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Previous studies have shown that the Helicobacter pylori ArsRS two-component signal transduction system
contributes to acid-responsive gene expression. To identify additional members of the ArsRS regulon and
further investigate the regulatory role of the ArsRS system, we analyzed protein expression in wild-type and
arsS null mutant strains. Numerous proteins were differentially expressed in an arsS mutant strain compared
to a wild-type strain when the bacteria were cultured at pH 5.0 and also when they were cultured at pH 7.0.
Genes encoding 14 of these proteins were directly regulated by the ArsRS system, based on observed binding
of ArsR to the relevant promoter regions. The ArsRS-regulated proteins identified in this study contribute to
acid resistance (urease and amidase), acetone metabolism (acetone carboxylase), resistance to oxidative stress
(thioredoxin reductase), quorum sensing (Pfs), and several other functions. These results provide further
definition of the ArsRS regulon and underscore the importance of the ArsRS system in regulating expression
of H. pylori proteins during bacterial growth at both neutral pH and acidic pH.

Persistent colonization of the human stomach with Helico-
bacter pylori results in gastric inflammation and contributes to
the pathogenesis of peptic ulceration, gastric adenocarcinoma,
and mucosa-associated lymphoid tissue lymphoma (4, 43). H.
pylori is highly adapted for colonization of the human stomach,
and multiple mechanisms allow the bacteria to proliferate in
this highly acidic environment (3, 11). One mechanism by
which H. pylori tolerates gastric acidity involves the enzymatic
generation of ammonia from various substrates. Enzymes in-
volved in ammonia production include urease (a nickel-con-
taining enzyme composed of subunits UreA and UreB) (36)
and amidases (38).

In comparison to many other bacteria, H. pylori possesses
relatively few transcriptional regulatory systems (2, 46). The
ArsRS two-component signal transduction system has an im-
portant role in allowing H. pylori to sense and regulate target
genes in response to changes in pH and is required for colo-
nization of the stomach (25, 29, 31-33, 50, 51). This two-
component system is comprised of a sensor kinase (ArsS, cor-
responding to HP0165 in H. pylori 26695) and a response
regulator (ArsR, corresponding to HP0166) (20, 28; reviewed
in references 21 and 34). The ArsRS two-component system
regulates multiple genes involved in acid resistance, including
genes encoding members of the urease complex (33), amidases
(32), and carbonic anhydrase (50). The accepted model for
pH-dependent regulation by this two-component system in-
volves detection of a change in the environmental pH, which
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leads to phosphorylation of the ArsS sensor kinase protein
(34). The phosphate from the activated ArsS protein is then
transferred to the cognate response regulator ArsR, which in
turn binds to and modulates the expression of target genes. In
support of this model, several studies have detected direct
binding of ArsR to the promoter regions of various acid-re-
sponsive target genes (12, 32, 33, 50, 51). In addition to the
regulation of H. pylori gene expression by the phosphorylated
form of ArsR, ArsR in its unphosphorylated state also likely
plays a key role in the regulation of H. pylori genes. This view
is supported by the observation that strains encoding a form of
ArsR with a mutated phosphorylation site are viable, whereas
arsR null mutant strains are nonviable (12).

In previous studies, members of the ArsRS regulon have
been identified by isolating DNA sequences that bind to ArsR
(12) and by analyzing gene expression in arsS mutant strains
compared to wild-type strains (15, 19, 25, 32, 51). Several
strain-specific variations in ArsRS regulons have been identi-
fied (15). Comparative transcriptional profiling experiments
have been performed using wild-type and arsS mutant strains
cultured at either pH 5.0 or pH 7.0 (15, 25, 32, 51). Validation
of the array results has been carried out for only a few of the
genes that are differentially expressed in wild-type and arsS
mutant strains (19, 32, 33, 50, 51), and thus the ArsRS regulon
has not yet been completely characterized. In this study, we set
out to characterize further the regulon controlled by the
ArsRS two-component system and to investigate further the
regulatory role of the ArsRS system.

MATERIALS AND METHODS

Bacterial strains and growth conditions. H. pylori reference strain J99 (2) was
used in this study. Bacterial cultures were routinely passaged every 2 days on
Trypticase soy agar plates containing 5% sheep blood at 37°C in ambient air
containing 5% CO,. For proteomic experiments, wild-type and mutant H. pylori
strains were grown overnight in modified brucella broth supplemented with 5%
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fetal bovine serum (BB-FBS) (pH 7.0) to an optical density at 600 nm (ODy)
of 0.5 to 0.6. The cultures were then subcultured into fresh BB-FBS broth
(adjusted to either pH 5.0 or 7.0) for either 1.5 h or 3.5 h (25). Bacteria were
harvested and stored at —80°C prior to proteomic analysis. Escherichia coli
strains were grown in Luria-Bertani (LB) medium supplemented with ampicillin
(50 pg/ml) or kanamycin (25 pg/ml) as necessary.

Generation of H. pylori arsS sensor kinase mutants. To generate arsS mutant
strains, two independent single-colony isolates of wild-type H. pylori strain J99
(designated J99A and J99B), each of which was catalase, urease, and cag4
positive, were transformed with the nonreplicating plasmid p165Km1 as previ-
ously described (25). Transformants were selected on brucella agar plates sup-
plemented with kanamycin (10 pg/ml). Insertion of a kanamycin resistance
cassette into the chromosomal arsS gene was confirmed by PCR analysis. The
arsS mutant strains were designated J99A (arsS::kan) and J99B (arsS::kan).

Difference gel electrophoresis (DIGE) and mass spectrometry (MS). Wild-
type and isogenic arsS mutant strains [J99A and J99A (arsS::kan) or J99B and
J99B (arsS::kan)] were each cultured in quadruplicate at pH 5.0 and pH 7.0 as
described above. Bacteria were lysed for 30 min with lysis buffer {7 M urea, 2
M thiourea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS)} as previously described (10). Bacterial lysates (0.25 mg protein per
sample) were precipitated separately with methanol and chloroform (54) and
resuspended in 30 .l of labeling buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30
mM Tris, 5 mM magnesium acetate). The N-hydroxysuccinimide (NHS)-ester
dyes Cy2, Cy3, and Cy5 were used for minimal labeling, using the mixed-internal-
standard methodology of Alban et al. (1). Two-thirds (167 pg) of each of the 16
experimental samples (quadruplicate preparations of wild-type strain J99 and the
arsS mutant grown either at pH 5.0 or pH 7.0) was individually labeled with 200
pmol of either Cy3 or Cy5. In similar fashion, the remaining portions of each of
the 16 experimental samples (83 pg) were combined and labeled with 800 pmol
of Cy2 to generate the mixed internal standard. Labeling was performed for 30
min on ice in the dark, after which the reaction was quenched by treatment with
10 mM lysine for 10 min, followed by the addition of an equal volume of 2X
rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 4 mg/ml dithiothreitol
[DTT]). Pairs of Cy3/Cy5-labeled samples were mixed with an equal aliquot of
Cy2-labeled mixed internal standard, and 500 p.g of total protein was resolved on
each gel. A sample loading matrix was created to randomize the two independent
samples coresolved on each gel, and a dye swap labeling method was used to
ensure that independent samples within an experimental group were never all
labeled with the same Cy dye.

Proteins were resolved using eight coordinated DIGE gels for quantification
essentially as described previously (1, 16, 17; reviewed in reference 24). All
two-dimensional gel- and DIGE-associated instrumentation was manufactured
by GE Healthcare (Piscataway, NJ). First-dimension separations were per-
formed on a manifold-equipped IPGphor II first-dimension isoelectric focusing
(IEF) unit, and second-dimension 12% SDS-PAGE was performed using hand-
cast gels for which one plate was presilanized using an Ettan DALT 12 unit.
Tripartite samples were passively rehydrated into 24-cm immobilized pH gradi-
ent (IPG) strips (pH 4 to 7 range) for 24 h and subjected to simultaneous
isoelectric focusing per the manufacturer’s recommendations. Focused proteins
were equilibrated into the second-dimension loading buffer by incubating the
IEF strips in equilibration buffer (30% glycerol, 2% SDS, 6 M urea, 50 mM Tris
[pH 8.8], trace bromophenol blue) supplemented with 1% DTT for 20 min at
room temperature, followed by 2.5% iodoacetamide in fresh equilibration buffer
for an additional 20 min at room temperature. IPG strips were then seated on
top of 12% homogenous polyacrylamide gels, and second-dimension SDS-PAGE
was performed on all eight gels simultaneously at <1 W/gel overnight followed
by 20 W/gel until the dye front had migrated off the gel. Cy2/3/5-specific 16-bit
data files were acquired at 100-wm resolution separately by dye-specific excita-
tion and emission wavelengths using a Typhoon 9400 variable-mode imager, and
gels were poststained for total protein content with SyproRuby (Molecular
Probes/Invitrogen) per the manufacturer’s instructions.

The DeCyder v6.5 suite of software tools (GE Healthcare) was used for DIGE
analysis. The normalized volume ratio of each individual protein spot feature
from a Cy3- or Cy5-labeled sample was directly quantified relative to the Cy2
signal from the pooled-sample internal standard corresponding to the same spot
feature. This was performed for all resolved features in a single gel, where no
gel-to-gel variation exists between the three coresolved signals. The individual
signals from the Cy2 standard were then used to normalize and compare Cy3/Cy2
and Cy5/Cy2 abundance ratios across the eight-gel set, enabling statistical con-
fidence to be associated with each change in abundance or charge-altering
posttranslational modification using Student’s ¢ test and analysis of variance
(ANOVA). Unsupervised principal component analysis (PCA) (17, 18) was
performed using the DeCyder Extended Data Analysis (EDA) module.
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Proteins of interest were robotically excised and digested into peptides in-gel
with modified porcine trypsin protease (Trypsin Gold; Promega), and the result-
ing peptides were applied to a stainless steel target using an integrated Spot
Handling Workstation (GE Healthcare) per the manufacturer’s recommenda-
tions. Matrix-assisted laser desorption ionization-time-of-flight mass spectrom-
etry (MALDI-TOF MS) and data-dependent TOF/TOF tandem MS/MS were
performed on a Voyager 4700 (Applied Biosystems). The resulting peptide mass
maps and the associated fragmentation spectra were collectively used to inter-
rogate H. pylori sequences (Swiss-Prot and NCBI nonredundant databases) to
generate statistically significant candidate identifications using GPS Explorer
software (Applied Biosystems) running the MASCOT search algorithm (http:
/lwww.matrixscience.com). Database searches allowing for complete carbam-
idomethylation of cysteine, partial oxidation of methionine residues, and one
missed cleavage were performed. Molecular weight search (MOWSE) scores,
number of matched ions, number of matching ions with independent MS/MS
matches, percent protein sequence coverage, and correlation of gel region with
predicted molecular weight (MW) and pl were collectively considered for each
protein identification.

EMSAs. Full-length (26-kDa) ArsR and the DNA-binding domain of ArsR (13
kDa) were expressed in E. coli and purified as described previously (20). The
primers listed in Table S1 in the supplemental material were used to PCR
amplify 100- to 150-bp regions located upstream of the translation initiation sites
of the selected target genes. For each primer set, the forward primer was 5’
biotinylated. To phosphorylate the full-length ArsR protein in vitro, the purified
recombinant protein (3 wM) was incubated for 30 min at 25°C in phosphoryla-
tion buffer (50 mM Tris [pH 7.5], 5 mM MgCl,, 50 mM KCI, 1 mM dithiothreitol)
containing 50 mM acetyl phosphate (12). The recombinant ArsR proteins were
incubated with biotinylated DNA probes (100 pM) for 20 min in a binding buffer
[10 mM Tris (pH 7.5), 50 mM KCI, 1 mM DTT, 50 ng/pl poly(dI-dC), 0.05%
NP-40, 2.5% glycerol, 5 mM MgCl,]. For competition assays, a 20-fold excess of
nonbiotinylated probe (compared to biotinylated probe) was included in the
binding mixture. Loading buffer was then added, and the samples were subjected
to electrophoresis in a 6% polyacrylamide native gel in 0.5X TBE (50 mM Tris
[pH 8.3], 45 mM boric acid, 5 mM EDTA). Samples were electrophoretically
transferred to a nylon membrane (Bio-Rad), and the transferred DNA was
cross-linked to the membrane using a UV Stratalinker 1800 (Stratagene). Biotin-
labeled DNA was detected using the Light Shift chemiluminescence electro-
phoretic mobility shift assay (EMSA) kit (Pierce) and visualized on X-ray film.

Analysis of AI-2 production. H. pylori strains were cultured overnight in bru-
cella broth supplemented with 5% FBS and inoculated into fresh culture medium
at an ODyg of 0.2. At various time points, aliquots of the culture were removed
and cell-free conditioned media (CM) prepared as previously described (23, 26).
The conditioned media then were added (10% [vol/vol] final concentration) to
cultures of the Vibrio harveyi reporter strain BB170 (6, 44). Following 5 h of
incubation, the luminescence of V. harveyi cultures was quantified using a lumi-
nometer (OpticompIl; MCM Instruments). Luminescence induction values were
calculated as the ratio of luminescence observed following the addition of H.
pylori conditioned medium to that observed following the addition of sterile
brucella broth.

RESULTS

Proteomic analysis of wild-type and arsS mutant strains. As
a first step in investigating the role of the sensor kinase ArsS in
H. pylori protein expression, we analyzed a pair of wild-type
and isogenic arsS mutant strains designated strains J99A and
J99A (arsS::kan). These strains were each cultured for 3.5 h in
medium adjusted to starting pH values of 5.0 and 7.0. The pH
of the pH 5.0 cultures increased slightly during the course of
the experiment; at the time of harvest, the pH of wild-type
cultures was 5.8 * 0.3 and the pH of arsS mutant cultures was
5.5 = 0.2. Bacterial cell lysates were prepared, and proteins
were labeled with Cy3 or Cy5. All 16 extracts (quadruplicate
samples of wild-type and arsS mutant strains, each cultured at
pH 5.0 or 7.0) were then simultaneously coresolved across
eight two-dimensional (2D) DIGE gels that included a Cy2-
labeled 16-mix pooled-sample internal standard, as described
in Materials and Methods (Fig. 1A). A total of 639 resolved
protein spot features were matched across all eight gels, and
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FIG. 1. Proteomic analysis of wild-type and arsS mutant [J99A and J99A (arsS::kan)] strains, cultured at pH 5.0 and pH 7.0. (A) Representative
2D DIGE gel. A false-color overlay is shown for demonstrative purposes (Cy2 [blue], internal standard; Cy3 [green], strain J99 cultured at pH 5.0;
Cy5 [red], arsS mutant cultured at pH 5.0). (B) Unsupervised principal component analysis was used to assess variation in protein expression
patterns among the 16 samples. A total of 639 resolved protein spot features were analyzed. The first principal component (PC1) comprised 56.7%
of the variation and clearly distinguished between the wild-type and arsS mutant strains. The second principal component, comprising the second
greatest source of variation, did not distinguish between the two different growth states (pH 5.0 versus pH 7.0). (C) Principal component analyses
of 168 protein features that were altered in expression in any one of the four groups of samples relative to the others (based on ANOVA P values
of <0.05). PC1 comprises over 81% of the variation among the 168 features in this subset, and the variation represented in PC2 (6.4%)

distinguishes between bacteria grown at pH 5.0 versus pH 7.0.

the signals for each feature were normalized as described in
the Materials and Methods. Principal component analysis (17,
18) was then used to assess the variation in expression patterns
among these 639 features. The first principal component (PC1)
comprised 56.7% of the variation, and this variation clearly
distinguished between the wild-type and arsS mutant strains
analyzed in this experiment (Fig. 1B). Neither the second prin-
cipal component, comprising the second greatest source of
variation (PC2 = 9.8%), nor any of the other principal com-
ponents distinguished between the two different growth states
(pH 5.0 and pH 7.0). This analysis, at the level of all matched
features, demonstrated that most of the variation in protein
expression reflected differences between the wild-type and mu-
tant strains rather than differences arising from technical er-
rors in sample handling or unanticipated variation in growth
conditions.

We next narrowed the principal component analysis to focus
on a subset of protein features that were significantly altered in
expression in any one of the four groups of samples (wild-type
and arsS mutant strains, each cultured at pH 5.0 and pH 7.0)
relative to the others (based on ANOVA P values of <0.05).
PC1 now comprised over 81% of the variation among the 168
features in this subset (Fig. 1C), and this variation again dis-
tinguished between the wild-type and arsS mutant strains. PC2
comprised 6.4% of the variation, and this variation distin-
guished between bacteria grown at pH 5.0 versus pH 7.0 (Fig.
1C). Thus, principal component analysis demonstrated distinct
protein expression patterns in the four groups of samples.

As ArsS is known to be a regulator of acid-responsive gene
expression (25, 32, 33, 50, 51), we sought to identify proteins

that were differentially expressed in wild-type strain H. pylori
J99A compared to the isogenic arsS mutant strain [J99A
(arsS::kan)), each grown at pH 5.0. Forty-one spot features,
corresponding to 25 differentially expressed proteins, were
identified after in-gel digestion of proteins and mass spectrom-
etry analysis of the resulting peptides (see Table S2 in the
supplemental material). Of these, 13 were expressed at higher
levels in the arsS mutant than in the wild-type strain, and 12
were expressed at lower levels in the mutant strain than in the
wild-type strain (Table 1, experiment 1). Several of the differ-
entially expressed proteins were present in a series across the
first dimension of IEF, and mass spectrometry analysis of these
spot features provided matches to the same intact protein,
likely indicating the presence of charge-altering modifications.

In addition to analyzing protein expression in wild-type and
arsS mutant strains grown at pH 5.0, we analyzed protein
expression in these two strains grown at pH 7.0. The same 25
proteins that were differentially expressed in the wild-type and
mutant strains cultured at pH 5.0 were also differentially ex-
pressed when the two strains were cultured at pH 7.0 (Table 1,
experiment 1). Relatively few pH-responsive changes in pro-
tein expression were detected in either the wild-type strain or
the arsS mutant strain. The most striking of these pH-respon-
sive changes were acid-induced upregulation of AccB (biotin
carboxyl carrier protein) (2) and ComH (competence protein)
(41) (data not shown). These changes were detected in both
the wild-type and arsS mutant strains, which indicated that
pH-dependent alteration in expression of these two proteins is
ArsS independent.
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TABLE 1. Comparison of protein expression patterns in wild-type H. pylori strain J99 and isogenic arsS mutants
Expt 1¢ Expt 2
Function and protein” Locus tags® pPH S pH7 pH S pH7
a?jggg P value® arf:t/ij(?g P value arift/i?‘) P value al'rsft/g(?9 P value
Acid acclimation
AmiE jhp0279, HP0294 0.27 <0.001 0.35 0.003 0.16 <0.001 0.13 <0.001
HypB jhp0837, HP0900 0.63 0.010 0.66 0.006 0.52 <0.001 0.52 <0.001
RocF jhp1427, HP1399 1.89 0.002 1.62 <0.001
UreB jhp0067, HP0072 0.25 <0.001 0.26 <0.001 0.16 <0.001 0.15 <0.001
UreG jhp0063, HP0068 0.28 <0.001 0.31 <0.001 0.26 <0.001 0.26 <0.001
UreH jhp0062, HP0067 0.27 <0.001 0.29 <0.001
Acetone metabolism
AcxA jhp0633, HP0695 2.36 0.010 1.89 0.038 2.82 <0.001 2.69 0.001
AcxB jhp0632, HP0696 2.18 0.011 1.81 0.026 2.74 <0.001 2.68 <0.001
AcxC jhp0631, HP0697 2.32 0.037 231 0.011 2.95 <0.001 2.73 <0.001
Motility
FlaA jhp0548, HP0601 56.48 <0.001 87.69 <0.001 1.42 <0.001 1.27 0.27
FlaB jhp0107, HPO115 34.49 <0.001 24.43 <0.001
FIgE jhp0804, HP0870 15.2 <0.001 14.22 <0.001 1.42 0.004 1.6 0.019
FlgK jhp1047, HP1119 8.96 <0.001 9.84 <0.001 1.63 0.005 1.58 0.039
FlgL jhp0280, HP0295 7.65 0.001 9.64 <0.001
FliD jhp0689, HP(0752 6.76 <0.001 5.69 <0.001
Oxidative stress resistance
TrxR1 jhp0764, HP0825 0.65 0.002 0.58 <0.001 0.6 0.008 0.59 0.002
TrxR2 jhp1091, HP1164 0.65 <0.001 0.64 0.003
Other
AspB jhp0568, HP0624 0.71 0.009 0.69 0.008
FabD jhp0083, HP0090 1.51 0.000 1.45 <0.001 1.5 0.012 1.51 0.001
FutB jhp0596, HP0651 1.61 0.001 1.59 0.014
HomD jhp1346, HP1453 2.43 0.001 2.66 0.002 2.09 0.006 1.99 0.004
Hypothetical protein jhp0149, HP0162 0.19 0.000 0.19 <0.001 0.22 <0.001 0.2 <0.001
MetB jhp0098, HP0106 0.41 0.000 0.43 <0.001
Pfs jhp0082, HP0O089 1.37 0.014 1.25 0.024 1.51 0.005 1.47 0.006
ProS jhp0223, HP0238 0.78 0.030 0.66 0.003
TatD jhp1481, HP1573 0.55 0.000 0.57 0.023

“ Experiment 1 tested strains J99A and J99A (arsS::kan) (acid exposure for 3.5 h), and experiment 2 tested strains J99B and J99B (arsS::kan) (acid exposure for 1.5 h).

b Proteins expressed differentially in wild-type and arsS mutant strains are listed.

¢ Corresponding locus tags for the respective proteins in H. pylori strain J99 (jhp prefix) and strain 26695 (HP prefix).
4 Average volume ratios of the indicated protein features (arsS mutant/wild type). A ratio of >1 indicates that the protein was expressed at higher levels in the arsS

mutant strain than in the wild-type strain.

¢ P values when comparing protein expression in wild-type and arsS mutant strains (Student’s ¢ test).

Analysis of a second pair of wild-type and arsS mutant
strains. An unexpected result of the initial proteomic experi-
ment was the relative paucity of acid-induced changes in pro-
tein expression. Therefore, we performed another proteomic
experiment in which conditions for acid exposure were modi-
fied to more closely mimic conditions that were used for pre-
vious transcriptional studies (25, 27). For this next experiment,
we selected an independent clone of wild-type strain J99 and
generated a new arsS mutant strain. These strains [designated
J99B and J99B (arsS::kan)] were cultured in medium adjusted
to pH 5.0 and pH 7.0, as described for the previous proteomic
experiment, but the bacteria were harvested after growth for 90
min (compared to growth for 3.5 h in the first experiment). At
the time of harvest, there was only a slight increase in the pH
of the pH 5.0 cultures; the final pH of wild-type strain J99
cultures was 5.3 = 0.1, and the pH of arsS mutant cultures was
5.1 = 0.2. Lysates were then processed and analyzed by 2D
DIGE. The 2D DIGE data from this experiment were ana-

lyzed in an independent manner, without reference to the 2D
DIGE data collected in the first proteomic experiment.

Overall, the results of this second proteomic analysis (des-
ignated experiment 2), were similar to the results of the first
proteomic analysis (experiment 1). Specifically, the first prin-
cipal component (PC1) for all matched features (n = 861)
comprised 34.9% of the variation, and this variation clearly
distinguished between the wild-type and mutant strains (data
not shown). When focusing on protein features (n = 174)
where one of the four groups of samples (wild-type and arsS
mutant, each cultured at pH 5.0 or pH 7.0) was significantly
different from the others (ANOVA P values of <0.05), the first
principal component (PC1 = 76%) indicated that the largest
source of variation represented differences between the wild-
type and arsS mutant strains (data not shown). Consistent with
the results of experiment 1, very few pH-responsive changes
were observed in the second proteomic experiment.

We identified 15 proteins that were differentially expressed
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in wild-type and arsS mutant strains in both of the proteomic
experiments, and several other differentially expressed pro-
teins were identified in only one experiment (Table 1). Iden-
tification of a differentially expressed protein in only one of the
two proteomic experiments could occur if the resolution of a
protein was more satisfactory in one experiment than the
other. For example, multiple previous studies have reported
that rocF is a member of the ArsRS regulon (15, 32, 51), but
differential expression of RocF was detected in only one of the
two proteomic analyses. Identification of a differentially ex-
pressed protein in only one of the two proteomic experiments
could also occur if an unrecognized secondary mutation was
present in one of the analyzed pairs of wild-type and mutant
strains. When comparing the results of the two proteomic
experiments, the most striking difference involved the expres-
sion of proteins involved in motility. In the first experiment, six
proteins involved in motility were expressed at markedly
higher levels in the arsS mutant strain than in the wild-type
strain (~7- to 56-fold differences in an analysis at pH 5.0). In
the second experiment, we detected slightly increased expres-
sion of three of these proteins in the arsS mutant strain com-
pared to the wild-type strain, but the magnitude of the differ-
ence in protein expression (~1.5-fold difference) was much
smaller than what was observed in the first experiment.

As shown in Table 1, multiple proteins contributing to acid
resistance (including UreB, UreG, UreH, and an amidase
[AmiE] [36-39]) were reduced in expression in the arsS mutant
strains compared to the wild-type strains. Differential expres-
sion of the urease subunit UreA was not detected in the 2D
DIGE experiments, probably because its isoelectric point (pre-
dicted pI = 8.68) was outside the range selected for analysis
(pH 4 to 7). However, immunoblotting of H. pylori cell extracts
with an anti-UreA antibody (Santa Cruz Biotechnology) indi-
cated that UreA expression was reduced in the arsS mutant
compared to the wild-type strain (data not shown).

In contrast to the proteins described above that contribute to
acid resistance, several other proteins were expressed at higher
levels in the arsS mutant strains than in the wild-type strains
(Table 1). These included three subunits of acetone carboxy-
lase (AcxA, AcxB, and AcxC) that are predicted to be cotrans-
cribed in an operon (9), as well as two other proteins (FabD
[malonyl coenzyme A-acyl carrier protein transacylase] and Pfs
[methyladenosine nucleosidase]) that are also predicted to be
cotranscribed in an operon.

Binding of ArsR to DNA promoter probes corresponding to
differentially expressed proteins. To investigate whether the
expression of proteins listed in Table 1 was directly regulated
by the ArsRS system, we next performed a series of experi-
ments to investigate whether ArsR could bind to the promoter
regions of genes of interest. The full-length (26-kDa) ArsR
protein was expressed and purified as described in Materials
and Methods, and binding of this protein to biotinylated DNA
fragments (probes) was then assessed in EMSAs. In initial
experiments, we validated the ability of the full-length recom-
binant ArsR protein to bind to promoter regions of several
genes that were previously reported to be members of the
ArsRS regulon (urel, rocF, ureA, and arsR) (12, 33, 51). ArsR
was tested at a concentration of 3 wM, as described previously
(8). Consistent with previous results (8, 32, 33), ArsR retarded
the migration of these positive-control promoter probes (Fig.
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2A). We also examined the ability of ArsR to bind to promoter
regions of several genes (hopF, tlpC, flaA, and figK) previously
reported to be transcribed in an ArsRS-independent manner
(51). In agreement with the results of previous studies (51), the
migration of these negative-control promoter probes was not
retarded by ArsR (Fig. 2A).

ArsR caused a detectable shift in the migration of each of
the positive-control promoter probes in the absence of prior
treatment with acetyl phosphate, which is consistent with pre-
vious observations (51). In the absence of phosphorylation,
response regulators typically exist in a dynamic equilibrium
between activated and inactive conformations (13, 42); there-
fore, at the relatively high protein concentrations used in this
experiment (3 wM), detectable binding of nonphosphorylated
ArsR to cognate binding sites is consistent with expectations.
The migration of several positive-control promoter probes was
retarded to a greater extent if the full-length ArsR protein was
preincubated with acetyl phosphate than if it was not preincu-
bated with acetyl phosphate. This is likely attributable to an
increased binding affinity of phosphorylated ArsR to cognate
binding sites.

In further experiments, we examined the binding of the
DNA-binding domain of ArsR (i.e., ArsR-DBD) to the same
positive-control and negative-control promoter regions de-
scribed above. Similar to full-length (26-kDa) ArsR, the ArsR-
DBD protein (13 kDa) bound to ure4 and arsR promoter
probes, and binding occurred in a concentration-dependent
fashion (Fig. 2B). The minimum concentration of ArsR-DBD
that caused detectable retardation in migration of these pro-
moter probes was 1.0 wM, and therefore, binding of ArsR-
DBD to all other promoter probes was subsequently carried
out at this concentration. As shown in Fig. 2C, ArsR-DBD
retarded the migration of promoter probes (rocF, urel, arsR,
and HP1288) that were previously reported to be bound by the
full-length (26-kDa) ArsR protein (i.e., positive controls) (51).
Moreover, ArsR-DBD did not bind to the promoter probes
that were tested as negative controls (hopF, HP0813, flaA, and
tlpC) (51). Thus, the recombinant ArsR-DBD demonstrated a
DNA-binding specificity similar to that of the full-length ArsR
protein. As the full-length ArsR protein was less soluble and
less stable in solution than ArsR-DBD, we performed all sub-
sequent EMSAs with the ArsR-DBD protein.

Many of the differentially expressed proteins listed in Table
1 are encoded by genes that previously had not been consid-
ered members of the ArsRS regulon or that had been identi-
fied as candidate members of the ArsRS regulon based on
array studies but were not validated by gel shift assays or
related approaches. To evaluate whether the corresponding
genes were directly regulated by the ArsRS system, we tested
the ability of ArsR-DBD to bind to promoter regions of these
genes (Table 2). As shown in Fig. 3, ArsR-DBD bound to
biotinylated promoter probes for acxA, fabD, homD, HP0162,
and metB. Binding of ArsR-DBD to these biotinylated pro-
moter probes occurred in a concentration-dependent fashion,
and binding was competitively inhibited by the addition of
excess unlabeled probes (Fig. 4). No binding of ArsR-DBD to
DNA sequences upstream from acxB or pfs was detected. This
is probably attributable to the localization of these genes im-
mediately downstream of acxA4 and fabD; we hypothesize that
acxA/acxBlacxC and fabD/pfs are cotranscribed (Fig. 3). Simi-
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FIG. 2. Binding of ArsR and ArsR-DBD to DNA promoter probes. (A) Full-length ArsR binding to promoter regions of target genes
previously reported to be regulated by ArsR. Fragments of 150 bp upstream of the translational initiation sites of the target genes were PCR
amplified, using biotinylated primers. DNA fragments were incubated with buffer alone, unphosphorylated ArsR (3 wM final concentration), or
ArsR that was phosphorylated by incubation with acetyl phosphate (see Materials and Methods). Fragments tested included positive-control
promoter probes (urel, rocF, ureA, and arsR) known to be bound by ArsR and negative-control promoter probes (hopF, tlpC, flaA, and figK).
Samples were subjected to nondenaturing PAGE and transferred to nylon membranes, and biotinylated DNA was visualized using chemilumi-
nescent techniques. Lane 1, no protein; lane 2, unphosphorylated ArsR protein; lane 3, phosphorylated ArsR. (B) ArsR-DBD binding to arsR and
ureA promoter probes. Increasing concentrations of the ArsR-DBD protein were added to DNA fragments, and the samples were then subjected
to nondenaturing PAGE. Separation and visualization of biotinylated DNA were performed as described for panel A. (C) ArsR-DBD binding to
promoter regions of target genes previously reported to be regulated by ArsR. Promoter probes were incubated with 1.0 puM ArsR-DBD.
Fragments tested included positive-control promoter probes (rocF, urel, arsR, and HP1288) known to be bound by ArsR and negative-control
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promoter probes (hopF, HP0813, flaA, and tipC) (32, 51).

larly, ArsR-DBD did not bind to DNA sequences upstream
from #zxR1, but it did bind to a promoter probe for trx1, a gene
located immediately upstream of #xRI (Fig. 3 and 4). We
hypothesize that trxI and t7xR1 are cotranscribed. In summary,
these EMSA results indicate that ArsR binds directly to the
promoter regions located upstream from acxA, acxB, acxC,
trxR1, fabD, pfs, homD, HP0162, and metB and provide evi-
dence that the ArsRS system directly regulates expression of
these genes.

ArsR-DBD did not bind to promoter regions located up-
stream from several of the genes listed in Table 1. For exam-
ple, ArsR-DBD did not bind to the promoter regions located
upstream of the flagellar genes flaA, figK, figE, fliD, and flgL
(Fig. 2 and 3C) and did not bind to promoter regions for hypB
or proS (Fig. 3A and B). This suggests that the observed dif-
ferential expression of the corresponding proteins in 2D DIGE
experiments was not mediated directly by the ArsRS system.

Comparison of AI-2 production in wild-type and arsS mu-
tant strains. One of the differentially expressed proteins iden-
tified in both proteomic analyses was Pfs (5'-methyladenosine
nucleosidase). Pfs is an enzyme that regulates the production

of S-ribosylhomocysteine, the substrate that LuxS converts to
the autoinducer molecule AI-2 (7, 35). We hypothesized that
increased expression of Pfs in the arsS mutant strain compared
to the wild-type strain might result in increased production of
AI-2. To test this hypothesis, we compared AI-2 production in
the wild-type strain and the arsS mutant strain. As shown in
Fig. 5, the addition of conditioned medium from an arsS mu-
tant strain [J99B (arsS::kan)] to a V. harveyi reporter strain
resulted in significantly greater luminescence than did condi-
tioned medium from the wild-type strain (P value of <0.05 by
the paired Student # test). These results provide evidence that
increased expression of Pfs in the arsS mutant strain is associ-
ated with increased production of AI-2.

DISCUSSION

In this study, we investigated the regulatory role of the
ArsRS two-component signaling system by comparing the pro-
teomes of wild-type and isogenic arsS mutant strains. Several
previous studies have shown that the ArsRS two-component
system is involved in the regulation of H. pylori gene expression
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TABLE 2. Members of the ArsRS regulon identified by proteomic
analysis and confirmed by ArsR-DNA binding assays

ArsR binding”
Protein Proteomic analysis®
Current study® Previous studies?
AmiE ++ ND +
AcxA ++ + ND
AcxB ++ + ND
AcxC ++ + ND
FabD ++ + ND
HP0162 ++ + ND
HomD ++ + ND
MetB + + ND
Pfs ++ + ND
RocF + + +
TrxR1 ++ + -
UreB ++ + +
UreG ++ + +
UreH + + +

“ ++, proteins differentially expressed in arsS mutant strains compared to
wild-type strains in both proteomic experiments. +, proteins differentially ex-
pressed in only one of the two proteomic experiments.

® ArsR binding to promoter regions of target genes (or upstream genes within
operons), as determined by EMSAs or DNA footprinting analysis. +, ArsR
binding; —, absence of binding; ND, binding of ArsR was not determined.

¢See Fig. 2, 3, and 4.

@ Binding as determined by Dietz et al. (12), Pflock et al. (32, 33), or Wen et
al. (51).

in response to pH changes in the environment (31, 32, 50, 51),
and therefore, we analyzed protein expression during bacterial
growth at both pH 5.0 and pH 7.0. Since transcriptional alter-
ations are detectable when H. pylori is cultured under pH 5.0
conditions compared to pH 7.0 conditions (27, 53) and differ-
ences in the transcription of wild-type and arsS mutant strains
are detectable when these strains are cultured at pH 5.0 (31,
32, 50, 51), we expected to detect specific pH-responsive
changes in protein expression in the wild-type strain but not in
the arsS mutant strain. In fact, we detected very few pH-
responsive changes in either strain. A failure to detect acid-
induced alterations in protein expression could potentially in-
dicate that the low-pH conditions used in this study were not
optimal to allow acid-induced alterations in protein translation
or, alternatively, that posttranscriptional regulatory processes
may have blunted the expected acid-induced alterations in
protein expression (5). We did not perform experiments in
which the bacteria were cultured at a pH of <5.0, because H.
pylori growth in vitro is inhibited under such conditions (40).
Despite a limited ability to detect pH-responsive changes in

- D — B

metB proS trxR2

hypB acxA acxB trxR1 trx1 fabD pfs homD HP0162
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protein expression, we were nevertheless able to detect numer-
ous proteins that were differentially expressed in arsS mutant
strains compared to wild-type strains. These proteins were
differentially expressed in arsS mutant strains compared to
wild-type strains not only when the bacteria were cultured at
pH 5.0 but also when they were cultured at pH 7.0 (Table 1).
These data indicate that the ArsRS two-component system
has an important regulatory role even in the absence of a
low-pH stimulus, and they suggest that the ArsRS system
might be responsive to other environmental factors in addi-
tion to low pH.

By using mass spectrometry, we identified 15 electrophoreti-
cally resolved proteins that were differentially expressed in
experiments involving two different pairs of wild-type and arsS
mutant strains. Multiple additional proteins were differentially
expressed in only one of the two proteomic experiments. To
further evaluate candidate ArsRS-regulated proteins identified
in this study, we performed gel shift experiments. Among the
26 proteins identified as candidate members of the ArsRS
regulon, direct binding of ArsR to promoter regions of five of
these proteins (UreB, UreH, UreG, AmiE, and RocF) had
been demonstrated previously (12, 32, 33, 51). We examined
ArsR binding to promoter regions of 16 additional genes (in-
cluding all 10 genes whose protein products were differentially
expressed in both proteomic experiments and 6 genes whose
protein products were differentially expressed in only one of
the two proteomic experiments), and we detected binding of
ArsR to 9 of these genes (Table 2). Thus, we conclude that 14
of the differentially expressed proteins identified by 2D DIGE
analysis are directly regulated by the ArsRS system (Table 2).

We were unable to detect a direct role of the ArsRS system
in regulating several of the differentially expressed proteins
identified in this study. In particular, we did not detect binding
of ArsR to promoter regions of five flagellar genes tested. In
experiment 1, we observed dramatic differences in the expres-
sion of multiple flagellar components when comparing the
wild-type and arsS mutant strains, but these dramatic differ-
ences were not observed in the second experiment. We did not
perform additional experiments (such as complementation
analysis) to investigate the basis for the differences in flagellar
protein expression observed in the first proteomic experiment,
and therefore it is unclear whether these alterations resulted
from an unrecognized secondary mutation or other factors.
However, the absence of detectable ArsR binding to the pro-
moter regions of the corresponding flagellar genes provides

C.
flgK flaB flgg fliD figL
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FIG. 3. Binding of ArsR-DBD to DNA promoter probes corresponding to proteins that were differentially expressed in wild-type and arsS
mutant strains. EMSAs were performed using 1.0 puM ArsR-DBD and promoter regions of genes whose protein products were differentially
expressed in the arsS mutant and wild-type strains. EMSAs were performed as described in Materials and Methods. The predicted relationships
of cotranscribed genes are indicated by directional arrows. (A) Analysis of genes encoding proteins whose expression was altered in both proteomic
experiments 1 and 2; (B) analysis of genes encoding proteins whose expression was altered in only one of the proteomic experiments; (C) analysis
of genes encoding flagellar proteins that were differentially expressed in experiment 1.
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FIG. 4. Specificity in the binding of ArsR-DBD to target DNA sequences. Various concentrations (0 to 4.0 uM) of the DNA-binding domain
of ArsR (ArsR-DBD) were added to promoter probes for genes encoding differentially expressed proteins, and the ability of ArsR-DBD to bind
these DNA sequences was examined using nondenaturing gel electrophoresis. For competition assays, reaction mixtures contained 2.0 uM
biotinylated ArsR-DBD with or without a 20-fold excess of nonbiotinylated probe.

evidence that these motility-associated genes are not members
of the ArsRS regulon.

When performing gel shift experiments in this study, we
assessed binding of ArsR to target promoters by using either
recombinant full-length ArsR or the DNA-binding domain of
ArsR. In general, we did not detect any differences in the
specificity of target DNA binding by full-length ArsR com-
pared to ArsR-DBD. The ability of the DNA-binding domain
of a response regulator to bind to or activate target genes has
also been demonstrated in studies of E. coli two-component
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FIG. 5. AI-2 production in H. pylori wild-type and arsS mutant
strains. Wild-type (WT) or arsS mutant H. pylori strains were cultured
in broth for 8 h or 20 h, resulting in similar optical densities of the
wild-type and mutant cultures. Conditioned media from these cultures
were assayed in a bioluminescence assay using V. harveyi BB170 as an
AI-2 reporter strain (see Materials and Methods). The figure indicates
luminescence induced by conditioned media from H. pylori cultures
relative to luminescence induced by sterile brucella broth. Conditioned
medium from the arsS mutant strain induced significantly greater
luminescence than did conditioned medium from the wild-type strain
(P < 0.05 by Student’s ¢ test). The data represent results (means *
standard deviations) for triplicate samples from a single experiment.
Similar results were obtained in three independent experiments.

systems (14, 45), and in the case of the response regulator
PhoB, the C-terminal DNA-binding domain binds to a target
pho box sequence with an affinity seven times higher than that
of the unphosphorylated full-length protein (14).

Previous studies have attempted to identify members of the
ArsRS regulon, using a variety of approaches. The results of
these previous studies have not been entirely uniform, perhaps
due to differences in methodology among the studies and the
use of several different H. pylori strains (12, 15, 25, 32, 51). In
a previous study (25), we utilized DNA macroarrays to evalu-
ate H. pylori gene transcription in wild-type and arsS mutant
strains, each grown at pH 5.0 or pH 7.0. We analyzed the data
from these previous transcriptional profiling experiments to
allow a comparison with the proteomic results described in the
current study. Among the 15 proteins that were differentially
expressed in wild-type and arsS mutant strains in two separate
proteomic experiments in the current study (Table 1), 8 of the
corresponding genes (acxAB, fabD, flaA, hypB, pfs, trxR1, and
ureB) were differentially expressed at the transcriptional level
in wild-type and arsS mutant strains during growth at pH 5.0
(data not shown). For two of the seven remaining proteins
identified in both proteomic experiments, the corresponding
genes (ureG and amiE) had previously been shown to be di-
rectly regulated by ArsR (12, 32, 33, 51). The differences be-
tween previous transcriptional profiling results and the current
proteomic results may be attributable to limitations of the
previously employed array technologies and also might be at-
tributable to the occurrence of posttranscriptional regulatory
phenomena. When comparing the results of the current study
with previous transcriptional profiling results, another relevant
factor is that the current proteomic analysis focused on
proteins with isoelectric points of between 4 and 7, and
therefore ArsRS-regulated proteins with higher isoelectric
points, such as UreA, were not detected using the current
proteomic approach.

One of the ArsRS-regulated proteins identified in the cur-
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rent study is Pfs, a methyladenosine nucleosidase that plays a
key role in the activated methyl cycle of bacteria (reviewed in
reference 49) by converting the toxic S-adenosyl-L-homocys-
teine to S-ribosyl-L-homocysteine. The latter product can then
be converted by the LuxS protein to the quorum signal AI-2
(49). Consistent with the observed increased expression of Pfs
in the arsS mutant strain compared to the wild-type strain, AI-2
levels were higher in the arsS mutant than in the parental
wild-type strain. Previous studies have shown that the expres-
sion of flaA can be modulated by AI-2 (26), and therefore,
increased AI-2 levels in the arsS mutant compared to the
wild-type strain could potentially account for the detectable
differences in FlaA protein expression that were observed in
the second proteomic experiment.

The list of newly recognized ArsRS regulon members iden-
tified in this study includes three subunits of acetone carbox-
ylase (AcxA, AcxB, and AcxC), which are predicted to be
cotranscribed in an operon. H. pylori is able to use acetone as
an alternative carbon source, and mutagenesis of the acx
operon reduced the ability of H. pylori to colonize mice (9). A
previous study showed that the acx operon is regulated by an
orphan response regulator known as HP1021 (30). The fabD-
pfs operon also appears to be regulated by both the ArsRS
system and the orphan response regulator HP1021 (this study
and reference 30). Thus, there seems to be dual regulation of
these target genes by the ArsRS two-component system and
the HP1021 response regulator. There are multiple other ex-
amples of H. pylori genes that seem to be regulated by both the
ArsRS system and other transcriptional regulatory systems.
For instance, in a previous study, we demonstrated overlap in
genes regulated by the CrdRS two-component system and
members of the ArsRS regulon (25). There is also overlap
among acid-responsive genes that are regulated by both the
ArsRS and FIgRS two-component systems (52). Similarly, the
urease operon is regulated by both ArsRS and the nickel reg-
ulator NikR, while AmiE is regulated by both ArsRS and the
iron utilization regulator Fur (47, 48). The regulation of H.
pylori genes by multiple two-component systems potentially
allows finely regulated gene expression in response to changing
environmental stimuli (22).
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