, maltose-, or nickel-coated beads, respec-
tively. Rabbits were then immunized with the purified proteins. Anti-
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CagT serum was adsorbed with boiled AcagT mutant bacteria prior to use
in immunogold electron microscopy (EM) experiments.

Immunoblot analysis. Proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Proteins were detected by incu-
bating the membrane with primary antisera (diluted 1:5,000 to 1:10,000),
followed by horseradish peroxidase-conjugated anti-rabbit IgG as the sec-
ondary antibody (Santa Cruz). Labeled proteins were detected by en-
hanced chemiluminescence (ECL) methodology and visualized using X-
ray film.

Immunogold transmission electron microscopy. H. pylori was
grown on Trypticase soy agar plates for 24 h. Broth cultures were inocu-
lated at an initial density of optical density at 600 nm (ODy,) of approx-
imately 0.05 and grown for 20 h. Bacteria were harvested in late log phase,
corresponding to an ODg,, of approximately 0.8, by centrifugation at
3,500 X g for 20 min at 4°C. Surface proteins were labeled using proce-
dures similar to those described previously (28). Briefly, cells were washed
once in phosphate-buffered saline (PBS) containing 1 mM CaCl, and 0.5
mM MgCl,. Bacteria were then fixed with 2% paraformaldehyde (Elec-
tron Microscopy Sciences) and 2.5% glutaraldehyde (Electron Micros-
copy Sciences) in 50 mM sodium cacodylate (Electron Microscopy Sci-
ences) for 30 min at room temperature. Bacteria were then pelleted at
5,000 X g for 10 min. The fixation was quenched with three washes with
0.1% glycine in 50 mM sodium cacodylate. Bacteria were then blocked
with 0.1% cold water fish skin gelatin (Electron Microscopy Sciences) for
1 h at 4°C. Bacteria were labeled with CagT antiserum for 1 h at 4°C.
Bacteria were washed twice with blocking buffer. Goat anti-rabbit anti-
body conjugated to 10-nm gold particles (Electron Microscopy Sciences)
was applied in blocking buffer for 1 h at room temperature. Samples were
washed twice with 50 mM sodium cacodylate. Cells were then placed on
Formvar carbon-coated 300-mesh copper grids (Electron Microscopy
Sciences) and negatively stained with 0.1% ammonium molybdate (Elec-
tron Microscopy Sciences). Samples were imaged with a FEI T-12 trans-
mission electron microscope.

Biotinylation of surface-exposed H. pylori proteins using an amine-
reactive biotinylation reagent. H. pylori was grown on Trypticase soy
agar plates for 24 h. Broth cultures were inoculated at an initial density of
ODy,, of approximately 0.05 and grown for 20 h. Bacteria were harvested
in late log phase, corresponding to an ODy, of approximately 0.8, by
centrifugation at 3,500 X g for 20 min at 4°C. Surface proteins were la-
beled using procedures similar to those in a previous publication (19),
with several modifications. These included culturing the bacteria in broth
instead of plates, use of magnetic beads coated with monomeric avidin
(BcMag beads; Bioclone) for purification instead of avidin-agarose, and
trichloroacetic acid (TCA) precipitation instead of acetone precipitation.
Briefly, the bacterial pellet was washed once, pelleted, and resuspended in
labeling buffer (PBS [pH 7.4] containing 1 mM CaCl,, 0.5 mM MgCl,,
and 1.6 mM p-biotin [Sigma-Aldrich]). Sulfosuccinimidyl-6-[biotin-
amidohexanoate (sulfo-NHS-LC-biotin; Pierce) was added (final con-
centration of 200 wM) to the bacterial suspension and incubated for 30
min on ice. The reaction was quenched by the addition of two volumes of
TNKCM (50 mM Tris [pH 7.4], 100 mM NaCl, 27 mM KCl, 1 mM CaCl,,
0.5 mM MgCl,) and incubated at room temperature for 10 min. Bacteria
were pelleted, washed in TNKCM three times, and resuspended in deter-
gent-free lysis buffer (50 mM Tris [pH 7.4] and 1 mM MgCl, with EDTA-
free protease inhibitor cocktail [Roche]). Bacteria were lysed by sonica-
tion, and intact unbroken bacteria were pelleted at 7,000 X g for 10 min.
The supernatant was centrifuged at 40,000 X g for 30 min at 4°C. The
supernatant was discarded, and the pellet (corresponding to a membrane
fraction) was washed three times in TKE (50 mM Tris [pH 7.4], 150 mM
KCI, 10 mM EDTA). The pellet was solubilized in TKEZ (50 mM Tris [pH
7.4], 150 mM KCl, 10 mM EDTA, and 2% Zwittergent 3-14 [Fluka] with
EDTA-free protease inhibitor cocktail) for 1 h at 4°C. This preparation
was centrifuged at 100,000 X g for 1 h at 4°C, and the supernatant (pre-
dicted to be enriched in outer membrane proteins) was processed further
as described below, to allow purification of biotinylated proteins. A pre-
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FIG 1 Analysis of purified biotinylated proteins. (A) Biotinylated proteins were purified from biotinylated bacteria, and a control preparation was generated
from nonbiotinylated bacteria. Equal volumes of each preparation were analyzed by silver staining. Specific bands were visible in the preparation of biotinylated
proteins but not in the control preparation. The positions of molecular mass markers (in kilodaltons) are indicated to the left of the gel. (B) The preparations from
panel A, as well as subcellular fractions, were immunoblotted with antisera to five proteins encoded by the cag PAI, UreA, or HspB. Equal volumes of biotinylated
and unlabeled control preparations were loaded into each lane, and standardized amounts of subcellular fractions (25 g of total protein) were loaded into each
lane. The lanes contain soluble proteins predicted to have a cytoplasmic or periplasmic localization (CP,PP), insoluble proteins corresponding to a total
membrane preparation (TM), Triton X-100-soluble membrane proteins predicted to have an inner membrane localization (IM), and Triton X-100-insoluble

membrane proteins predicted to have an outer membrane localization (OM).

vious study demonstrated that these methods result in minimal labeling of
a periplasmic protein (19). A control sample was processed in parallel
using exactly the same procedures, except that sulfo-NHS-LC-biotin was
omitted from the labeling reaction.

Biotinylation of surface-exposed H. pylori proteins using a carbox-
yl-reactive biotinylation reagent. H. pylori was cultured as described
above for the biotinylation experiments. The bacterial pellet was washed
in morpholineethanesulfonic acid (MES) buffer (100 mM MES [pH 6.0],
500 mM NaCl, 5 mM biotin), pelleted at 3,500 X g for 10 min, and
resuspended in MES buffer containing 2 mM 1-ethyl-3-[3-dimethyl-
aminopropyl]carbodiimide hydrochloride (EDC) (Pierce) and 5 mM N-
hydroxysulfosuccinimide (S-NHS) (Pierce). The reaction mixture was
incubated for 15 min at 4°C. The pH was raised from 6.0 to 7.3 with 1 M
sodium carbonate. Amine-PEG3-biotin (PEG3 stands for three polyeth-
ylene glycol groups) was added to the reaction mixture (final concentra-
tion of 24 mM) and incubated for 2 h at 4°C. Two volumes of TNKCM (50
mM Tris [pH 7.4], 100 mM NaCl, 27 mM KCl, 1 mM CaCl,, 0.5 mM
MgCl,) were added to the reaction mixture and incubated at room tem-
perature for 10 min. Bacteria were pelleted, washed in TNKCM three
times, and resuspended in detergent-free lysis buffer. Bacteria were lysed
by sonication, and intact unbroken bacteria were pelleted at 7,000 X g for
10 min. The supernatant was centrifuged at 40,000 X g for 30 min at 4°C.
The supernatant was removed, and the total membrane pellet was washed
three times in TKE. Outer membrane proteins were solubilized in TKEZ
for 1 h at 4°C (30). Insoluble proteins were pelleted by centrifugation at
100,000 X g for 1 h at 4°C, and the supernatant (containing outer mem-
brane proteins) was processed further as described below. A control sam-
ple was processed in parallel using exactly the same procedures, except
that EDC, S-NHS, and amine-PEG3-biotin were omitted from the label-
ing reaction.

Purification of biotinylated proteins. To purify biotinylated proteins
from the preparations described above, the samples were diluted 10 times
in phosphate buffer (100 mM NaPO, [pH 7.4], 150 mM NaCl). Mono-
meric avidin magnetic beads (Bioclone) were prepared according to the
manufacturer’s instructions and equilibrated in washing buffer (100 mM
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NaPO, [pH 7.4], 150 mM NaCl, 0.2% Zwittergent 3-14). The sample was
incubated with equilibrated beads at room temperature, and bound pro-
teins were eluted from the beads with 100 mM NaPO, (pH 7.4), 150 mM
NaCl, 0.2% Zwittergent 3-14, and 5 mM b-biotin (Sigma) for 30 min at
room temperature. Eluted proteins were precipitated with a final concen-
tration of 25% trichloroacetic acid.

Bacterial subcellular fractionation. H. pylori was grown on Trypti-
case soy agar plates for 24 h and then grown for 20 h in brucella broth to
late log phase, corresponding to an OD, of approximately 0.8. Bacteria
were pelleted by centrifugation at 3,500 X g for 20 min at 4°C. The bac-
terial cells were then fractionated as described previously (31). In brief, the
bacterial pellet was washed in 10 mM Tris (pH 8.0) and resuspended in 10
mM Tris (pH 8.0) with EDTA-free protease inhibitor cocktail. Bacteria
were lysed by sonication. Intact bacteria were pelleted at 7,000 X g for 10
min. A total membrane fraction was collected by centrifuging the super-
natant at 230,000 X g for 1 h at 4°C. Membrane proteins were solubilized
with Triton X-100 buffer (10 mM Tris [pH 8.0], 1% Triton X-100, EDTA-
free protease inhibitor cocktail) for 30 min at 4°C. This preparation was
centrifuged at 230,000 X g for 45 min at 4°C, yielding a soluble fraction
(which is predicted to be enriched in inner membrane proteins) and an
insoluble fraction (which is predicted to be enriched in outer membrane
proteins).

Proteinase K treatment of intact bacteria. H. pylori was grown on
Trypticase soy agar plates for 24 h and then grown for 20 h in BB-FBS
broth to late log phase, corresponding to an OD, of approximately 0.8.
Bacteria were pelleted by centrifugation at 3,500 X g for 20 min at 4°C.
Bacteria were then washed with PBS and resuspended in Tris buffer (50
mM Tris [pH 7.4], 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, I mM KCl).
Proteinase K was added to bacterial suspensions (final concentration of
either 100 g ml ™' at 22°C or I mg ml ™' at 4°C) and incubated for 30 min
(18, 28, 31). Phenylmethylsulfonyl fluoride (PMSF) was added to a final
concentration of 2 mM. Bacteria were pelleted and resuspended in Tris
buffer with protease inhibitor cocktail (Roche). Bacteria were then lysed
by sonication, and intact cells were removed by centrifugation at 5,000 X
g for 10 min. Total membranes were collected by centrifugation at 200,000 X
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g for 30 min at 4°C. Membrane pellets were washed in Tris buffer and
solubilized in radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium
deoxycholate) containing protease inhibitor cocktail (18, 28, 31).

Mass spectrometric analysis of samples. To provide a comprehensive
analysis of the protein content in samples, the samples were analyzed by
multidimensional protein identification technology (MudPIT). Protein
preparations were either run about 2 cm into a 10% Bis-Tris NuPAGE gel,
stained with colloidal Coomassie blue, and then subjected to in-gel trypsin
digestion, or TCA-precipitated proteins were digested with trypsin in so-
lution. MudPIT was performed essentially as described previously (32),
using a ThermoFisher LTQ mass spectrometer equipped with a nano-
electrospray source and attached to an Eksigent 1D+ or Nanoacuity (Wa-
ters) high-pressure liquid chromatograph (HPLC) unit with an autosampler.
Peptide tandem mass spectra (MS/MS) were acquired data dependently with
one full-scan MS followed by 5 MS/MS scans. Acidified peptides were
loaded onto a 150-pwm-inner-diameter (ID) biphasic trapping column
comprised of 4-cm strong cation exchange resin (Luna [5-pm particle
size]; Phenomenex) followed by 4-cm reverse-phase resin (Jupiter [5-pm
particle size, 300-A pore size]). The trapping column was then attached to
a 20-cm-long (Jupiter [3-wm particle size, 300-A pore size]) 100-wm-ID
fused silica analytical column packed into a pulled nanospray tip. Prepa-
rations of biotinylated proteins and respective unlabeled controls were
analyzed by 8-step MudPIT. Preparations from the proteinase K experi-
ment and cell fractions were analyzed by 11-step MudPIT. Salt pulses were
performed by using the autosampler to inject 5 pl of ammonium acetate
at 0, 100, 150, 200, 300, 500, 750, and 1,000 mM concentrations for the
8-step analyses used in analyzing the biotinylated preparations and at 0,
50, 75, 100, 150, 200, 250, 300, 500, 750, and 1,000 mM for the 11-step
analyses. After each salt injection, peptides were separated using a 105-
min aqueous-to-organic gradient (2% to 35% acetonitrile [ACN] for all
but the last step, which went to 98% ACN). Peptide MS/MS spectra were
queried using SEQUEST (full tryptic specificity) and Myrimatch (semi-
tryptic specificity) against an H. pylori strain 26695 database, to which
both common contaminants and reversed versions of the proteins had
been appended. For analyses of mass spectrometry data from protease
susceptibility experiments, we restricted the analysis to peptides that
could be uniquely matched to a single protein. For analyses of mass spec-
trometry results from all other experiments, we analyzed all peptides de-
tected, including those that could be matched to more than one H. pylori
protein. Resulting identifications were filtered to an estimated peptide
false discovery rate (FDR) of less than 5% and collated by protein using
IDPicker 3.0. All subsequent analyses were performed in Excel and R. All
reported proteins were identified based on detecting a minimum of two
distinct peptides.

Analysis of mass spectrometry data. All experiments were done in
triplicate, and the resulting spectral data were merged prior to analysis
(see Table S1 in the supplemental material). Proteins were identified as
enriched in one set of preparations compared to another, based on both
analysis of fold enrichment (comparing normalized ratios of numbers of
assigned spectra, calculated using either QuasiTel model-generated rates
or R, values, which both account for abundance of spectral counts when
analyzing normalized data) and the statistical significance of differences in
abundance of spectral counts assigned to each protein (using Fisher’s
exact test with Bonferroni’s correction) (33, 34). Criteria for identifying
proteins that were enriched in one set of samples compared to another
were chosen based on comparative analysis of data for spectral proteins
previously annotated as outer membrane proteins (likely to be surface
exposed) and data for proteins annotated either as ribosomal proteins or
inner membrane proteins or other non-outer membrane proteins based
on annotation (not likely to be surface exposed) (see Fig. S1 and Table S2
in the supplemental material). The application of the selected cutoffs re-
sulted in a protein false discovery rate of <10% (Fig. S1). We then applied
these same cutoff criteria in analysis of spectral data corresponding to all
proteins identified in the respective preparations (Tables S3, S4, and S5).
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TABLE 1 Summary of mass spectrometry data

No. of assigned No. of proteins

Sample spectra’ detected™
Biotin® 82,844 1,055
Control® 16,009 941
Biotin>Control® NA 85
™ 90,604 1,120
CP,PP* 78,773 1,066
TM>CP,PP/ NA 192
OMe# 64,478 1,095
M" 74,320 1,114
OM>IM’! NA 156
Untreated 4°C/ 92,644 1,063
Untreated RT/ 75,482 1,056
PK 4°C/ 100,521 1,064
PK RTY 103,021 1,063
Untreated>PK 4°C* NA 7
Untreated>PK RT* NA 6

“ Biotinylated preparations.

b Unlabeled control preparations.

¢ Subset of proteins that were significantly enriched in biotinylated preparations
compared to unlabeled control preparations.

4 Insoluble proteins (in the absence of detergent), predicted to localize to the total
membrane (TM) compartment.

¢ Soluble proteins (in the absence of detergent), predicted to localize to the cytoplasmic
and periplasmic compartments (CP,PP).

fSubset of proteins that were significantly enriched in the insoluble preparations (TM)
compared to soluble preparations (CP,PP).

¢ Triton X-100-insoluble proteins, predicted to localize to the outer membrane (OM)
compartment.

" Triton X-100-soluble proteins, predicted to localize to the inner membrane (IM)
compartment.

" Subset of proteins that were significantly enriched in the Triton X-100-insoluble
preparations compared to the Triton X-100-soluble preparations.

J Intact bacteria were incubated in buffer or treated with proteinase K (PK) at 4°C or
room temperature (RT).

K Subset of proteins for which assigned peptides were detected at significantly higher
levels in untreated preparations than in proteinase K-treated preparations.

! Results represent the sum of assigned spectra, based on analysis of three preparations.
NA, not applicable.

" Results represent the total number of identified proteins, based on analysis of three
preparations.

Mapping of protein segments that are susceptible to proteinase K
digestion. To systematically identify sites within individual proteins that
were susceptible to proteinase K digestion, we analyzed the spectral data
from the proteinase K experiment described above (conducted at 4°C).
Spectral coverage data from IDPicker 3.0 files were uploaded into R. For
each protein to which peptides had been matched, we then quantified the
spectral coverage at individual amino acid positions. We analyzed all
amino acid sites for which =5 assigned spectra were detected in the un-
treated control sample (designated “residues available for analysis”) and
restricted the analysis to proteins with >100 residues available for analy-
sis. Residues with a =5-fold-greater number of assigned spectra in the
untreated control samples compared to the protease-treated samples were
designated protease-susceptible sites. Residues with a <2-fold-greater
number of assigned spectra in the untreated control samples compared to
the protease-treated samples were designated protease-nonsusceptible
sites. Criteria for the designation of protease-susceptible proteins were
chosen based on a comparative analysis of annotated OMPs and proteins
predicted to have an inner membrane, cytoplasmic, or periplasmic local-
ization (indicated as “non-OMPs”) (see Fig. S1 and Table S2 in the sup-
plemental material). Proteins with a normalized ratio of susceptible resi-
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TM > CP,PP

OM > IM

B) Cag
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C)
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FIG 2 Use of multiple criteria to identify surface-exposed outer membrane proteins. (A) Venn diagram of proteins identified as enriched in the biotinylated
preparation compared to the control preparation (Biotin > Control), enriched in the total membrane preparation compared to the soluble fraction (TM >
CP,PP), and enriched in a Triton X-100-insoluble preparation compared to a Triton X-100-soluble preparation (OM > IM). Thirty-nine proteins met all three
criteria. (B and C) Characteristics of the 39 proteins in the center segment of the Venn diagram, based on proportion of spectral counts (B) or proportion of
annotated proteins in each class (C). Annotated OMPs represent Hop and Hor OMPs.

dues to nonsusceptible residues of =5 and exhibiting a statistically
significant difference in relative abundance of susceptible residues com-
pared to nonsusceptible residues (determined by Fisher’s exact test with
Bonferroni’s correction) were considered susceptible to protease treat-
ment (Fig. S1 and Table S2).

RESULTS

Identification of surface-exposed proteins. To identify proteins
localized on the surface of H. pylori, we used a cell-impermeable
amine-reactive biotin conjugation reagent to label surface-ex-
posed proteins on intact bacterial cells. SDS-PAGE and silver
staining of proteins purified from the biotinylated bacteria re-
vealed the presence of numerous proteins (Fig. 1A). In parallel, we
generated a mock preparation of proteins purified from nonbioti-
nylated bacteria. This unlabeled control preparation contained a
relatively low abundance of proteins compared to the sample of
purified biotinylated proteins (Fig. 1A). As a first step in analyzing
and comparing these preparations, we immunoblotted the two
samples with several available antisera. CagA and UreA were
equally abundant in both preparations, whereas Cag3, CagM,
CagT, and CagX were more abundant in the biotinylated prepa-
rations (Fig. 1B). These results are consistent with an enrichment
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of specific proteins in the preparation of biotinylated proteins
compared to the unlabeled control sample.

We generated three independent preparations of the biotinyl-
ated and unlabeled control samples and analyzed the protein con-
tents of these samples by multidimensional protein identification
technology (MudPIT). Consistent with the results of SDS-PAGE
and silver staining, the total number of spectra confidently
matched to H. pylori proteins (spectral counts) was about 5 times
higher in analyses of the biotinylated preparations than in analyses
of the control preparations (Table 1; see Table S1 in the supple-
mental material). In total, we identified >500 H. pylori proteins in
these samples (Table S1). The detection of numerous proteins in
the control preparations despite very few bands being visible on
the silver-stained SDS-polyacrylamide gel is attributed to the high
sensitivity of the mass spectrometric detection methods. We em-
ployed a statistical approach (based on analysis of spectral counts)
to compare the biotinylated preparations with the unlabeled con-
trol preparations and identified 85 proteins that were significantly
enriched in the biotinylated preparations compared to the control
preparations (Table 1; Tables S2 and S3 and Fig. S1).

We also used biophysical methods independent of biotin label-
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ing to identify proteins associated with the H. pylori outer mem-
brane. This approach was based on the reasoning that most sur-
face-exposed proteins are likely to be associated with the bacterial
outer membrane. As a first step, we used detergent-free conditions
to generate preparations of soluble H. pylori proteins (predicted to
contain cytoplasmic and periplasmic compartments) and insolu-
ble H. pyloriproteins (predicted to be derived from both inner and
outer membranes, subsequently referred to as the total membrane
fraction). Then we fractionated the total membrane preparation
based on differential protein solubility in Triton X-100, which
allows separation of inner membrane proteins and outer mem-
brane proteins (31). Immunoblotting of these fractions with the
same antisera used in Fig. 1A revealed that four Cag proteins
(Cag3, CagM, CagT, and CagX) were more abundant in the total
membrane fraction than in the cytoplasmic/periplasmic fraction
and also more abundant in the outer membrane fraction than in
the inner membrane fraction. We generated three independent
preparations of each fraction, and the protein composition of
these samples was analyzed by MudPIT. We identified 191 pro-
teins that were significantly enriched in the total membrane prep-
arations compared to the soluble protein preparations (Table 1;
see Tables S2 and S4 and Fig. S1 in the supplemental material), and
we identified 155 proteins that were significantly enriched in the
Triton X-100-insoluble outer membrane fractions compared to
the Triton X-100-soluble inner membrane fractions (Table 1; Ta-
bles S2 and S5 and Fig. S1).

To evaluate the efficacy of the procedures described above for
enrichment of putative outer membrane proteins, we analyzed the
presence of proteins in each preparation that were previously pre-
dicted by Tomb et al. to be outer membrane proteins (“annotated
OMPs”) (24) and subsequently classified as Hop or Hop-related
proteins (25). There was a significant enrichment of proteins with
an outer membrane protein annotation in preparations of biotin-
ylated proteins compared to preparations of control (nonbiotiny-
lated) proteins (P < 0.0001) (see Fig. S2 in the supplemental ma-
terial). Similarly, there was an enrichment in annotated OMPs
when comparing the total membrane preparations with the solu-
ble protein preparations (cytoplasmic/periplasmic proteins) (P <
0.0001) and when comparing the outer membrane preparations
with the inner membrane preparations (P < 0.0001) (Fig. S2).
These analyses indicated that, as expected, each of the experimen-
tal approaches resulted in an enrichment of annotated outer
membrane proteins.

Proteins meeting multiple criteria for surface-exposed outer
membrane localization. We next sought to identify proteins that
met multiple criteria for surface-exposed outer membrane local-
ization, thereby providing stronger evidence compared to the use
of only a single method. Specifically, we sought to identify pro-
teins that met three criteria: (i) significantly enriched in the bio-
tinylated preparations compared to the control (nonbiotinylated)
preparations, (ii) significantly enriched in the total membrane
preparation compared to the soluble fraction, and (iii) signifi-
cantly enriched in the Triton X-100-insoluble outer membrane
fraction compared to the Triton X-100-soluble inner membrane
fraction. Thirty-nine proteins (localized in the center of the Venn
diagram shown in Fig. 2A) met all three of these criteria (Table 2).
In an analysis of the detected peptides corresponding to this set of
39 proteins, 66% of the spectra were assigned to proteins previ-
ously annotated by Tomb et al. (24) as outer membrane proteins
(Fig. 2B), which is significantly higher than the corresponding
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TABLE 2 Proteins meeting multiple criteria for surface-exposed outer
membrane proteins®

Alternate
protein
Original annotation name(s) Gene no.”
Outer membrane protein (Omp2) HopD HP0025
Hypothetical protein HP0036
Hypothetical protein HP0120
Outer membrane protein (Omp4) HorB HPO0127
Outer membrane protein (Omp7) HopF/HopX  HP0252
Hypothetical protein HP0358
Putative neuraminyllactose-binding HP0410
hemagglutinin homolog (HpaA)

Outer membrane protein (Omp12) HopJ HP0477
Lipoprotein, putative HpaA HP0492
cag pathogenicity island protein (Cag3) Cag3 HP0522
cag pathogenicity island protein (Cagl2) CagT HP0532
cag pathogenicity island protein (Cagl6) CagM HP0537
Penicillin-binding protein 1A (PBP-1A) HP0597
Membrane fusion protein (MtrC) HefB HP0606
Hypothetical protein® FaaA HP0609¢
Toxin-like outer membrane protein® FaaA HP0610°
Outer membrane protein (Omp13) HopH/OipA  HP0638
Protective surface antigen D15 BamA HP0655
Iron(III) dicitrate transport protein (FecA) FecA-1 HP0686
Lipoprotein, putative HPO0746
Iron(III) dicitrate transport protein (FecA) FecA-2 HP0807
Lipoprotein, putative HP0838
Lipoprotein, putative PgbB HP0863
Outer membrane protein (Omp19) BabB/HopT = HP0896
Outer membrane protein (Omp20) HopC/AlpA  HP0912
Outer membrane protein (Omp21) HopB/AlpB  HP0913
Outer membrane protein (Omp22) HopK HP0923
Conserved hypothetical secreted protein HP0977
Lipoprotein, putative HP1002
Serine protease (HtrA) HP1019
Outer membrane protein (Omp25) Hopl HP1156
Outer membrane protein (Omp26) HopL HP1157
Hypothetical protein HP1173
Outer membrane protein (Omp27) HopQ HP1177
Outer membrane protein (Omp28) BabA/HopS  HP1243
Paralyzed flagellar protein (PflA) HP1274
Iron(III) dicitrate transport protein (FecA) FecA-3 HP1400
Membrane-associated lipoprotein (Lpp20) HP1456
Iron-regulated outer membrane protein (FrpB) ~ FrpB-3 HP1512
Rare lipoprotein A (RIpA) HP1571

“ These proteins correspond to the 39 proteins that are depicted in the center of the
Venn diagram shown in Fig. 2.

b Gene number or locus tag.

¢ HP0609 and HP0610 were originally annotated as two separate proteins, but they
correspond to a single protein (VacA-like protein FaaA).

values for any of the individual preparations (see Fig. S2 in the
supplemental material). Thirteen of these 39 proteins were anno-
tated by Tomb et al. as predicted OMPs (corresponding to 12 Hop
proteins and 1 Hop-related or Hor protein) (24), and 20 were
annotated by Alm et al. (25) as predicted OMPs [including three
annotated as iron(III) dicitrate transport (FecA) proteins, an iron-
regulated FrpB protein, and the VacA-like protein FaaA (HP0609/
0610)] (18). The set of 39 proteins also includes numerous pro-
teins not previously annotated as OMPs. These include three Cag
proteins (Cag3, CagM, and CagT), each of which is required for
the function of the cag T4SS that translocates the effector protein
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FIG 3 Localization of CagT by immunogold EM analysis. (A to C) H. pylori strains were immunolabeled with rabbit antiserum to CagT, followed by secondary
antibodies conjugated to 10-nm gold particles. (A and B) Wild-type (WT) strain. (C) Acag PAI mutant strain. Higher-magnification images of the regions in
boxes, containing a high density of gold particles, are shown to the right of panels A and B. Arrowheads designate additional gold particles. (D) Immunogold
labeling of the WT strain using secondary antibodies conjugated to gold particles, without primary antiserum. The number of gold particles detected on WT
bacteria was significantly higher than the number detected on the cag APAI mutant strain (mean 3.6 gold particles per WT cell and 1.8 gold particles per cag APAI
mutant cell, based on analysis of >200 bacteria of each type; P value < 0.0001, Welch two-sample ¢ test). Bars, 500 nm.

CagA into gastric epithelial cells (cag T4SS) (35), several annotated as
lipoproteins (including Lpp20 and HP1571) (36), two homologs of
the flagellar sheath adhesin HpaA (HP0410 and HP0492) (19, 37), a
protein annotated as “protective surface antigen D15” which corre-
sponds to an outer membrane assembly protein BamA ortholog
(HP0655), a secreted serine protease (HtrA [HP1019]) (38, 39), a
protein annotated as a conserved secreted protein or peptidyl prolyl
cis-trans isomerase (HP0977), a plasminogen-binding protein (PgbB
[HP0863]) (40), and several proteins identified annotated as “hypo-
thetical proteins” (Table 2 and Fig. 2C).
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We also analyzed the proteins that met only two criteria for
outer membrane localization, corresponding to relevant segments
of the Venn diagram in Fig. 2A. One subset of 18 proteins (en-
riched in the biotinylation preparations and the total membrane
preparations, but not in the Triton X-100-insoluble membrane
preparations) included six annotated OMPs (BabC or HopU
(HP0317], HomA [HP0710], HopM [HP0227], HopA [HP0229],
HorF [HP0671], and HopN [HP1342]) and HpaA (a flagellar
sheath adhesin; HP0797) (41). A high proportion of the proteins
in the other segments of the Venn diagram (Fig. 2A) corresponded
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FIG 4 Experimentally detected sites of signal peptide cleavage. We identified peptides in the preparations of biotinylated proteins that corresponded to
non-tryptic-cleavage events and that could be matched to sites near the N termini of proteins, suggesting the occurrence of signal peptide cleavage. This analysis
was restricted to peptides that could be matched to a single protein. Amino-terminal nontryptic cleavage was detected for 14 of the 39 surface-exposed proteins
shown in Table 2 (see Table S6 in the supplemental material). These sequences were then aligned using WebLogo (weblogo.berkeley.edu). In the alignment, the
numbering of positions is relative to the detected non-tryptic-cleavage site. The N terminus (N) and C terminus (C) are indicated.

to proteins predicted to have an intracellular localization, and
these probably represent false-positive results.

Collectively, these experiments detected numerous proteins on
the surface of H. pylori that had previously been predicted to have
an outer membrane localization (“annotated OMPs”), as well as
additional proteins that were not previously predicted to be local-
ized on the H. pylori surface. The evidence for surface localization
is strongest for the set of proteins meeting multiple criteria for
surface-exposed outer membrane localization, depicted in the
center of the Venn diagram in Fig. 2A and in Table 2.

Immunogold EM analysis of CagT. To provide further evi-
dence for the surface-exposed localization of proteins not previ-
ously annotated as OMPs, we selected one of the proteins that met
multiple criteria for outer membrane localization (CagT) and un-
dertook further analysis of this protein by immunogold electron
microscopy. In immunogold labeling experiments with an anti-
CagT antiserum, we detected a significantly greater number of
gold particles on the surfaces of wild-type bacteria than on the
surfaces of Acag PAI mutant bacteria, which fail to produce CagT
(P < 0.0001) (Fig. 3). In images of the wild-type bacteria, multiple
gold particles were often clustered together, which suggests that
CagT is nonrandomly distributed on the bacterial surface. These
immunogold labeling studies corroborate the surface localization
of CagT and provide further validation of the experimental ap-
proaches used in this study for the identification of surface-ex-
posed proteins.

Experimental evidence of amino-terminal signal sequence
cleavage. Many surface-exposed proteins are predicted to un-
dergo cleavage of an N-terminal signal sequence during Sec-de-
pendent export across the inner membrane. To experimentally
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identify surface-exposed proteins that underwent cleavage of ami-
no-terminal signal sequences, we analyzed the spectral data from
the biotinylation experiments and sought to identify peptides
that had been generated by non-tryptic-cleavage events occur-
ring near the amino termini of proteins. Fourteen of the 39
surface-exposed proteins shown in Table 2 showed evidence of
amino-terminal non-tryptic-cleavage events consistent with
Sec-dependent signal sequence processing (see Table S6 in the
supplemental material). An alignment of these sequences, rel-
ative to the sites of nontryptic cleavage, is shown in Fig. 4. The
consensus sequence includes a stretch of approximately 10 un-
charged or hydrophobic residues upstream of the cleavage site,
a semiconserved leucine at position —3, and an alanine at po-
sition —1. An acidic patch of 1 to 3 residues was detected im-
mediately downstream from the cleavage site (Table S6). Inter-
estingly, the signal peptide prediction software SignalP 4.1 (42)
predicted the existence of only 7 of these 14 cleavage sites, and
for one of the proteins (HopI [HP1156]), the cleavage site pre-
dicted by SignalP differed by one amino acid position com-
pared to what was experimentally detected. This discrepancy
suggests that the currently available signal peptide prediction
software is not optimally designed for analysis of signal pep-
tides in epsilonproteobacteria such as H. pylori.

Multiple classes of C-terminal motifs in surface-exposed
proteins. Targeting of proteins to the outer membrane is often
dependent on the presence of a C-terminal motif required for
interaction with the Bam complex (43, 44). Therefore, we ana-
lyzed the C-terminal sequences of the 39 surface-exposed proteins
shown in Table 2. The most commonly identified amino acids at the
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FIG 5 Analysis of a conserved C-terminal motif. Among the 39 surface-exposed proteins shown in Table 2, 15 contain a distinctive C-terminal motif,

characterized by conserved residues at positions —15, —13, —9,

—5,and —1 (see Table S7 in the supplemental material). The numbers correspond to the distance

from the carboxyl terminus. Sequences were aligned using WebLogo (weblogo.berkeley.edu).
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TABLE 3 Surface-exposed proteins highly susceptible to proteinase K digestion, based on total assigned spectra”

Spectral count? P value® Fold change”
4° 22°
Alternative ¢ c

Original annotation name(s) Geneno.  Untreated ProtK  Untreated ProtK 4°C 22°C 4°C 22°C
Vacuolating cytotoxin VacA HP0887 986 185 793 183 <0.0001  <0.0001  5.85 5.98
Outer membrane protein (Omp9) HopU HP0317 653 92 567 24 <0.0001  <0.0001  7.75 32
Outer membrane protein (Omp27)  HopQ HP1177 1,446 773 1,229 760 <0.0001  <0.0001  2.06 2.24
Outer membrane protein (Omp19)  BabB/HopT  HP0896 577 95 510 33 <0.0001  <0.0001  6.63 21
Outer membrane protein (Omp28)  BabA/HopS  HP1243 341 20 273 10 <0.0001  <0.0001 1823 358
Conserved hypothetical protein HomA HP0710 264 114 184 107 <0.0001  <0.0001  2.52 2.36
Conserved hypothetical protein HomD HP1453 45 13 37 17 <0.005 0.1463 3.68 2.94
Total assigned spectra 89,222 97,275 89,222 99,781

@ Intact H. pylori bacteria were incubated with proteinase K at 4°C or 22°C, and membrane fractions from the treated bacteria (as well as untreated controls) were then analyzed by

MudPIT.

¥ The combined results of three independent experiments for each condition (untreated or proteinase K treated [Prot K]) are shown.
¢ Results for proteinase K-treated bacteria were compared with results for untreated bacteria, using Fisher’s exact test with Bonferonni’s multiple test correction.
@ The magnitude of changes in protein abundance in response to proteinase K digestion was calculated based on analysis of 21,

C-terminal position were phenylalanine (n = 16), lysine (n = 9), and
tyrosine (n = 5) (see Table S7 in the supplemental material).

There were several similarities in the C-terminal sequences of
the proteins terminating in phenylalanine or tyrosine. Specifically,
13 of the 39 surface-exposed proteins shown in Table 2 contain
closely related C-terminal sequences characterized by a conserved
tyrosine at the —5 position, a conserved arginine at the —13 po-
sition, either a valine (7 proteins) or phenylalanine (6 proteins) at
position —9, and semiconserved tyrosines at positions —8 (11
proteins) and —15 (10 proteins) (Fig. 5). Thus, the consensus
C-terminal motif for these proteins is (Y/F)XR XXX (V/F)Y XXY
XXX (F/Y), and three of these proteins (HopQ, BabA, and BabB)
contain an identical C-terminal motif (VYLNYVFAY). All 13 of
these C-terminal sequences contain hydrophobic residues at the
—1,—3, =5, =7, —8, —9,and — 15 positions, which is consistent
with a motif that allows insertion of proteins into the outer mem-
brane through a BamA (or Omp85)-dependent process (43, 45).
Twelve of the 13 proteins containing this motif are classified as
Hop proteins, and one is classified as a Hop-related protein (HorB
[HP0127]). Eight of the 21 proteins with C-terminal phenylala-
nines or tyrosines, including the VacA-like protein FaaA, contain
C-terminal sequences that are somewhat different from the con-
sensus sequence described above, but still contain hydrophobic
residues at the —3, —5, —7, and —9 positions.

Eighteen of the 39 proteins did not contain a C-terminal phe-
nylalanine or tyrosine; in nine cases, the C-terminal amino acid
was lysine, and in two cases, the C-terminal amino acid was argi-
nine. There was no apparent conservation of C-terminal se-
quences among the 9 proteins with C-terminal lysines or among
the larger set of 18 proteins terminating in amino acids other than
phenylalanine or tyrosine. However, many of these proteins had
C-terminal segments that were characterized by an abundance of
basic residues (lysine and arginine) (see Table S7 in the supple-
mental material). Interestingly, several of these proteins were pre-
viously annotated as lipoproteins. We hypothesized that the
amine-reactive biotinylation reagent might preferentially label
these C-terminal basic residues, leading to an increased represen-
tation of these proteins in the preparation of purified biotinylated
proteins. To address this possibility, we biotinylated surface-ex-
posed proteins with a cell-impermeable carboxyl-reactive biotiny-
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lation reagent and then purified and analyzed the biotinylated
proteins. By using this approach, we identified 32 proteins that
were significantly enriched in the biotinylated preparation com-
pared to the unlabeled control (Table S8). Twenty-seven of these
32 proteins were also identified as surface exposed in experiments
using the amine-linked biotinylation method (Fig. S3). Thus, the
surface-exposed proteins identified when using a carboxyl-reac-
tive biotinylation reagent were similar to those identified when
using the amine-reactive biotinylation reagent. Eight of the 27
surface-exposed proteins identified using both methods termi-
nated in either a lysine or arginine, and the proportion of surface-
exposed proteins terminating in either lysine or arginine was sim-
ilar in experiments using the two methods (3 of 32 proteins with
the carboxyl-reactive method and 9 of 85 proteins with the amine-
reactive method). This provides evidence that the proteins iden-
tified using the amine-linked biotinylation approach were not
identified simply as a consequence of preferentially labeling C-ter-
minal basic residues.

Susceptibility of surface-exposed proteins to proteinase K
digestion and cell surface topology of surface-exposed proteins.
We next undertook experiments designed to assess the suscepti-
bility of surface-exposed proteins on intact bacteria to digestion
by an exogenous protease. These experiments provided an addi-
tional approach for localizing specific proteins to the surface of H.
pylori and also allowed us to test the hypothesis that specific
groups of surface-exposed OMPs might differ in susceptibility to
proteolytic cleavage. We treated intact bacteria with proteinase K
under conditions previously shown to preferentially digest sur-
face-exposed proteins but not intracellular proteins (28, 31). We
then used MudPIT to identify proteins for which there were sig-
nificantly reduced numbers of assigned spectra detected in pro-
tease-treated bacteria compared to control bacteria. We identified
seven such proteins that were highly susceptible to proteolysis:
VacA (HP0887), BabA (HP1243), BabB (HP0896), BabC (HopU
[HP0317]), HopQ (HP1177), HomA (HP0710), and HomD
(HP1453) (Table 3; see Table S9 in the supplemental material).
Proteinase K treatment did not cause any significant reduction
in the abundance of peptides originating from inner membrane
proteins, such as FixO (HP0145) and FtsH (HP1069) (Table
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FIG 6 Susceptibility of surface-exposed proteins to proteinase K treatment. Intact H. pylori cells were treated with proteinase K (1 mg ml™") or buffer control
at 4°C and then analyzed by MudPIT. Three experiments were performed, and the results were merged. We then analyzed the assigned spectra for each detected
protein at the level of individual amino acids, and sites susceptible to proteolytic cleavage or resistant to proteolytic cleavage were identified, based on criteria
defined in Materials and Methods. The blue lines (top half of graphs) depict the numbers of assigned spectra from experiments with control (untreated) bacteria,
the red lines (bottom half of graphs) depict the numbers of assigned spectra from experiments with proteinase K (PK)-treated bacteria, and the orange lines
indicate the ratio of assigned spectra in untreated compared to protease-treated bacteria. Data for 5 representative proteins are shown. In the top panel, the green
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TABLE 4 Proteins identified as susceptible to extracellular proteinase K digestion, based on analysis of individual amino acid sites

No. of amino acid residues . . .
Normalized ratio (PK-susceptible

Alternative Protein Available for Susceptible to residues to nonsusceptible

Original annotation name(s) Gene no. length” analysis” protease® residues)”
Outer membrane protein (Omp5) HopM HP0227 691 356 143 26.9
Outer membrane protein (Omp6) HopA HP0229 483 283 197 33.7
Outer membrane protein (Omp?7) HopF HP0252 487 296 85 6.0

Outer membrane protein (Omp9) HopU/BabC HP0317 745 480 157 16.5

Cell division inhibitor MinD HP0331 268 121 40 8.5
Toxin-like outer membrane protein FaaA HP0610° 1,943 199 39 5.3

Outer membrane protein (Omp13) HopH/OipA HP0638 305 120 31 5.2
Conserved hypothetical protein HomA HP0710 660 283 205 38.6
Vacuolating cytotoxin VacA HP0887 1,290 642 377 57.7
Outer membrane protein (Omp19) BabB HP0896 708 442 92 9.5

Outer membrane protein (Omp20) HopC/AlpA HP0912 515 360 208 23.4
Outer membrane protein (Omp21) HopB/AlpB HP0913 529 273 135 14.4
Outer membrane protein (Omp27) HopQ HP1177 641 495 367 45.7
Outer membrane protein (Omp28) BabA HP1243 733 444 190 21.2
Outer membrane protein (Omp29) HopN HP1342 691 356 143 26.9

“ Total number of amino acids in the protein.
b Total number of amino acids with =5 assigned spectra in the untreated samples.

¢ Total number of amino acids with =5-fold-more assigned spectra in the untreated samples compared to proteinase K-treated samples.
“ Ratio of proteinase K (PK)-susceptible residues compared to nonsusceptible residues, normalized by total residues for each category.
¢ HP0609 and HP0610 were originally annotated as two separate proteins, but they correspond to a single protein (VacA-like protein FaaA).

S9). The results were similar in experiments conducted at 4°C
and at 22°C (Table 3).

The methodology described above, based on analysis of all
spectra assigned to individual proteins, allowed us to identify pro-
teins that were highly susceptible to proteolytic digestion by an
exogenous protease, but this is probably not a sensitive approach
for identifying proteins that undergo proteolysis at relatively few
sites. Therefore, we systematically analyzed the assigned spectra
for each detected protein at the level of individual amino acids,
which permitted a more in-depth assessment of sites where pro-
teins had undergone proteolysis. The identification of protease-
susceptible sites using this approach is illustrated in the top panel
of Fig. 6. Using this approach, six of the seven proteins described
above were identified as susceptible to proteolytic digestion, and
nine additional protease-susceptible proteins were identified (Fig.
6 and Table 4). HomD, identified as protease susceptible in the
earlier analysis (Table 3), was excluded from the current analysis
because the mass spectral data did not meet the inclusion criteria.
Thirteen of the 15 protease-susceptible proteins met multiple cri-
teria for surface-exposed localization in the earlier biotinylation
and cell fractionation experiments (see Fig. S4 in the supplemental
material). Additionally, VacA was identified as susceptible to pro-
teinase K treatment. The other protein exhibiting evidence of pro-
tease susceptibility (cell division inhibitor MinD) is presumed to
represent a false-positive result. A systematic comparison of the
protease susceptibility of annotated OMPs detected in the pro-
teomic analysis revealed that the majority of Hop proteins were
susceptible to proteolytic digestion, but several Hop proteins
(HopJ, HopK, HopE, and HopG) were resistant (Table 5). In

comparison to Hop proteins, the Hof and Hor families of
OMPs were relatively resistant to extracellular protease diges-
tion (Table 5).

In an analysis of the regions within individual proteins that
were susceptible or resistant to proteolysis, we noted that many
annotated OMPs (especially those in the Hop family) were highly
susceptible to protease digestion within the amino-terminal
portion of the protein (comprising roughly two-thirds of the
entire length of the protein), whereas the carboxy-terminal
regions of these proteins were protease resistant. This result
was observed for 10 proteins (BabA, BabB, BabC, HopQ,
HomA, HopA, HopM, HopN, AlpA, and AlpB) (Fig. 6 and 7
and data not shown). The protease-resistant C-terminal re-
gions of these proteins ranged from about 150 to 250 amino
acids in length. Analysis of these proteins with the B-barrel
prediction program BOCTOPUS predicts that the C-terminal
160 to 300 amino acids of these proteins correspond to multi-
ple transmembrane 3-strand segments consistent with a 3-bar-
rel structure and that predicted transmembrane segments are
absent or infrequently present elsewhere within these proteins
(Fig. 7). These data suggest that most of the protease-suscepti-
ble OMPs contain a large protease-susceptible extracellular do-
main exported beyond the outer membrane and a protease-
resistant 3-barrel domain at the C terminus.

DISCUSSION

In this study, we used multiple complementary methods to iden-
tify and analyze proteins localized on the surface of H. pylori. We
identified 39 proteins that met three criteria for surface localiza-

shading illustrates protease-susceptible regions in BabB (exhibiting a =5-fold difference in the spectral counts when comparing untreated bacteria and protease-
treated bacteria), and the pink shading illustrates protease-resistant regions (exhibiting a <2-fold difference in the spectral counts). The designation of
protease-susceptible or protease-resistant regions was restricted to residues for which =5 assigned spectra were detected in the untreated samples. The N-ter-
minal portions of BabB, HomA, and VacA were highly susceptible to protease digestion, whereas intracellular proteins such as the cytochrome ¢ oxidase subunit
FixO (HP0145) and the cell division protein FtsH were resistant to protease digestion.
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TABLE 5 Protease susceptibility of annotated OMPs

No. of amino acid residues .
% residues

Protein length Available for Susceptible to susceptible to
OMP Gene no. (no. of amino acids) analysis” protease” protease®
Hop family
HopH HP0638 305 120 31 25.83
HopJ HP0477 367 129 0 0
HopK HP0923 369 129 0 0
HopE HP0706 273 162 0 0
HopL HP1157 1,230 221 34 15.38
HopG HP0254 431 233 0 0
Hopl HP1156 696 259 46 17.76
HopB/AlpB HP0913 529 273 135 49.45
HopA HP0229 483 283 197 69.61
HopF HP0252 487 296 85 28.72
HopM HP0227 691 356 143 40.17
HopN HP1342 691 356 143 40.17
HopC/AlpA HP0912 515 360 208 57.78
HopD HP0025 711 436 52 11.93
HopT/BabB HP0896 708 442 92 20.81
HopS/BabA HP1243 733 444 190 42.79
HopU/BabC HP0317 745 480 157 32.71
HopQ HP1177 641 495 367 74.14
Hop-related family
Horl HP1113 277 24 0 0
HorC HP0324 254 77 20 25.97
HorE HP0472 186 85 0 0
HorL HP1395 242 85 20 23.53
HorF HP0671 270 123 0 0
HorB HPO0127 286 125 0 0
Hor] HP1469 248 131 0 0
HorH HP1107 230 132 25 18.94
HorK HP1501 388 221 0 0
Hom family
HomC HP0373 700 25 25 100
HomD HP1453 746 26 26 100
HomA HP0710 660 283 205 72.44
Hof family
HofD HP0487 480 87 0 0
HofF HP0788 499 94 0 0
HofG HP0914 514 177 0 0
HofB HP1083 479 266 10 3.76
HofC HP0486 528 326 0 0
HofE HP0782 455 0 0 0

@ Total number of amino acids with =5 assigned spectra in the untreated samples.

b Total number of amino acids with =5-fold-more assigned spectra in the untreated samples compared to proteinase K-treated samples.
¢ Percentage of residues available for analysis (defined in footnote a) that were susceptible to proteolysis (defined in footnote b).

tion or outer membrane localization (i.e., identification by bioti-
nylation, enriched in a membrane fraction compared to a soluble
fraction, and enriched in a Triton X-100-insoluble outer mem-
brane fraction compared to a Triton X-100-soluble inner mem-
brane fraction), thereby providing stronger evidence for surface
localization compared to the use of only a single method. Among
these 39 proteins, many were previously known or predicted to be
localized on the bacterial surface, whereas others were not previ-
ously known to be surface exposed or associated with the outer
membrane.

Our primary method involved biotinylation of surface-ex-
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posed proteins with a membrane-impermeable biotinylation
reagent. A potential concern with biotinylation-based methods
is the possibility that periplasmic or inner membrane proteins
might be labeled, but a previous study showed that the ap-
proach used in this study results in minimal labeling of the
abundant E. coli periplasmic protein MalE (19). The biotinylation
experiments allowed us to identify 85 putative surface-exposed H.
pylori proteins (see Table S3 in the supplemental material). Eigh-
teen putative surface-exposed proteins were identified in a previ-
ous study that used similar biotinylation-based methodology
(19). Three surface-exposed proteins were identified in both the
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current study and the previous study: an HpaA-like protein
(HP0410), CagM, and the secreted serine protease HtrA (19, 38,
39). There were several differences when comparing the method-
ology of the current study with that used in a previous study (19).
First, the current study used a MudPIT-based methodology for
identifying proteins, whereas the previous study used 2D gel-
based methods; limitations in the use of 2D gel methods for de-
tection of membrane proteins may account for the detection of
relatively few annotated OMPs in the previous study. Second, the
current study compared preparations of biotinylated proteins
with control nonbiotinylated preparations, which allowed the ex-
clusion of proteins that interacted nonspecifically with the beads
used in the purification process. Third, the current study used
monomeric avidin-coated magnetic beads instead of avidin-aga-
rose beads. Finally, the current study analyzed bacteria grown in
broth culture, whereas the previous study analyzed bacteria grown
on plates. Collectively, these modified approaches were helpful in
enhancing the detection of outer membrane proteins and reduc-
ing contamination from cytoplasmic proteins. To determine
whether the bacterial growth conditions had a major influence on
the results, we conducted experiments in which we compared
preparations of biotinylated proteins derived from bacteria grown
in broth culture with preparations of biotinylated proteins derived
from bacteria grown on blood agar plates. In comparison to prep-
arations of biotinylated proteins from bacteria grown in broth,
preparations of biotinylated proteins from bacteria grown on
solid medium had a lower proportion of assigned spectra for an-
notated OMPs (relative proportion of total assigned spectra for
bacteria grown on plates versus in broth = 0.5) and a higher pro-
portion of assigned spectra for annotated intracellular proteins
(relative proportion of total assigned spectra for bacteria grown
on plates versus in broth = 9.9) (see Tables S10 and S11 in the
supplemental material).

The set of proteins meeting three criteria for surface localiza-
tion (Table 2) included three cag pathogenicity island (PAI)-en-
coded proteins that are components of the cag T4SS (Cag3, CagM,
and CagT) (46). We also detected surface-exposed proteins that
were previously annotated as lipoproteins. Among the proteins
shown in Table 2, five proteins contain a sequence motif known as
a lipobox (required for the recognition of posttranslational lipi-
dation machinery), based on analysis by DOLOP (47) (HpaA
paralog HP0492, CagT HP0532, predicted lipoprotein HP1002,
Lpp20 [HP1456], and predicted lipoprotein HP1571). In E. coli
and many other well-studied Gram-negative species, most lipo-
proteins are anchored to either the outer membrane or the inner
membrane and face the periplasm (48), but some lipoproteins
may also be surface exposed and exported to the bacterial surface
by an unknown mechanism (for example, JIpA in Campylobacter
jejuni and TbpB in Neisseria meningitidis) (43, 49, 50). The find-
ings in the current study suggest that the surface of H. pylori is
decorated with multiple lipoproteins. The Lol system, which is
required for lipoprotein export, is considerably different in H.
pyloricompared to many other bacterial species (7), and this could
be a factor that influences the localization of H. pylori lipopro-
teins. Finally, we detected multiple surface-exposed proteins that
are annotated as “hypothetical proteins.” Further study will be
required to investigate the localization and functions of these pro-
teins in greater detail.

Several proteins previously reported to be localized to the sur-
face of H. pylori are not included on the list of proteins in Table 2,
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which indicates that this is not a comprehensive list of the proteins
exported to the H. pylori surface. Therefore, we also analyzed the
proteins that met two criteria consistent with a surface-exposed
outer membrane localization (Fig. 2; see Tables S3, S4, and S5 in
the supplemental material). This analysis revealed that the set of
proteins enriched in the biotinylated preparations and enriched in
the total membrane preparations (but not enriched in the Triton
X-100-insoluble outer membrane preparation) contained numer-
ous proteins that are known or predicted to be localized to the
outer membrane, such as HopA, HopM, HopN, HopU/BabC, and
HorF.

Although the experiments reported in this article provide a
much more comprehensive understanding of the H. pylori cell
surface proteome than has been previously reported, there are
several limitations of the current study. First, we analyzed
mainly bacteria that were cultured in a single growth condition
(late log phase from broth culture). These conditions were se-
lected based on the results of a previous microarray gene ex-
pression study, which reported that several virulence-associ-
ated genes were maximally expressed in the late log phase of
growth (51). Additional surface-exposed proteins might be de-
tectable if alternate conditions were studied. Identification of
surface-exposed proteins under well-defined laboratory condi-
tions, as described in this study, provides an important foun-
dation for future studies investigating how the surface proteins
of H. pylori change under alternate growth conditions. Second,
the mass spectrometry-based approach used in these studies
might fail to detect surface proteins that contain a small number of
tryptic cleavage sites, surface proteins with extensive posttransla-
tional modifications, or surface proteins expressed in low abun-
dance. Finally, we studied only a single strain, which is known to
lack production of at least four outer membrane proteins (HopP/
SabA, HopO/SabB, HopZ, and HomB) (24, 25) and lacks flagella
(28).

Many of the surface-exposed proteins identified in this study
are predicted to be exported through a process that involves
Sec-dependent cleavage of an amino-terminal signal sequence.
In support of this view, we detected non-tryptic-cleavage
events near the amino termini of numerous proteins. The pres-
ence in many of these proteins of a conserved C-terminal motif
ending in phenylalanine or tyrosine is consistent with insertion
of these proteins into the outer membrane through a Bam-
dependent process (43—45). Most of the Hop or Hor proteins
contained the consensus C-terminal motif (Y/F)XR XXX (V/
F)Y XXY XXX (F/Y). Surprisingly, many of the surface-exposed
proteins detected in this study, including several putative lipopro-
teins, did not contain a C-terminal motif terminating in phenylala-
nine or tyrosine, but instead terminated in lysine. The mechanism
by which these and other proteins lacking a typical C-terminal
motif are exported to the bacterial surface is not known.

As an additional approach for analyzing the cell surface pro-
teome of H. pylori, we subjected intact bacteria to treatment with
proteinase K and sought to identify a subset of surface-exposed
proteins that were susceptible to proteolysis. Initial studies, based
on analyzing the total numbers of spectral counts assigned to in-
dividual proteins, allowed us to identify seven surface-exposed
proteins (VacA, BabA, HopQ, BabB, BabC [HopU], HomA, and
HomD) that were highly susceptible to protease digestion. VacA is
atoxin thatis secreted through an autotransporter pathway (5, 52)
and subsequently can be released as a soluble protein into the
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FIG 7 Resistance of predicted (3-barrel regions to digestion by proteinase K. This figure shows an analysis of the protease susceptibility of 4 H. pylori OMPs, using
the approach shown in Fig. 6. The blue lines (top half of graphs) depict the numbers of assigned spectra from experiments with control (untreated) bacteria, and
the red lines (bottom half of graphs) depict the numbers of assigned spectra from experiments with proteinase K-treated bacteria. The green shading illustrates

2468 jb.asm.org Journal of Bacteriology


http://jb.asm.org

extracellular space or remain attached to the bacterial surface (5,
53). BabA is an H. pylori adhesin that binds to the Lewis b antigen
on host cells (8), and HopQ is an outer membrane protein that
influences the activity of the cag type IV secretion system (14). In
contrast to VacA, BabA, and HopQ, virtually nothing is known
about the functions of BabB, BabC, HomA, and HomD. BabA,
BabB, BabC and HopQ are all classified as Hop proteins, whereas
HomA and HomD are classified within a small family of OMPs
known as Hom proteins (25). A previous study used proteinase K
treatment coupled with 2D gel electrophoretic methods to iden-
tify five protease-susceptible surface-exposed H. pylori proteins
(17). Two of the proteinase K-susceptible proteins identified in
the previous study (VacA and HopQ) (17) were also shown to be
protease susceptible in the current study.

We also analyzed the assigned spectra from the proteinase K
experiments at the level of individual amino acids, which provided
amore sensitive approach for detecting proteins that were suscep-
tible to proteolytic cleavage. By using this approach, we identified
15 proteins that were protease susceptible. Most of these were
identified in the previous biotinylation and cell fractionation ex-
periments (see Fig. S4 in the supplemental material). Conversely,
the majority of surface-exposed proteins identified in the biotiny-
lation and cell fractionation experiments were not susceptible to
proteolytic cleavage. Thus, the proteinase K experiments identi-
fied a specialized subset of protease-susceptible surface-exposed
proteins with properties that differ from those of protease-resis-
tant surface-exposed proteins.

The set of protease-susceptible proteins included numerous
OMPs classified within the Hop or Hom family, as well as VacA
and a VacA-like protein (FaaA) (Table 4). Among the protease-
susceptible Hop and Hom proteins, the C-terminal regions
were resistant to protease digestion, whereas the N-terminal
portions were susceptible. These data suggest that the N-termi-
nal portions of these OMPs are exported beyond the outer
membrane. The protease-resistant C-terminal domains of
these OMPs are predicted to have multiple transmembrane
B-strands consistent with a B-barrel structure (based on the
use of the BOCTOPUS program), and all contain the conserved
C-terminal motif shown in Fig. 5. On the basis of similarities
between the protease susceptibility patterns of VacA and
OMPs, we suggest that the N-terminal domains of these OMPs
are exported beyond the outer membrane through an autotrans-
porter (type V secretion) pathway, similar to the secretion of the
VacA passenger domain (5, 52). In contrast to VacA, which under-
goes proteolysis to cleave the passenger domain from the B-barrel
domain, there is not yet any evidence that the protease-susceptible
OMPs undergo similar proteolytic cleavage.

Although a subset of annotated OMPs were susceptible to pro-
teolytic digestion, many others were relatively resistant (Table 5).
All three Hom proteins detected in this study (HomA, HomC, and
HomD) and many of the Hop proteins exhibited evidence of sus-
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ceptibility to proteolytic cleavage, whereas Hof and Hor proteins
were relatively resistant (Table 5). There are several possible ex-
planations that may account for the observed differences in sus-
ceptibility to proteolytic cleavage, including variation among the
proteins in the proportion of B-barrel structure, differences
among the proteins in the orientation of large loops (projecting
toward the periplasm or the bacterial surface), differences in phys-
ical accessibility of extracellular domains to the protease active
site, and differences in amino acid composition. In contrast to
the protease-susceptible Hop proteins, at least one of the Hop
proteins resistant to proteolytic cleavage (HopE) is predicted to
have a structure comprised of predominantly transmembrane
B-strands, based on analysis by BOCTOPUS (Fig. 7), which likely
accounts for its resistance to proteolysis. Similarly, HorB and
HofC are predicted to have structures comprised of predomi-
nantly transmembrane (3-strands, and these proteins were resis-
tant to proteolysis (Fig. 7). Thus, the current data suggest that
B-barrel-containing segments of H. pylori OMPs are relatively re-
sistant to proteolysis, whereas large extracellular domains of H.
pylori OMPs with non--barrel structures are often susceptible to
proteolysis.

The passenger domains of most proteins secreted through an
autotransporter (type V secretion) pathway, including H. pylori
VacA, have B-helical structures (54, 55). Interestingly, analysis of
the protease-sensitive putative autotransporter proteins identified
in this study using the BetaWrapPro program predicted the exis-
tence of B-helical structure within VacA (consistent with the crys-
tal structure of this protein) (54, 55), but not within the other
protease-sensitive OMPs. Thus, it seems likely that the N-terminal
portions of many protease-susceptible H. pylori OMPs differ in
structure compared to most known autotransporter passenger
domains. In support of this view, a recent X-ray crystallographic
study of the N-terminal region of H. pylori SabA (an OMP that is
related to BabA, but not produced by the H. pylori strain analyzed
in this study) revealed primarily a-helical motifs instead of the
B-helical motifs characteristic of most autotransporter passenger
domains (54, 56).

In summary, these experiments provide valuable new in-
sights into the repertoire of proteins present on the surface of
H. pylori. In addition, our detailed analysis of the susceptibility of
surface proteins to proteinase K digestion provides the first sys-
tematic analysis of the topology of H. pylori cell surface proteins
and provides experimental evidence in support of an autotrans-
porter mode of export for many of these proteins. Several of the
surface-exposed proteins identified in this study are known to
have important roles in mediating H. pylori-host interactions, and
the functions of others are not yet known. The surface-exposed
proteins with large extracellular domains identified in this study
are likely to be localized in close proximity to host cells, and there-
fore, we suggest that these proteins in particular may have impor-
tant roles in mediating interactions with the host.

protease-susceptible regions (exhibiting a =5-fold difference in the spectral counts when comparing untreated bacteria and protease-treated bacteria), and the
pink shading illustrates protease-resistant regions (exhibiting a <2-fold difference in the spectral counts). The designation of protease-susceptible or protease-
resistant regions was restricted to residues for which =5 assigned spectra were detected in the untreated samples. The locations of transmembrane 3-strands were
predicted using the program BOCTOPUS and are shown above each graph (red indicates predicted periplasm-facing residues, gray indicates predicted trans-
membrane B-strands, and blue indicates predicted extracellular facing residues). A large N-terminal portion of HopQ is highly susceptible to proteolytic
digestion, whereas the C-terminal portion of HopQ is resistant to proteolytic digestion. The other 3 OMPs (HopE, HorB, and HofC) are relatively resistant to
proteolysis. The resistant C-terminal region of HopQ corresponds to a region predicted by BOCTOPUS to have multiple transmembrane -strands, consistent
with a B-barrel structure. Three protease-resistant OMPs (HopE, HorB, and HofC) are each predicted to have predominantly B-barrel structure.
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