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Helicobacter pylori is the only neutralophile that has been able to colonize the human stomach by using a
variety of acid-adaptive mechanisms. One of the adaptive mechanisms is increased buffering due to expression
of an acid-activated inner membrane urea channel, Urel, and a neutral pH-optimum intrabacterial urease. To
delineate other possible adaptive mechanisms, changes in gene expression in response to acid exposure were
examined using genomic microarrays of H. pylori exposed to different levels of external pH (7.4, 6.2, 5.5, and
4.5) for 30 min in the absence and presence of 5 mM urea. Gene expression was correlated with intrabacterial
pH measured using 2’,7’-bis-(2-carboxyethyl)-5-carboxyfluorescein and compared to that observed with expo-
sure to 42°C for 30 min. Microarrays containing the 1,534 open reading frames of H. pylori strain 26695 were
hybridized with cDNAs from control (pH 7.4; labeled with Cy3) and acidic (labeled with Cy5) conditions. The
intrabacterial pH was 8.1 at pH 7.4, fell to 5.3 at pH 4.5, and rose to 6.2 with urea. About 200 genes were
up-regulated and ~100 genes were down-regulated at pH 4.5 in the absence of urea, and about half that
number changed in the presence of urea. These genes included pH-homeostatic, transcriptional regulatory,
motility, cell envelope, and pathogenicity genes. The up-regulation of some pH-homeostatic genes was con-
firmed by real-time PCR. There was little overlap with the genes induced by temperature stress. These results
suggest that H. pylori has evolved multifaceted acid-adaptive mechanisms enabling it to colonize the stomach

that may be novel targets for eliminating infection.

Helicobacter pylori is a motile neutralophile that is unique-
ly adapted to colonizing the often highly acidic environment
of the human stomach (8, 49). No other neutralophile has
adapted to grow in the normal stomach, although many can
transit the stomach. Although the exact pH at the surface of
the gastric epithelium, the niche occupied by the organism, is
not known, experiments with urel deletion mutants in animal
models show that the pH must often be lower than 4.0 (37, 55).
For growth under these conditions, specialized mechanisms
likely have evolved.

Neutralophilic bacteria, such as Escherichia coli, have an
acid tolerance response in log phase and an acid resistance
response in stationary phase (9). These responses allow these
neutralophiles to survive extremes of pH but do not allow
growth. In the case of H. pylori, changes of expression of some
genes under acidic conditions could be unique in allowing
growth and therefore may be considered acid-adaptive rather
than acid tolerance or resistance genes. Aside from their mi-
crobiological interest, identification of these genes might allow
the design of novel eradication strategies for this type I car-
cinogen (41, 53).

The initial response of E. coli and other enteric neutralo-
philes to acute cytoplasmic acidification is activation of out-
ward H" pumps, in particular the F,F, ATPase (27). However,
survival with prolonged acid exposure requires alteration of
gene expression. Several genes involved in acid tolerance or
resistance have been described in E. coli. One set of products
of such genes that has been studied extensively is the amino
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acid decarboxylases, particularly arginine and glutamate decar-
boxylases. These enzymes are membrane embedded, function
best at an internal pH (pH;,,) of ~5.0 (52), and are important
in the buffering of intracellular H". Additional acid tolerance
responses include induction of a protein that modifies the lipid
composition of the inner membrane by making cyclopropane
fatty acids (12), thereby altering the proton permeability of the
inner membrane either directly or by prevention of the inser-
tion of proton-permeable inner membrane proteins. Acid con-
ditioning of E. coli has been observed, since preexposure to
acid improves acid survival upon exposure to a more extreme
pH, implying gene regulation as an additional mechanism for
acid survival (57).

In the case of another enteric organism, Salmonella enterica
serovar Typhimurium, although an external pH (pH,,,) of 5.8
results in simple pH homeostasis, a lower pH induces an acid
tolerance response by altering the expression of several regu-
latory genes, including the o® factor encoded by rpoS, the iron
regulatory factor fur, and the two-component signal transduc-
tion system phoPQ (21).

Changes in the functions of these regulatory factors may
result from stabilization against protease activity or phosphor-
ylation, as well as increased translation. The bacteria can tran-
sit the acidity of the gastric lumen, but they cannot grow in the
normal stomach, since their internal pH falls below the pH
range of most of their enzyme systems, even with the acid
tolerance or resistance response (21).

A different acid resistance mechanism has been adopted by
Yersinia enterocolitica. This microbe expresses a urease with a
sharp pH optimum of 5.0 that is active only when the cytoplas-
mic pH falls to the value observed when the external pH falls
below 3.0. The enhanced urease activity prevents the cytoplas-
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mic pH from falling below 5.0, but at that pH, protein synthesis
is halted. Hence, this urease mechanism allows transit through,
but not habitation of, the stomach (56). Thus, although other
neutralophiles are able to respond to acidity of the medium by
expression of acid tolerance or resistance genes, only gastric
Helicobacter spp. are likely to express or regulate expression of
what might be termed acid-adaptive genes that may be in-
volved in allowing this neutralophile to flourish in the gastric
environment.

One such acid-adaptive gene of gastric Helicobacter spp. is
urel, included within the urease gene cluster (20). There are
seven genes in this cluster, ureA, -B, -1, -E, -F, -G, and -H. ureA
and ureB encode the structural subunits of the neutral-pH-
optimum urease and are generally constitutively expressed.
The last four genes are involved in the assembly of nickel into
the apoenzyme to generate active urease. Homologs of these
genes are expressed by other ureolytic organisms (11, 36, 38,
40). However, the third gene in the cluster, urel, encodes an
inner membrane pH-gated urea channel (42, 46, 54). Its func-
tion is to increase the access of urea to intrabacterial urease in
an acidic milieu. With this increase in urea entry, intrabacterial
urease activity is able to buffer the cytoplasm and periplasm at
acidic pH values that are usually incompatible with growth (10,
48, 54). The essential roles of Urel and urease in allowing
gastric infection establish that the environment of the organ-
ism is often acidic. In particular, the demonstration that urel
deletion mutants were able to colonize the gerbil stomach
when acid secretion was inhibited but failed to survive when
acid secretion was allowed to return showed that the pH of the
gastric habitat often must be <4.0, the in vitro limit for survival
in the absence of urea (37, 54). Presumably, the ammonia and
carbon dioxide generated by intrabacterial urease are able to
buffer both the cytoplasm and the periplasm. It has been shown
that the presence of urea, and hence intrabacterial urease
activity, is essential for protein synthesis at a pH of <5.0 (48).
Since the organism inhabits an environment where the pH
often falls below 4.0, urease activity at this external pH permits
growth that otherwise would not be possible.

The information summarized above indicates that the or-
ganism can flourish at acidic pH, although the exact pH limits
of its ability to colonize the gastric surface are not known. The
pH of the contents of the stomach varies widely, falling to ~1.0
in the absence of food and perhaps rising to 5.0 during the
digestive phase. Gastric juice urea is ~1 mM and may at times
be insufficient to ensure the gastric survival of H. pylori. The
migration of the organism from antrum to fundus with inhibi-
tion of acid secretion in humans and in gerbil suggests that an
optimal pH is sought by the bacteria (28, 29, 30, 37).

Various other genes, including genes that would be capable
of adding other pH-homeostatic mechanisms to the cytoplasm
or periplasm, have been identified as either improving acid
survival or changing expression in acidic media (13, 33, 50).
There have been recent reports of systematic studies investi-
gating genes of H. pylori that change under acidic conditions
(32, 34). These have either investigated acid shock or mea-
sured gene expression as a function of time of exposure.

Examination of the level of gene expression using DNA
microarrays over a limited medium external pH range from 7.4
to 4.5 using impermeant buffers in the absence and presence of
physiological levels of urea is likely to simulate the majority of
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the conditions the bacteria encounter in the stomach. Further-
more, correlation of these changes with alterations in cytoplas-
mic pH allows conclusions as to the site of regulation of gene
expression. In the absence of urea, 187 genes appeared to be
up-regulated and 113 genes appeared to be down-regulated
more than twofold. The presence of urea reduced the number
of genes affected by acidic pH by ~50%. Different genes
showed distinct patterns of response to pH and to the presence
of urea, indicating different sites or mechanisms of acid-adap-
tive regulation. The pattern of response to temperature stress
was quite distinct from that of acidic pH exposure.

These results indicate H. pylori has evolved an acid-adaptive
rather than an acid tolerance or resistance response to an
acidic external environment. This acid-adaptive response en-
ables growth in the acidic environment of the stomach, allow-
ing colonization by rather than just survival of the organism.

MATERIALS AND METHODS

Bacterial strains and growth conditions. H. pylori strain 26695 was obtained
from the American Type Culture Collection. Primary plate cultures of H. pylori
were grown from glycerol stocks on blood agar medium for 2 to 3 days in a
microaerobic environment (5% O,, 10% CO,, and 85% N,) at 37°C. In prepa-
ration for an experiment, bacteria were scraped from the plates, suspended in 1
mM phosphate HP buffer (138 mM NaCl, 5 mM KCIl, 1 mM CaCl,, 0.5 mM
MgCl,, 10 mM glucose, 1 mM glutamine), pH 7.0, and transferred to fresh plates
for 24 h. For exposure to experimental low-pH conditions, the overnight cultures
of H. pylori strain 26695 on Trypticase soy agar plates supplemented with 5%
sheep blood were suspended in brain heart infusion (BHI) medium (Difco) to an
optical density at 600 nm of 0.20 to 0.25. The pH of BHI was adjusted to 7.4, 6.2,
5.5, or 4.5 using concentrated HCI followed by filtration to remove any precip-
itate. The H. pylori organisms were then incubated in the presence or absence of
5 mM urea with shaking (120 rpm) under microaerobic conditions at 37°C for 30
min at 10-fold dilution with medium to ensure the presence of urea at the end of
the experiment. The presence of urea at the end of each incubation was con-
firmed by adding jack bean urease to the supernatant after centrifugation of the
organisms for RNA preparation and demonstration of a rapid rise in the medium
pH.

For temperature stress experiments, the bacteria were exposed to 42°C for 30
min at a medium pH of 7.4 and then processed as for the pH exposure conditions
by pelleting them by centrifugation (at 1,500 X g for 10 min at 4°C), followed by
isolation of the RNA.

RNA preparation. Total RNA was isolated from H. pylori strain ATCC 26695
using TRIzol reagent (Invitrogen, Carlsbad, Calif.) combined with RNeasy col-
umns (Qiagen, Valencia, Calif.). The bacterial pellet was resuspended in 500 .l
of TRIzol reagent and lysed at room temperature for 5 min before 100 pl of
chloroform was added. After the pellet was spun at 12,000 X g for 10 min at 4°C,
the supernatant was mixed with 250 pl of ethanol and applied to an RNeasy spin
column, and RNA purification was performed following the manufacturer’s
instructions (beginning with the application to the column). To remove contam-
inating genomic DNA from purified RNA, samples were treated with RQ1
RNase-free DNase (Promega), followed by proteinase K digestion, phenol-chlo-
roform extraction, and precipitation with ethanol. The RNA concentration was
quantified by absorbance at 260 nm, and the quality was evaluated by capillary
electrophoresis using a model 2100 Bioanalyzer with an RNA 6000 Nano Assay
kit (Agilent Technologies).

Microarray preparation. PCR products that contained 1,534 predicted open
reading frames (ORFs) of H. pylori strain 26695 were purchased from Invitrogen
Corporation. The concentration of the PCR product was estimated based on the
density of the band on an ethidium bromide-stained agarose gel. After purifica-
tion of the PCR products using a QIAquick 96-well PCR purification kit (Qia-
gen), ~4 ug of PCR product for each ORF was loaded into a fresh 96-well PCR
plate. After the plates were completely dried with a speed vacuum, they were
resuspended by adding 10 pl of sodium bicarbonate buffer (NaHCO;-Na,CO; at
a concentration of 350 mM at pH 9.0) to each well for printing (University of
California—Los Angeles Microarray Core Facility). All steps of glass slide prep-
aration, printing, and processing after printing were performed as described by
Eisen and Brown (18). The final array contained 1,534 unique sequences and
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spots of genomic DNA of H. pylori with known concentrations as external
controls.

Fluorescent cDNA labeling. For each comparative array hybridization, labeled
cDNA was synthesized by reverse transcription from experimental RNA (pH 7.4,
6.2, 5.5, or 4.5 with or without 5 mM urea) in the presence of Cy5-dCTP, and
from control RNA (pH 7.4) with Cy3-dCTP, using the Superscript II reverse-
transcription kit (Invitrogen). H. pylori-specific cDNA-labeling primers (Sigma-
Genosys) priming cDNA synthesis of total H. pylori RNA were used to prepare
fluorescently labeled probes for array hybridization. For each reverse-transcrip-
tion reaction, H. pylori cDNA-labeling primers that preferentially prime mRNAs
in H. pylori and total H. pylori RNA (40 pg) were mixed in a final volume of 12.5
wl, heated to 90°C for 2 min, and ramped to 42°C for 20 min prior to probe
synthesis. Fluorescent-cDNA-probe synthesis was performed at 42°C for 3 hin a
25-ul reaction volume containing 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM
MgCl,, 10 mM dithiothreitol, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP, 0.2
mM dCTP, 0.1 mM either Cy3- or Cy5-conjugated dCTP (Amersham), 40 U of
RNAsin (Promega), and 200 U of Superscript IT reverse transcriptase (Invitro-
gen.). Following reverse transcription, the RNA template was degraded by in-
cubation for 40 min at 65°C in 0.27 M NaOH, followed by neutralization with
Tris-HCI buffer. The labeled ¢cDNA was purified and concentrated prior to
hybridization using Microcon 30 concentrators (Amicon).

Genomic-DNA labeling. Genomic DNA was labeled by a simple random-
priming protocol based on the Gibco-BRL Bioprime DNA-labeling kit. For each
labeling reaction, 2 g of H. pylori genomic DNA and 15 pg of random octamers
were mixed in a final volume of 40 pl and heated to 100°C for 5 min. Fluorescent
genomic DNA labeling was performed at 37°C for 2 h in a 50-pl reaction volume
containing 50 mM Tris-HCI (pH 6.8), 5 mM MgCl, 10 mM B-mercaptoethanol,
0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP, 0.2 mM dCTP, 0.1 mM either Cy3-
or Cy5-conjugated dCTP (Amersham), and 50 U of Klenow fragment. The
labeled cDNA was purified and concentrated prior to hybridization using Mi-
crocon 30 concentrators. The labeled DNA was generated from strain 26995 as
a template and then hybridized to the microarray.

Microarray hybridization. H. pylori microarrays were hybridized in a final
volume of 20 pl containing 3 SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.8 mg of salmon sperm DNA/mI, and 0.2% sodium dodecyl sulfate.
Prior to hybridization, combined Cy3- and Cy5-labeled probes (representing
different pH conditions) were heated to 95°C for 2 min and pipetted directly onto
microarray slides. A glass coverslip (22 by 22 mm) was applied, and the arrays
were hybridized overnight at 65°C in a humidified hybridization chamber. Fol-
lowing hybridization, the slides were washed for 5 min in 0.2X SSC with 0.1%
sodium dodecyl sulfate, followed by two washes of 3 min each in 0.2X SSC and
rinsing in 0.05X SSC. To remove residual salts, the slides were spun at 500 rpm
for 5 min prior to being scanned.

Array quantification and data processing. Following hybridization, the array
slides were scanned using a GMS 418 scanner (Genetic Microsystems, Inc.),
which is available in the University of California—Los Angeles Microarray Core
Facility. Separate images were acquired for Cy3 and Cy5. The signal intensity
for each spot were determined using ScanAlyze (available at http://www
.microarrays.org/software.html) and Phoretix Array (Nonlinear Dynamic) soft-
ware. Following background subtraction, signal intensities were calculated as the
percentage of the total signal from all spots as a means of normalization. These
values were used to determine the ratio of experimental to control signals. A
threshold of minimum acceptable signal (2 standard deviations above back-
ground intensity) was used to eliminate expression ratios that were extremely
high or low due to undetectable signal in control or experimental samples. A
t test was applied to determine the consistency of ratios across replicate hybrid-
izations. Only those ratios with values showing =2-fold change (either increase
or decrease) and having a 95% confidence interval as determined by the ¢ test
were considered to indicate significantly regulated genes.

Cluster analysis. Cluster and Treeview (19) were used to select, group, and
visualize genes whose expression varied across the samples. We extracted tables
(rows of genes and columns of individual microarray hybridizations) of normal-
ized fluorescence ratios from the database. The subsets of genes that were
significantly regulated by low pH (as described above) were selected from the
1,534 ORFs on the array. Before the clustering and display, the logarithm of the
measured fluorescence ratios for each gene was centered by subtracting the arith-
metic mean of all ratios measured for that gene. Then, a hierarchical clustering
algorithm was applied to the genes at each experimental condition using the
Pearson correlation coefficient as the measure of similarity and average linkage
clustering (19).

Real-time PCR. Primers were designed to 100- to 300-bp regions of the
selected up-regulated genes seen in the microarray and were used in standard
PCR to ensure that there was only one product. Primer design was aided by the
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TABLE 1. Cytoplasmic pHs at different medium pHs with
and without 5 mM urea

Cytoplasmic pH*

Medium pH
+Urea —Urea
7.4 8.0 8.1
6.2 7.0 7.1
5.5 6.9 6.5
4.5 6.5 53

“ Cytoplasmic pH with (+) or without (—) 5 mM urea.

Primer 3 software available at http://www-genome.wi.mit.edu/genomesoftware
/other/primer3.html (43). The template for the real-time reaction was the cDNA
equivalent to that used in the microarrays, and H. pylori strain 26695 genomic
DNA serially diluted 10-fold was used as a standard curve. A reaction mixture
containing the master mixture with CYBR green label (Qiagen) and the primers
was added to a 96-well plate, along with 1 pl of cDNA or genomic DNA
template, for a final reaction volume of 50 pl/well. The negative control con-
tained the reaction mixture but no DNA. Samples were run in an icycler real-
time PCR machine (Bio-Rad) for 40 cycles (30 s at 92°C, 30 s at 55°C, and 40 s
at 72°C). Data were collected during the extension step and expressed as arbi-
trary fluorescence units per cycle. A melting curve was run at the end to ensure
that there was only one peak and only one product.

Measurement of intrabacterial pH. (i) BCECF loading. H. pylori strain 26695
was grown overnight on Trypticase soy agar plates supplemented with 5% sheep
blood (Becton Dickinson). The bacteria were removed from the plate and re-
suspended in 5 ml of BHI medium (Difco). The pH-sensitive fluorescent probe,
2',7"-bis-(2-carboxyethyl)-5-carboxyfluorescein (BCECF) acetoxymethy ester,
was then added to the bacterial suspension to a final concentration of 10 pM.
The nonfluorescent ester is converted to the relatively impermeant pH-sensitive
probe BCECF by intrabacterial esterase. The bacterial suspension was incubated
in a microaerobic (5% O,, 10% CO,, and 85% N,) environment at 37°C for 30
min. To remove external free BCECF, the bacteria were pelleted by gentle
centrifugation (3,000 X g; 5 min) and resuspended in 300 pl of Hp medium (140
mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 0.5 mM MgSO,, 10 mM glucose, 1 mM
glutamine) buffered with either 100 mM 3-(N-morpholino)propane sulfonic acid
(HpMOPS), pH 6.5 to 7.7; 100 mM 2-(N-morpholino)ethanesulfonic acid
(HpMES), pH 5.5 to 6.5; or 50 mM homopiperazine-N,N’-bis-2(ethanesulfonic
acid) (HpHOMOPIPES), pH 4.0 to 5.0. BHI medium is not compatible with
BCECF fluorescence measurements. Experiments were performed with and
without 5 mM urea. To measure pH;,, 20 pl of BCECF-loaded H. pylori
organisms were added to 3 ml of HpMOPS, HpMES, or HpHOMOPIPES,
depending on the desired pH, and fluorescence was monitored in a dual-
excitation (Ex1 = 502 nm; Ex2 = 436 nm) single-emission (Em = 530 nm)
fluorimeter.

(ii) Calibration of pH;,,. Each experiment was independently calibrated. Once
the fluorescence of the internal BCECF was measured, 150 nM protonophore,
3,3',4' 5-tetrachlorosalicyanilide, was added to equilibrate the pH internally to
that of the medium. HCI was then added to obtain minimum fluorescence of the
dye, followed by the addition of NaOH to obtain maximum fluorescence of the
dye. The internal pH was calculated using the equation pH;, = pK, + log[(R —
R)/I(Rp — R) X Fapnz)/Fppnzyl, where pK, is the pK, of BCECF (7.0), R = 502
nm/436 nm for each data point, R is the ratio at minimum fluorescence, Ry is
the ratio at maximum fluorescence, Fa(y2) is the minimum fluorescence at 436
nm, and Fg,») is the maximum fluorescence at 436 nm.

RESULTS

Intrabacterial pH. Cytoplasmic pH fell as the medium pH
was reduced in stepwise fashion from 7.4 to 4.5, as shown in
Table 1. The measured cytoplasmic pH was always higher than
the external pH throughout this range, even in the absence of
urea, showing the presence of internal buffering capacity even
in the absence of urea. In the presence of 5 mM urea, addi-
tional buffering was seen. Although there are no change of the
cytoplasmic pH with the addition of urea at pH 6.2 or 7.4 in the
medium, there are significant elevation of the intrabacterial
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pH in a medium of pH 5.5 and 4.5 with the addition of urea.
The increase of cytoplasmic pH to ~7.0 allows continued pro-
tein synthesis at pH 5.5, although at a lower rate than the pH
of 8.1 found at neutral medium pH (47). Confocal microscopy
showed that at pH 6.2 with the addition of urea there was a
significant increase in the fluorescence of BCECF free acid in
the periplasm following the addition of 5 mM urea, as previ-
ously demonstrated for pH 5.5 in 5 mM phosphate buffer (4)
(data not shown).

Validation of the microarray. Genomic DNA of strain 26695
was labeled with either Cy3 or Cy5 and then hybridized to the
array of ORFs from strain 26695. Of the 1,534 sequences
present on the slide, all the spots were detected by both the
fluorophores, indicating that the microarray slides were well
printed and recognized. No significant variability in signal in-
tensities was observed when dye-swap was performed between
experiments and reference samples, excluding the experimen-
tal artifacts introduced by differential sensitivity of Cy3 and
CyS5 to photobleaching.

Gene expression of H. pylori exposed to different acidic me-
dium pHs in the absence and presence of urea. The microarray
method was used to survey the general transcriptional activity
of the whole genome in H. pylori maintained at neutral pH (pH
7.4) compared to gradually decreasing external pHs (pH 6.2,
5.5, and 4.5). Throughout the experiment, impermeant buffers
were used and the external pH was unchanged. These condi-
tions were kept constant throughout the experiment during an
exposure period of 30 min before RNA extraction, and the
bacteria were harvested under log-phase growth conditions.
This short period of exposure was selected to eliminate a
possible transition from log to stationary phase. Identical con-
ditions were used when 5 mM urea was present in order to
analyze the effect on gene regulation of intrabacterial urease
activity after activation of Urel by acidic medium pH. This
might represent the conditions prevailing in the stomach.

The microarrays containing 1,534 ORFs of H. pylori strain
26695 were hybridized with fluorescently labeled cDNAs from
the control (pH 7.4) condition (labeled with Cy3; green) and
various acidic experimental conditions (labeled with Cy5; red).
By comparing cDNA from each experimental condition with a
common control (pH 7.4), variation in gene expression across
the experimental conditions could be inferred from the ob-
served variation in the normalized Cy5-red/Cy3-green ratio
across the hybridization array. Several experiments (at least
three) were performed at each pH with and without urea to
ensure the reproducibility of the data.

General observations. There was a progressive increase in
the number of genes changing expression as the medium pH
was lowered, with a preponderance of up-regulated genes. A
twofold up-regulation was selected as an arbitrary cutoff point
at pH 4.5. The presence of 5 mM urea during the incubation
reduced the number of genes that were activated twofold or
more across all pH values. A quantitative tabulation of signif-
icant differences in total gene expression under the experimen-
tal conditions examined is presented in Table 2.

Exposure to pH 4.5 without urea was the most potent effec-
tor of gene regulation in these experiments, resulting in signif-
icant (=2-fold) up-regulation of 187 genes, while pH 4.5 with
5 mM urea resulted in up-regulation of 101 genes. At this pH,
102 genes were down-regulated more than twofold in the ab-
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TABLE 2. Quantitative summary of low-pH-induced changes
in H. pylori gene expression”

No. (%) of genes”:

pH 5 mM urea
Up-regulated Down-regulated

6.2 Yes 13 (0.8) 7(0.5)
6.2 No 28 (1.8) 32(2.1)
55 Yes 36 (2.3) 22 (1.4)
55 No 87 (5.7) 80 (5.2)
4.5 Yes 10 (6.6) 53(3.5)
4.5 No 187 (12.2) 113 (7.0)

“ Almost all of 1,534 ORFs on the array were detectable with intensities above
background level in all the experiments.
® The percentages in the table are percentages of the 1,534 ORFs on the array.

sence of urea and 53 were down-regulated more than twofold
in the presence of urea. Of the up-regulated genes, 122 had
known functions, whereas 65 were of unknown function. For
the down-regulated genes, 99 had a known function and 26 are
as yet undefined. More genes were up-regulated than were
down-regulated by low pH in all the experiments (Table 2).
The number of genes changing expression increased with in-
creasing acidity in both the absence and presence of urea.

A log,-log, scatter plot, shown in Fig. 1, illustrates the pro-
gressive change in the numbers of genes up-regulated and
down-regulated as a function of fixed medium pH in the ab-
sence of urea. The total fractions of genes in the microarray
containing 1,534 ORFs that showed detectable levels of ex-
pression were very similar (~90%) under the various experi-
mental conditions examined. In contrast, there were striking
differences in the general patterns of gene regulation mani-
fested in response to gradually decreasing pH (Fig. 1B to D
and F). It can be seen that the correlation of labeling with Cy3
or Cy5 was very high at neutral pH, and there was a progressive
number of genes that changed as the external pH was lowered
(Fig. 1A to D). Figure 1E and F show the effect of the presence
of urea at pH 7.4 and 4.5. There was little change in gene
expression when urea was added to H. pylori incubated at pH
7.4, but the number of genes changing expression level de-
creased dramatically in the presence of urea. Although the
presence of urea reduces the number of genes changing ex-
pression, there are still a large number of genes whose expres-
sions were altered at acidic pH even in the presence of urea.

Figure 2 shows two representative microarray images in
which hybridization with cDNAs derived from H. pylori main-
tained at pH 7.4 is compared to the hybridization of the
c¢DNAs generated from H. pylori maintained at pH 4.5 in the
presence of 5 mM urea. The constancy of expression of ureA is
noteworthy. Expression of ureB is also constant under these
conditions. These genes appear to act as housekeeping genes
under the conditions employed here. Also shown are some
of the genes that can be considered as contributing to pH
homeostasis (amiE [GenBank accession no. HP0294]; hypA
[HP0869]; AypB [HP0900]; and the carbonic anhydrase gene
[HP1186]), as well as the up-regulation of HP0165, a histi-
dine kinase sensor gene. Some down-regulated genes are also
shown, such as those encoding the type II restriction enzyme
HsdM (HP0092) and a ribosomal protein, Rps10 (HP1320).
Several genes change expression even in the presence of 5 mM
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FIG. 1. Scatter analysis of the general patterns of acidic responses of H. pylori genes revealed by transcriptional profiling. Scatter plots
(log,-log,) of average normalized intensities representing CyS-red channel versus Cy3-green channel are shown for experiments at pH 7.4 (n =
3) (A), 6.2 (n =4) (B),55 (n =3) (C), and 4.5 (n = 4) (D) without urea (No-U), as well as pH 7.4 (n = 3) (E) and 4.5 (n = 4) (F) with 5 mM
urea (U), compared with pH 7.4. Differential expression of a given gene is reflected by deviation from the yellow diagonal line. The orange diagonal
defines =2-fold up-regulation, the red diagonal defines =4-fold up-regulation, light green defines =2-fold down-regulation, and dark green defines

=4-fold down-regulation.

urea at pH 4.5; this reflects the change of cytoplasmic pH even
with urea present in the medium.

Acidic medium pH effects. (i) Up-regulated genes. Tables 3
and 4 summarize the average ratios found for the genes up-
regulated more than twofold at pH 4.5. For genes with known
or putative functions, Table 3 shows 13 functional categories.

Eight up-regulated genes possibly contribute to pH regulation
and are categorized as a group of pH-homeostatic genes. This
group contains the genes for the urease accessory proteins
UreE (HP0070) and Urel (HP0071), periplasmic carbonic an-
hydrase (HP1186), aliphatic amidase (amiE [HP0294]), L-as-
paraginase II (ansB [HP0723]), arginase (rocF [HP1399]), and
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FIG. 2. Representative hybridization with cDNA prepared from H. pylori strain ATCC 26695 incubated at pH 7.4 and 4.5. Microarrays
containing 1,534 ORFs from H. pylori strain 26695 were hybridized with fluorescent Cy3-labeled H. pylori strain 26695 cDNA from control
conditions (pH 7.4) and Cy5-labeled cDNAs from experimental conditions at pH 7.4 (A and B) and pH 4.5 with 5 mM urea (C and D). A close-up
region (boxed in each array image) is also shown (B or D). Genes that are up- or down-regulated by low pH appear in the image as red or green
spots, respectively. Genes that are expressed at similar levels in both samples appear as yellow spots. ure4 (encoding the urease structural subunit)
does not change, whereas amiE (encoding aliphatic amidase), HP1186 (encoding carbonic anhydrase), HypA and HypB (hydrogenase accessory
proteins) genes, and HP0165 (encoding histidine kinase) show clear up-regulation, and the type II restriction enzyme gene, hsdM, and a ribosomal

protein gene, rpsl0, are down-regulated.

two hydrogenase accessory proteins that are involved in nickel
homeostasis, HypA (HP0869) and HypB (HP0900) (39). Other
up-regulated genes are classified as follows: 5 genes involved in
regulation of transcription, 12 genes involved in motility and
chemotaxis, 9 genes involved in pathogenesis, 19 genes impli-
cated in energy metabolism, 3 genes involved in fatty acid and
phospholipid metabolism, 3 genes implicated in translation, 11
transporters, 4 protein turnover genes, 8 genes involved in cell
envelope structure or biosynthesis, 16 genes of DNA metabo-
lism, 13 genes involved in amino acid and cofactor biosynthe-
sis, and 9 general stress response genes. Table 4 shows 63 genes
with unknown functions that are also up-regulated twofold or
more at pH 4.5 in the absence of urea. It is clear that a large
number of genes are regulated by medium acidification and
consequent acidification of the periplasm and cytoplasm.

An intriguing pH-dependent pattern can be seen in that
some genes increased expression even at pH,,, 6.2, where the
cytoplasmic pH has not fallen below 7.0, with 10 genes with
known functions and 3 of unknown function increasing more
than twofold. However, most genes are up-regulated only when
the cytoplasmic pH falls below 7.0, i.e., at a medium pH of 5.5
or 4.5. The presence of urea throughout the incubation pre-
vents up-regulation of most, but not all, of these genes: 44

known-function genes and 30 unknown-function genes re-
mained increased more that twofold at pH 4.5, even in the
presence of urea. Notably, among the pH-homeostatic genes,
those for hydrogenase expression, amidase, asparaginase, ar-
ginase, and periplasmic carbonic anhydrase remained up-reg-
ulated in the presence of urea at pH 4.5, as did the histidine
kinase gene. Almost all the general stress response genes lost
the >twofold up-regulation when urea was present at a me-
dium pH of 4.5.

(ii) Down-regulated genes. Tables 5 and 6 show the genes
that were down-regulated =2-fold when the external pH was
4.5 in the absence of urea and the genes that were down-
regulated =2-fold in the presence of urea. Of the genes with
known function, 10 were related to cell envelope synthesis or
function; 8 were involved in cellular processes, including mo-
tility functions; 2 were related to protein or RNA degradation
and response regulation; 4 were involved in energy metabo-
lism; 25 were involved in translation; 6 were involved in trans-
port; 6 were involved in DNA metabolism; and 12 were in-
volved in biosynthesis of different small molecules, for a total
of 73 genes with known functions. The presence of urea re-
duced this number to 15 genes in which down-regulation was
still twofold or more at pH 4.5; 23 genes of unknown function
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TABLE 3. H. pylori genes up-regulated =2-fold with decreasing medium pH with and without urea

Avg ratio (exptl pH-Cy5-red/pH 7.4-cy3-green)” Gene information
H 7.4 H 6.2 H5.5 H 4.5
Group P P P P GenBank -
SmMU, SmMU NoU 5mMU NoU SmMU NoU accession no. Description
n=3) m=3) =4 @m=4 n=3) @nw=4 @n=4
pH homeostasis 0.98 111 1.19 1.01 0.99 1.02 2.56 HP0070 Urease accessory protein (urek)
(8 ORFs) 0.95 1.09 1.01 0.98 1.16 1.49 2.35 HP0071 Urease accessory protein (urel)
0.96 0.99 1.44 0.90 1.88 2.86 7.86 HP0869 Hydrogenase expression/formation
protein (fypA)
0.99 1.06 2.38 1.59 3.30 2.14 2.34 HP0900  Hydrogenase expression/formation
protein (hypB)
0.96 1.12 1.49 0.97 2.01 1.85 4.76 HP1186  Carbonic anhydrase
0.87 1.06 1.10 1.01 4.05 5.39 17.56 HP0294  Aliphatic amidase (amiFE)
0.99 0.96 1.46 1.71 2.20 1.98 2.90 HP0723  L-Asparaginase 11 (ansB)
0.93 1.08 1.03 1.13 1.69 1.77 6.49 HP1399  Arginase (rocF)
Motility and chemotaxis 0.96 1.00 1.70 1.25 1.59 1.52 2.80 HP0019  Chemotaxis protein (chel)
(12 ORFs) 1.14 1.57 1.50 1.46 1.56 1.52 4.13 HP0082 Methyl-accepting chemotaxis transducer
(dpC)
0.95 0.98 1.42 1.21 2.07 2.01 2.45 HP0115  Flagellin B (flaB)
0.92 1.00 1.43 1.07 1.97 1.58 3.23 HP0325  Flagellar basal-body L-ring protein
(flgH)
1.00 1.08 1.19 1.05 1.17 0.99 2.24 HP0393  Chemotaxis protein (chel)
1.10 1.27 1.79 1.86 1.92 2.06 2.03 HP0601  Flagellin A (flaA)
0.99 0.91 1.27 1.04 2.09 1.97 3.37 HP0751  Polar flagellin (flaG)
1.01 0.97 1.11 1.01 1.21 1.40 2.05 HP0752  Flagellar-hook-associated protein 2 (fliD)
0.99 0.89 1.20 1.29 1.47 1.57 2.31 HP1067  Chemotaxis protein (cheY)
1.02 1.35 3.13 4.36 4.66 6.13 14.12 HP1192 Secreted protein involved in flagellar
motility
1.05 0.98 1.02 1.07 1.15 1.01 4.81 HP1557  Flagellar basal-body protein (fliE)
1.07 0.88 0.99 0.91 1.03 1.02 2.13 HP1559 Flagellar basal-body rod protein (figB)
Pathogenesis (9 ORFs) 1.04 0.93 1.06 1.06 2.01 1.57 2.24 HPO0315  Virulence-associated protein D (vapD)
1.06 0.92 1.05 1.03 1.24 1.22 2.47 HP0520 Cag pathogenicity island protein (cagl)
1.06 1.10 1.61 1.29 1.48 1.45 2.22 HP0528 Cag pathogenicity island protein (cags8)
1.01 0.97 1.06 1.01 1.33 1.14 2.06 HP0532  Cag pathogenicity island protein (cagl2)
1.03 1.11 1.20 1.01 0.99 1.03 2.35 HP0537 Cag pathogenicity island protein (cagl6)
0.94 1.46 1.64 1.42 2.19 2.06 3.44 HP0540 Cag pathogenicity island protein (cagl9)
0.93 0.95 1.36 1.12 1.74 1.27 2.45 HPO0541 Cag pathogenicity island protein (cag20)
1.02 0.92 1.29 1.03 1.48 1.32 3.40 HP0542 Cag pathogenicity island protein (cag21)
1.15 0.98 1.50 1.09 1.82 1.65 2.02 HP0543 Cag pathogenicity island protein (cag22)
Regulatory functions 1.07 2.85 1.88 2.58 2.20 2.10 2.41 HPO0165 Signal-transducing protein; histidine
(5 ORFs) kinase
1.01 1.36 1.23 1.01 1.06 1.40 421 HPO0166 Response regulator (ompR-like)
0.93 1.16 1.06 1.30 1.14 1.04 8.61 HP0278 Guanosine pentaphosphate
phosphohydrolase (gppA4)
0.95 0.98 1.04 1.10 1.28 2.24 497 HP1287  Transcriptional regulator (tenA)
1.01 1.53 1.63 1.45 2.09 2.89 2.65 HP1572  Regulatory protein DniR
Cell envelope (8 ORFs) 0.94 0.97 1.84 1.00 2.30 2.18 2.72 HP0025 Outer membrane protein (omp2)
1.00 1.39 1.37 1.60 1.21 3.51 3.61 HP0079 Outer membrane protein (omp3)
1.01 1.23 1.01 1.40 1.86 2.16 3.98 HPO0180 Apolipoprotein N-acyltransferase (cute)
0.92 1.19 2.05 1.28 2.07 2.28 5.92 HP0472 Outer membrane protein (ompll)
0.98 1.25 1.54 0.97 1.36 1.80 2.07 HP0567  Membrane protein
0.89 0.96 1.90 1.49 2.60 1.66 423 HP0623 UDP-N-acetylmuramate-alanine ligase
(murC)
1.07 1.03 1.08 1.06 2.66 111 3.97 HP0896  Outer membrane protein (omp19)
0.94 0.95 1.42 1.30 1.53 2.53 3.32 HP1456 ~ Membrane-associated lipoprotein (Ipp20)
Energy metabolism 0.88 0.93 1.07 0.94 2.07 2.06 2.42 HP0193  Fumarate reductase; cytochrome b
(19 ORFs) subunit (frdC)
0.90 0.99 1.02 1.02 0.97 0.96 2.78 HP0194  Triosephosphate isomerase (tpi)
1.10 0.92 0.91 0.92 1.21 1.22 2.65 HP0277  Ferredoxin
0.98 1.25 1.55 2.10 2.06 2.11 3.09 HP0357 Short-chain alcohol dehydrogenase
0.96 1.05 0.95 0.97 1.01 1.27 2.95 HP0588 Ferrodoxin-like protein
0.96 1.03 1.05 1.13 1.53 1.45 2.59 HP0589 Ferredoxin oxidoreductase; alpha subunit
0.97 0.96 1.06 1.07 1.71 1.52 2.63 HP0590 Ferredoxin oxidoreductase; beta subunit
0.98 0.97 1.17 0.97 1.90 1.27 2.58 HP0591 Ferredoxin oxidoreductase; gamma
subunit
0.96 0.90 1.06 1.23 222 3.52 6.74 HP0642  NAD(P)H-flavin oxidoreductase
0.85 1.11 1.01 1.05 1.55 1.64 4.84 HP0692 3-Oxoadipate CoA-transferase subunit B
(wE)
0.93 0.95 1.24 2.10 3.50 2.75 2.49 HP0824  Thioredoxin (fix4)
0.92 0.93 1.14 1.24 1.70 1.45 3.00 HP1099 2-keto-3-deoxy-6-phosphogluconate

aldolase (eda)

Continued on following page
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TABLE 3—Continued

Avg ratio (exptl pH-Cy5-red/pH 7.4-cy3-green)” Gene information
pH 7.4 pH 6.2 pH 5.5 pH 4.5
Group GenBank Descrioti
S5mMU, 5mMU NoU 5mMU NoU 5mMU NoU gccession no. escription
(1=3) (=3 (=4 (=4 @=3 G=4 @=49
0.95 0.98 1.04 1.47 1.45 1.61 3.11 HP1100 6-phosphogluconate dehydratase
1.10 0.94 1.92 1.70 2.89 3.05 9.17 HP1166 Glucose-6-phosphate isomerase (pgi)
0.95 0.99 1.12 1.05 1.67 1.64 3.60 HP1222 D-Lactate dehydrogenase (did)
1.05 0.98 1.20 1.25 1.25 1.08 2.38 HP1345 Phosphoglycerate kinase
1.08 1.36 1.61 1.12 1.83 2.23 3.34 HP1386 D-Ribulose-5-phosphate 3 epimerase
(rpe)
0.99 1.01 1.39 1.07 1.28 2.87 3.07 HP1461 Cytochrome ¢551 peroxidase
0.99 0.87 0.95 1.51 1.34 1.52 2.56 HP1508  Ferrodoxin-like protein
Fatty acid and phospho- 1.03 1.02 1.29 0.99 1.81 2.28 7.56 HP0690  Acetyl CoA acetyltransferase (thiolase)
lipid metabolism (fadA)
(3 OREFs) 0.97 0.89 1.18 1.67 1.21 1.60 4.22 HP0950  Acetyl-CoA carboxylase beta subunit
(accD)
0.93 1.05 1.17 0.98 1.42 1.30 2.00 HP1045  Acetyl-CoA synthetase (acoE)
Translation (3 ORFs) 1.03 1.27 1.17 1.01 1.03 1.57 8.30 HP0077  Peptide chain release factor RF-1 (prfA)
1.02 1.58 2.19 2.32 2.12 2.47 5.19 HPO0182 Lysyl-tRNA synthetase (lysS)
1.10 1.00 1.45 1.07 1.92 1.94 2.23 HP0972 Glycyl-tRNA synthetase; beta subunit
(glyS)
Transporters (11 ORFs) 1.05 0.90 0.94 0.91 0.97 1.12 3.78 HP0299 Dipeptide ABC transporter permease
protein (dppB)
0.98 1.00 0.99 0.96 1.05 1.08 3.97 HP0300 Dipeptide ABC transporter permease
protein (dppC)
0.86 0.96 0.93 1.01 1.41 1.00 4.04 HP0301 Dipeptide ABC transporter ATP-binding
protein (dppD)
0.93 0.94 0.96 1.01 1.09 1.00 2.84 HP0302  Dipeptide ABC transporter ATP-binding
protein (dppF)
0.99 0.95 1.04 1.01 1.32 1.10 4.02 HP0613 ABC transporter ATP-binding protein
1.06 1.16 1.56 1.23 1.82 1.67 4.72 HP0715  ABC transporter ATP-binding protein
0.97 0.93 1.04 1.33 2.03 2.20 2.57 HP0876 Iron-regulated outer membrane protein
(fipB)
1.20 1.18 2.01 1.28 2.34 2.58 2.51 HP0889  Iron(IlI) dicitrate ABC transporter
permease (fecD)
1.03 1.07 1.13 1.03 1.52 1.44 2.98 HP0942 D-Alanine glycine permease (dagA)
1.07 1.26 1.55 2.39 3.36 4.16 2.64 HP1172  Glutamine ABC transporter; glutamine-
binding (glnH)
0.90 1.03 1.03 0.88 0.97 1.04 6.07 HP1174  Glucose/galactose transporter (gluP)
Protein turnover 0.91 1.01 1.01 1.61 1.44 1.25 2.79 HP0382 Zinc-metalloprotease (YJR117W)
(4 ORFs) 0.87 1.01 1.16 1.10 1.01 1.06 2.43 HP0570  Aminopeptidase a/i (pepA)
0.92 1.02 1.05 1.02 1.09 1.13 2.37 HPO0786  Preprotein translocase subunit (secA)
1.02 1.17 1.15 1.26 1.25 2.33 3.08 HP0793 Polypeptide deformylase (def)
DNA metabolism 1.15 1.32 0.97 1.05 1.07 0.98 5.32 HP0259 Exonuclease VII; large subunit (xseA)
(16 ORFs) 1.05 0.94 1.07 1.06 2.24 2.63 3.79 HP0478  Adenine-specific DNA methyltransferase
(VSPIM)
0.90 1.01 1.33 1.01 1.93 2.96 2.88 HP0593 Adenine-specific DNA methyltransferase
(mod)
1.03 1.25 1.62 2.16 2.15 2.17 2.45 HP0717 DNA polymerase III gamma and tau
subunits (dnaX)
0.98 1.40 1.58 2.90 2.10 5.14 3.03 HP1022  Predicted DNA polymerasel-like 5'-3'
exonuclease
0.99 1.11 1.30 1.41 0.96 1.10 2.82 HP1352  Adenine-specific DNA methyltransferase
(HINFIM)
0.99 0.97 1.78 1.37 2.29 1.83 4.93 HP1402  Type I restriction enzyme R protein
(hsdR)
1.01 0.99 2.07 1.79 2.01 1.95 3.23 HP1403 Type I restriction enzyme M protein
(hsdM)
1.04 0.87 1.48 1.46 2.08 2.23 10.09 HP0669 Remnant of type I restriction-
modification peptide
0.92 0.93 1.11 0.97 1.04 1.09 2.55 HP1470  DNA polymerase I (polA)
1.12 1.10 1.08 1.51 1.51 2.23 6.19 HP0437 IS605 transposase (tnpA)
1.02 0.94 1.09 1.57 1.57 2.40 3.81 HP0988  1S605 transposase (tnpA)
1.07 1.12 1.07 1.40 1.25 2.11 2.51 HP0998 1S605 transposase (tnpA)
1.03 1.01 1.14 1.65 1.79 1.66 4.14 HP1008 1S200 insertion sequence from SARA17
0.95 1.10 1.14 0.90 1.80 1.48 4.18 HP1095  1S605 transposase (tnpB)
1.14 1.35 1.20 1.68 1.73 1.96 4.07 HP1096  Is605 transposase (tnpA)
Biosynthesis (13 ORFs) 0.97 1.19 1.67 1.06 1.26 1.11 2.38 HP0183 Serine hydroxymethyltransferase (gly4)
0.96 1.05 2.04 1.63 2.39 2.92 6.00 HP0380 Glutamate dehydrogenase (gdhA)

Continued on following page
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TABLE 3—Continued

Avg ratio (exptl pH-Cy5-red/pH 7.4-cy3-green)”

Gene information

G pH 7.4 pH 6.2 pH 5.5 pH 4.5
roup GenBank -
SmMU, SmMU NoU 5mMU NoU SmMU NoU accession no. Description
(1=3) (=3 (=4 (=4 @=3 G=4 @=49
0.95 0.98 1.39 0.90 1.70 1.41 2.68 HP0649  Aspartate ammonia-lyase (aspA)
0.96 0.81 1.45 1.01 1.90 2.02 3.64 HP0695  Hydantoin utilization protein A (hyuA)
0.93 1.13 0.98 1.05 1.52 1.79 2.09 HP1050  Homoserine kinase (thrB)
0.96 1.05 1.17 1.01 1.20 1.13 2.57 HP1468 Branched-chain amino-acid
aminotransferase (ilvE)
0.88 1.43 2.52 1.96 2.08 3.35 2.28 HP0306 Glutamate-1-semialdehyde 2,1-
aminomutase (hemL)
0.93 1.59 2.28 2.35 1.91 5.93 3.21 HPO0376  Ferrochelatase (hemH)
1.03 0.96 1.38 1.36 1.60 2.86 2.96 HP0844  Thiamine biosynthesis protein (thi)
1.10 0.94 1.17 1.48 2.16 2.15 3.66 HPO0845 Thiamin phosphate pyrophosphorylase
(thiM)
1.04 1.09 1.20 1.05 1.16 1.02 2.84 HP1582 Pyridoxal phosphate biosynthetic protein
J
0.87 1.01 1.23 0.95 1.05 1.02 3.22 HP1583  Pyridoxal phosphate biosynthetic protein
A (pdxA)
0.94 1.43 1.90 2.47 2.14 1.67 2.32 HP0854  GMP reductase (guaC)
General stress response 1.03 1.18 1.10 1.04 1.35 1.24 2.39 HP0243 Neutrophil-activating protein (napA)
(9 ORFs) (bacterioferritin)
0.93 1.03 1.07 0.97 1.43 1.55 3.75 HP0875  Catalase
0.99 1.04 1.07 0.93 1.52 1.67 2.32 HP0020 Carboxynorspermidine decarboxylase
(nspC)
0.99 1.22 2.03 1.80 1.64 1.65 2.08 HP0047 Hydrogenase expression/formation
protein (hypE)
1.10 0.99 2.10 1.62 1.91 2.38 2.88 HP0899  Hydrogenase expression/formation
protein (hypC)
1.01 1.02 0.87 1.09 1.70 1.84 2.09 HP0485  Catalase-like protein
0.91 0.97 1.45 1.67 1.44 2.21 3.38 HP1104  Cinnamyl-alcohol dehydrogenase ELI3-2
(cad)
1.04 1.01 1.10 0.93 1.26 1.09 2.79 HP1193 Aldo-keto reductase; putative
0.91 1.12 1.03 1.07 1.10 1.17 2.10 HP0595  Predicted DsbB-like protein
“U, urea.

were also down-regulated in the absence of urea at pH 4.5,
with only 4 down-regulated in the presence of urea at pH 4.5.

Clusters of genes expressed in response to gradually de-
creasing medium pH. The tables mentioned above show the
average ratios derived from three or four different experiments
for each condition. To identify patterns of low-pH-regulated
gene expression, we performed an average-linking hierarchical
cluster analysis (19) on those genes that were regulated more
than twofold (either up or down) by a pH,,, of 4.5. The object
of the clustering was to group genes whose expression levels
among samples were similarly regulated under each of the
experimental conditions. The data presented in Fig. 3A are all
the genes that change expression as a function of varying me-
dium pH in the absence or presence of urea, as shown by color
coding, and the average level of up- or down-regulation (right-
hand column). The figure shows that there is reasonable con-
sistency across different experiments at any given pH, whether
in the presence or absence of urea.

The genes that respond to medium acidity fall into two
general categories, those that show regulation in the presence
or absence of urea (clusters a to d and f to /&) and those that
show regulation at pH 4.5 only in the absence of urea (clusters
e and i) (Fig. 3A and B). These can be further subdivided into
those that respond to pH 6.2 (early acidity response) and those
that respond only to greater acidification. This classification
possibly reflects the effect of the degree of change of pH,
periplasmic and cytoplasmic, due to urease activity.

For example, cluster a contains 15 genes that are up-regu-
lated and cluster f contains 6 genes that are down-regulated at
pH 6.2 in the absence or the presence of urea (Fig. 3A and B).
These can be thought of as early acid-adaptive genes. The
addition of urea at pH 6.2 did not affect the cytoplasmic pH
based on BCECF measurements. Nevertheless, there are also
genes that are up-regulated at pH 6.2 and that lose their
up-regulation in the presence of urea (cluster b). This corre-
lates with an elevation of periplasmic pH by the addition of
urea at pH 6.2, as visualized in confocal microscopy performed
previously (4). The genes that change at pH 6.2 in the presence
of urea thus respond to changes in periplasmic, not cytoplas-
mic, pH.

There are also a large number of genes that are up-regulated
at lower medium pH (=5.5) and maintain up-regulation in the
presence of urea (cluster c), and there are also genes that lose
up-regulation in the presence of urea (cluster ), with similar
groups visible in the down-regulated genes. Perhaps the genes
in cluster ¢ respond to the cytoplasmic pH of 6.5 to 6.9 that is
found in the presence of urea at pH 4.5 and 5.5, whereas the
genes in cluster d respond only to a cytoplasmic pH of <6.0,
such as the pH of 5.3 that is found in the absence of urea.

The specific genes contained within these clusters are shown
in Fig. 3B. Clusters a and f contain the genes that change
regulation at pH 6.2 in the absence or presence of urea. Some
of the up-regulated genes in this group are AypE (HP0047), the
histidine kinase gene (HP0165), flaA (HP0601), and the meth-
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TABLE 4. H. pylori genes of unknown function up-regulated =2-fold with decreasing medium pH with and without urea

Avg ratio (exptl pH-Cy5-red/pH 7.4-Cy3-green)

pH 7.4 pH 6.2 pH 5.5 pH 4.5 GenBank
— accession no.
S mM urea 5 mM urea No urea 5 mM urea No urea 5 mM urea No urea
(n =3) (n =3) n=4) (n=4) (n =3) (n=4) n=4)
0.92 0.78 1.00 1.08 0.85 1.12 6.47 HP0309
0.90 1.12 0.96 1.02 1.04 1.05 3.34 HP0310
1.07 0.85 1.09 1.41 1.37 2.31 3.83 HP0312
1.00 0.98 1.44 1.73 4.14 3.39 3.75 HPO0318
0.89 0.79 1.41 0.95 1.40 2.28 4.79 HP0693
1.02 0.97 1.40 1.22 1.80 1.27 2.29 HP0737
1.02 1.20 1.03 1.08 3.89 2.47 2.68 HP0891
1.09 0.99 1.06 1.08 2.24 1.60 5.93 HP0944
1.02 0.88 1.16 0.98 1.13 1.19 4.02 HP1020
1.05 0.99 0.96 1.13 3.51 2.02 3.06 HP1225
1.11 0.89 0.92 0.93 1.17 1.02 4.31 HP1240
1.03 0.98 1.28 0.92 1.19 1.10 3.74 HP0030
1.03 1.72 2.42 3.76 4.16 8.69 9.12 HP0078
1.10 0.97 1.10 1.21 3.07 1.81 6.44 HP0148
1.11 1.44 1.39 1.56 1.15 1.35 4.95 HPO0152
1.00 1.56 1.41 1.44 2.10 2.14 6.26 HP0167
0.92 1.00 2.47 1.41 2.62 1.84 4.29 HPO0168
0.98 1.07 1.39 1.02 1.59 1.68 5.61 HP0174
0.99 1.90 2.48 3.48 2.52 1.85 2.14 HPO0181
1.20 1.04 1.96 1.38 1.68 1.42 2.57 HP0184
1.08 1.02 0.95 0.91 0.97 1.03 2.99 HPO0188
1.01 1.04 2.07 1.02 4.84 2.44 7.60 HP0204
1.07 0.94 0.97 1.09 1.11 0.98 2.81 HP0218
1.01 1.35 2.39 2.01 7.22 12.99 20.72 HP0219
1.14 1.01 1.19 1.06 1.77 3.19 6.69 HP0242
1.10 0.98 1.22 1.20 1.98 2.16 3.92 HP0262
0.86 1.00 1.19 1.67 2.26 4.73 2.89 HP0304
0.98 0.97 1.78 1.40 2.02 2.07 2.36 HP0305
0.99 0.98 0.91 1.14 1.06 1.06 2.84 HPO0311
1.08 1.13 1.17 1.11 1.15 1.42 2.83 HP0367
0.97 1.43 0.98 1.17 1.09 1.05 2.70 HP0398
0.94 1.54 1.44 1.99 1.35 1.23 4.94 HP0420
1.23 1.29 1.17 1.23 1.38 1.39 3.58 HP0556
1.19 1.40 2.51 1.98 8.19 3.69 10.00 HP0614
1.08 0.96 1.25 1.02 2.62 1.76 4.24 HP0636
0.96 0.96 0.93 1.06 1.01 1.59 3.01 HP0681
0.87 0.99 1.15 1.15 1.96 2.05 3.96 HP0697
1.07 1.37 1.02 1.42 2.21 2.41 3.25 HP0704
0.91 1.04 1.18 1.18 1.00 1.26 2.81 HPO711
0.94 0.95 1.03 1.00 1.03 1.17 2.31 HPO780
1.09 1.10 1.32 1.08 1.57 2.67 2.70 HP0868
1.03 1.03 1.45 1.00 1.91 2.03 3.29 HP0874
1.12 1.08 1.19 1.75 2.20 1.08 4.58 HP0895
0.94 0.91 1.38 1.07 2.05 2.88 2.62 HP0937
1.10 0.99 1.19 2.14 2.20 3.62 9.42 HP0948
0.95 1.03 1.18 1.10 2.13 1.97 2.03 HP0953
1.03 0.96 1.36 1.30 1.28 1.29 2.72 HP0990
1.07 0.96 0.98 1.62 2.34 2.16 4.25 HP1187
1.05 1.07 1.13 1.44 2.11 2.04 5.17 HP1188
1.11 1.21 1.27 1.01 2.05 1.14 4.57 HP1207
1.08 1.00 1.08 1.70 1.32 1.28 4.47 HP1236
0.99 1.03 1.11 1.05 1.05 1.10 2.32 HP1288
0.91 1.04 0.98 1.02 1.08 1.10 5.04 HP1289
1.11 0.98 1.28 0.99 3.58 2.58 15.17 HP1326
1.04 0.88 1.30 1.04 2.23 2.11 3.48 HP1327
0.99 0.89 1.36 1.02 2.21 2.53 25.11 HP1391
1.04 0.96 2.03 1.37 2.04 2.10 2.90 HP1397
0.99 0.84 1.11 1.05 1.31 1.37 2.50 HP1412
1.01 1.29 1.47 1.17 1.79 2.36 3.06 HP1440
0.98 1.08 1.18 1.20 1.61 2.55 2.61 HP1457
0.92 1.02 1.49 1.12 1.72 1.59 4.94 HP1499
1.09 1.60 1.10 1.75 2.25 2.02 2.85 HP1520

1:10 3.86 1.42 5.09 1.54 2.18 2.31 HP0433
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TABLE 5. H. pylori genes down-regulated =2-fold with decreasing medium pH with and without urea

Auvg ratio (exptl pH-Cy5-red/pH 7.4-Cy3-green)* Gene information

G pH 7.4 pH 6.2 pHS5.5 pH 4.5
roup GenBank .
S5SmMU 5mMU NoU 5mMU NoU 5mMU NoU accession no. Description
(1=3) (1=3) (=4 (=4 (=3 (1=4) =4
Cell envelope (10 ORFs) 1.00 0.97 1.01 1.00 0.89 1.05 0.38 HP0159  Lipopolysaccharide 1,2-glucosyltransferase
(tfad)
1.00 0.90 0.42 0.43 0.30 0.24 0.13 HP0229  Outer membrane protein (omp6)
1.00 1.06 0.88 1.01 0.55 0.92 0.36 HP0379  Lucosyltransferase
0.89 0.95 1.04 0.87 0.92 1.00 0.36 HP0549  Glutamate racemase (gir)
1.01 0.96 1.08 1.11 1.10 1.01 0.47 HP0648  UDP-N-acetylglucosamineenolpyruvyl
transferase (murZ)
0.95 0.99 0.71 0.99 0.56 0.82 0.36 HP0651  Fucosyltransferase
1.14 1.08 0.68 0.72 0.42 0.57 0.42 HP0796  Outer membrane protein (ompl8)
0.84 1.08 0.73 0.63 0.47 0.43 0.27 HP0957  3-deoxy-D-manno-octulosonic-acid
transferase (kdtA)
0.94 0.35 0.26 0.31 0.28 0.13 0.29 HP1177  Outer membrane protein (omp27)
0.89 0.93 0.92 1.09 0.53 0.71 0.39 HP0228  Predicted sulfate permease
Cellular processes (8 ORFs) 1.03 0.96 0.66 0.88 0.31 0.58 0.47 HP0331  Cell division inhibitor (minD)
0.94 1.05 1.03 1.14 1.09 0.96 0.49 HP0351  Flagellar basal-body M-ring protein (fliF)
1.00 0.98 1.03 1.07 1.11 0.91 0.37 HP0517  GTP-binding protein (era)
0.91 0.88 0.48 0.71 0.35 0.45 0.43 HP0753  Flagellar protein (fliS)
1.07 1.03 0.98 0.98 1.14 0.79 0.35 HP0840  FlaAl protein
1.17 1.03 0.99 0.97 0.90 0.97 0.44 HP0930  Stationary-phase survival protein (surE)
0.91 0.71 1.01 0.71 0.89 0.80 0.47 HP1035  Flagellar biosynthesis protein (f/hF)
1.03 0.53 1.04 0.75 0.99 0.97 0.35 HP0390  Adhesin-thiol peroxidase (tagD)
Transcription and regulatory 0.93 1.12 1.06 0.56 0.43 0.40 0.26 HP1021  Response regulator
functions (2 ORFs) 0.94 0.93 0.71 0.75 0.56 0.88 0.31 HP1448  Ribonuclease P protein component (rnpA)
Energy metabolism (4 ORFs)  0.92 0.72 0.93 0.89 0.93 0.83 0.36 HP0056  Delta-1-pyrroline-5-carboxylate
dehydrogenase
0.99 1.01 0.69 0.79 0.75 0.60 0.45 HP0828  ATP synthase F,; subunit a (atpB)
0.99 0.85 0.70 0.64 0.61 0.64 0.44 HP1134  ATP synthase F;; subunit alpha (afpA)
0.86 1.04 1.00 1.03 0.71 0.71 0.40 HP1272 NADH-ubiquinone oxidoreductase subunit
(NQO13)
Translation (25 ORFs) 1.08 1.07 0.75 0.99 0.93 0.95 0.39 HP0083  Ribosomal protein S9 (1ps9)
0.99 0.91 1.02 0.97 0.85 0.91 0.35 HP0084  Ribosomal protein L13 (rpl13)
0.89 0.88 0.72 0.96 0.54 0.89 0.47 HP0200  Ribosomal protein L32 (rpl32)
1.07 1.68 1.68 0.88 0.94 0.94 0.31 HP0296  Ribosomal protein L21 (rpi21)
1.12 1.05 1.08 1.00 0.68 0.78 0.39 HPO0827  Single-stranded-DNA binding protein
12RNP2 precursor
1.17 0.97 1.03 0.89 1.10 1.00 0.40 HP1047  Ribosome-binding factor A (rbfA)
1.00 0.95 0.95 0.82 0.82 0.70 0.30 HP1148  tRNA (guanine-N1)-methyltransferase
(trmD)
1.03 0.99 0.44 1.00 0.39 0.45 0.45 HP1199  Ribosomal protein L7/L12 (rpl7/112)
1.13 0.99 0.57 0.88 0.42 0.56 0.35 HP1200  Ribosomal protein L10 (rpl10)
1.00 0.96 0.39 0.66 0.52 0.60 0.43 HP1202  Ribosomal protein L11 (rpll1)
0.99 0.88 0.81 0.68 0.74 0.54 0.42 HP1205  Translation elongation factor EF-Tu
(tufB)
1.23 1.00 0.89 1.00 0.51 0.55 0.40 HP1296  Ribosomal protein S13 (rpsi3)
1.06 1.01 0.84 0.87 0.43 0.67 0.36 HP1303  Ribosomal protein L18 (rpl18)
1.07 1.05 0.52 0.60 0.47 0.50 0.29 HP1305 Ribosomal protein S8 (rpsS)
0.90 1.22 0.64 0.84 0.54 0.95 0.42 HP1307  Ribosomal protein L5 (rpl5)
1.00 1.06 1.01 0.91 0.44 0.65 0.37 HP1309  Ribosomal protein L14 (rpl14)
0.92 1.18 0.82 0.84 0.98 0.84 0.40 HP1311  Ribosomal protein L29 (rpl29)
1.17 0.96 0.59 0.74 0.45 0.62 0.32 HP1316  Ribosomal protein L2 (rpL2)
1.02 0.59 0.62 0.65 0.46 0.37 0.26 HP1317  Ribosomal protein L23 (rpi23)
0.99 0.95 1.06 1.05 0.45 1.11 0.42 HP1318  Ribosomal protein L4 (rpl4)
0.97 0.97 0.98 0.97 0.48 0.60 0.39 HP1319  Ribosomal protein L3 (rpl3)
1.07 0.79 1.07 0.84 0.45 0.41 0.30 HP1320  Ribosomal protein S10 (rps10)
0.99 1.13 1.11 0.96 0.97 0.95 0.18 HP1497  Peptidyl-tRNA hydrolase (pth)
0.93 0.97 0.84 1.00 1.09 1.01 0.36 HPO0553  Predicted 23s rRNA methyltransferase
0.92 1.07 0.76 0.89 0.55 0.77 0.34 HP1149  Predicted 16s rRNA processing protein
Transporter (6 ORFs) 0.86 0.63 0.66 0.64 0.41 0.48 0.42 HP0497  Sodium-and chloride-dependent
transporter
0.87 1.02 0.97 0.84 0.71 0.88 0.34 HP0498  Sodium- and chloride-dependent
transporter
0.99 111 0.71 0.75 0.67 0.78 0.49 HP1181  Multidrug efflux transporter
1.07 0.77 0.58 0.51 0.50 0.75 0.42 HP1445  Biopolymer transport protein (exbB)
0.94 0.99 1.25 1.01 0.99 1.02 0.49 HP1464  Predicted ABC transport system substrate
binding protein
0.90 0.76 0.64 0.66 0.40 0.35 0.45 HP1512  Iron-regulated outer membrane protein

(fipB)

Continued on following page
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TABLE 5—Continued
Auvg ratio (exptl pH-Cy5-red/pH 7.4-cy3-green)® Gene information
pH 7.4 pH 6.2 pH 5.5 pH 45
Group GenBank Descrioti
5mMU 5mMU NoU 5mMU NoU 5mMU NoU accession no. escription
(=3 (1=3) (1=4) (1=4) (=3 (1=4) 0=4
DNA metabolism (6 ORFs) 1.06 0.89 0.45 0.41 0.25 0.26 0.27 HP0091  Type II restriction enzyme R protein
(hsdR)
1.09 0.87 0.44 0.47 0.47 0.32 0.29 HP0092  Type II restriction enzyme M protein
(hsdM)
1.12 0.92 0.86 0.97 0.62 0.80 0.40 HP0481  Adenine-specific DNA methyltransferase
(MFOKI)
0.86 0.98 0.34 0.58 0.40 0.42 0.44 HP1208  Ulcer adenine-specific DNA
methyltransferase
0.88 0.68 0.33 0.34 0.24 0.35 0.27 HP1209  Ulcer-associated gene restriction
endonuclease (IceA)
0.99 1.00 0.82 0.94 0.62 0.89 0.45 HP1421  Conjugative transfer regulon protein (trbB)
Biosynthesis (2 ORFs) 1.22 0.99 1.13 1.02 1.21 0.88 0.38 HPO0157  Shikimic acid kinase I (aroK)
1.02 0.85 1.03 0.79 1.10 0.96 0.33 HP0512  Glutamine synthetase (glnA)
0.98 1.00 0.99 1.01 1.08 0.95 0.37 HP0736 Phosphoserine aminotransferase (serC)
0.88 0.93 0.92 0.68 0.72 0.87 0.34  HP0598 8-Amino-7-oxononanoate synthase (bioF)
0.89 1.13 0.82 1.02 0.47 0.67 0.38  HP0604 Uroporphyrinogen decarboxylase (hemkE)
1.13 1.14 1.17 0.97 0.64 0.92 0.43  HP0799 Molybdopterin biosynthesis protein (m0g)
0.97 1.12 1.24 1.05 0.85 0.98 0.47 HP1360 4-Hydroxybenzoate octaprenyltransferase
(ubiA)
0.98 0.99 1.01 1.01 1.02 1.06 0.35 HP1545 Folylpolyglutamate synthase (folC)
0.95 1.02 0.92 0.84 0.99 0.87 0.32  HP0255 Adenylosuccinate synthase (purA)
0.97 0.87 1.04 0.73 0.96 0.60 0.35 HP0919 Carbamoyl-phosphate synthase (pyrAb)
0.97 0.95 1.25 1.35 0.98 0.93 0.47 HP1011 Dihydroorotate dehydrogenase (pyrD)
0.82 0.94 0.39 0.67 0.21 0.26 0.21  HP0956 Predicted pseudouridine synthase C

“ U, urea.

yl-accepting chemotaxis transducer gene, tjpC (HP0082).
Down-regulated genes of this type include the Na™- and CI™ -
dependent transporter gene (HP0497) and the pathogenicity
gene, iceA (HP1209). Cluster b contains genes that, while up-

TABLE 6. H. pylori genes of unknown function down-regulated

regulated at pH 6.2 in the absence of urea, fail to up-regulate
with the addition of urea until pH,,, 4.5 is reached. Urea still
decreases the level of expression in those genes, as shown in
the bar graph in Fig. 3. The ORFs coding for the urease ac-

=2-fold with decreasing medium pH with and without urea

Auvg ratio (exptl pH-Cy5-red/pH 7.4-Cy3-green)”

pH 7.4 pH 6.2 pH 5.5 pH 4.5 GenBank
accession no.
5 mM urea 5 mM urea No urea 5 mM urea No urea 5 mM urea No urea
(n =3) (n=23) (n=4) (n=4) (n =3) (n=4) (n=4)
1.03 1.00 0.97 1.09 1.07 0.99 0.38 HP0022
1.04 1.08 1.20 1.14 1.05 0.98 0.39 HP0162
1.01 1.08 1.13 0.98 1.07 0.73 0.48 HP0234
0.91 0.94 1.04 0.92 1.27 0.96 0.29 HP0552
0.96 0.86 0.99 0.78 0.65 0.86 0.31 HPO0707
1.03 0.94 0.98 0.97 0.76 0.78 0.35 HP0926
0.86 0.96 1.05 0.91 0.68 0.79 0.35 HP09%46
1.01 0.99 1.10 0.93 0.95 1.00 0.35 HPO161
0.91 0.97 0.85 0.80 0.51 0.62 0.42 HP0270
1.07 0.92 1.11 0.94 0.67 0.89 0.48 HP0369
0.92 1.10 1.05 0.91 0.97 0.89 0.41 HP0582
0.94 0.56 0.31 0.31 0.35 0.36 0.20 HP0603
1.01 0.96 0.91 0.69 0.43 0.73 0.37 HP0838
0.92 0.95 0.84 0.85 0.65 0.52 0.44 HP0863
0.99 0.75 0.71 0.78 0.69 0.41 0.45 HP0864
1.17 1.11 0.99 0.91 0.94 0.96 0.47 HP1029
0.98 0.98 1.06 0.93 0.79 0.88 0.33 HP1106
0.97 1.03 1.21 0.94 0.93 1.05 0.38 HP1124
1.00 0.94 0.29 0.63 0.12 0.32 0.42 HP1217
1.09 0.68 0.43 0.43 0.37 0.45 0.45 HP1334
1.08 0.91 0.65 0.59 0.28 0.64 0.48 HP1377
1.02 0.73 0.88 0.79 0.41 0.52 0.31 HP1502
0.99 1.00 1.10 0.92 0.88 0.97 0.41 HP1546
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HP0047 hydrogenase expression/formation protein (hypE)
HPO181 H. pylori predicted coding region HP0181
HP0854 GMP reductase (guaC)

HP0164 signal transducing protein, histidine kinase
HP0078 H. pylori predicted coding region HP0078
HP1572 regulatory protein DniR

HP0376 ferrochelatase (hemH)

HP0357 short chain alcohol dehydrogenase

HP0601 flagellin A (flaA)

HP0717 DNA polymerase Il gamma and tau subunits (dnaX)
HP0306 gl 1 semialdehyde 2,1 (hemL)
HP0182 lysyl tRNA synthetase (lysS)

HP1192 secreted protein involved in flagellar motility
HP0219 H. pylori predicted coding region HP0219
HP0614 H. pylori predicted coding region HP0614
HP0889 iron(IlI) dicitrate ABC transporter (fecD)
HP0900 hydrogenase expression/formation protein (2ypB)
HP1397 H. pylori predicted coding region HP1397
HP1403 type I restriction enzyme M protein (hsdM)
HP0019 chemotaxis protein (cheV)

HP0623 UDP N acetylmuramate alanine ligase (murC)
HP0168 H. pylori predicted coding region HP0168
HP0325 flagellar basal body L ring protein (fIgH)
HP1402 type I restriction enzyme R protein (hsdR)
HP0874 H. pylori predicted coding region HP0874
HP0693 conserved hypothetical integral membrane protein
HP0869 hydrogenase expression/formation protein (hypA4)
HP0649 aspartate ammonia lyase (aspA4)

HP1186 carbonic anhydrase

HP1499 H. pylori predicted coding region HP1499
HP0695 hydantoin utilization protein A (hyuA)

HP0690 acetyl coenzyme A acetyltransferase (thiolase) (fadA)
HP0543 cag pathogenicity island protein (cag22)

HP0972 glycyl tRNA synthetase, beta subunit (g/yS)
HPO115 flagellin B (flaB)

HP0715 ABC transporter, ATP -binding protein

HP0899 hydrogenase expression/formation protein (hypC)
HP1104 cinnamyl alcohol dehydrogenase ELI3 2 (cad)
HP0723 L asparaginase II (ansB)

HP1461 cytochrome c551 peroxidase

HP0380 glutamate dehydrogenase (gdhA)

HP1456 membrane associated lipoprotein ((pp20)

HP0204 H. pylori predicted coding region HP0204
HP0472 outer membrane protein (omp11)

HP0669 H. pylori predicted coding region HP0669
HP1166 glucose 6 phosphate isomerase (pgi)

HP1386 D ribulose 5 phosphate 3 epimerase (rpe)
HP1177 outer membrane protein (omp27)

HP1512 iron-regulated outer membrane protein (fipB)
HP1317 ribosomal protein L23 (rpl23)

HP0497 sodium- and chloride-dependent transporter
HP0603 H. pylori predicted coding region HP0603
HP1209 ulcer associated gene restriction endonuclease (iced)

1

Ratio

FIG. 3. Cluster analysis of gene expression patterns at different medium pHs with and without urea. (A) Hierarchical clustering was applied
to expression data from a set of 278 genes measured across eight experimental pH conditions. The 278 genes were those (of 1,534 total) with
transcript levels that varied by at least twofold relative to the control condition (pH 7.4) under conditions of pH 4.5 without urea. Data from 28
hybridizations were used: 3 for pH 7.4, 4 for pH 6.2, 3 for pH 5.5, and 4 for pH 4.5 without urea, as well as 3 for pH 7.4, 3 for pH 6.2, 4 for pH
5.5, and 4 for pH 4.5 with 5 mM urea. The color scale used to represent the expression ratios is shown on the bottom. The colored bars with labels
(a to @) refer to the identified clusters of genes. A profile bar graph for each cluster in which the mean log ratio of that cluster in each experimental
condition is plotted is shown on the right. (B) Enlargements of regions of the cluster diagram in panel A. The genes in up-regulated cluster a (top)
and down-regulated cluster f (bottom), beginning at pH 6.2 and independent of the presence of urea, are shown. The genes up-regulated at pH
6.2 where the presence of urea results in up-regulation only when the medium pH is 4.5 are shown in cluster b (middle image). Gene names are

shown corresponding to their positions in the cluster diagram.

cessory proteins UreE (0070) and Urel (HP0071), carbonic
anhydrase (HP1186), and a number of gene products involved
in energy metabolism and motility and chemotaxis and ORFs
rocF (HP1399), hypA (HP0869), cagl (HP0520), cag8 (HP0528),
cagl2 (HP0532), cagl6 (HP0537), and cagl9 to -22 (HP0540-
HPO0543), as well as the ompR-like response regulator (HP0166),
are found in this cluster.

Temperature stress. The effect of pH on gene regulation of
this organism that has adapted for life in the gastric environ-
ment may be relatively selective. When a comparison is made
with the effect of exposure to 42°C on the genes present in the
microarray, very few genes that are up-regulated overlap with
those genes that are up- or down-regulated by acid exposure,
as shown in Table 7. Of the genes discussed below, flaAd
(HP0601) is up-regulated by temperature stress, as is another

gene involved in motility, HP1192, indicating that these are
likely general stress response genes, like the outer membrane
protein gene ompll (HP0472).

Real-time PCR. Three genes from the pH homeostasis gene
cluster that were up-regulated by acid exposure were selected
for confirmation by real-time PCR amplification, and the re-
sults are shown in Fig. 4. This method confirmed the up-reg-
ulation of the genes for amidase (HP0294), arginase (HP1399),
and the periplasmic carbonic anhydrase (HP1186). Addition-
ally, the accessory genes of the urease gene cluster were also
analyzed by real-time PCR amplification, even though the up-
regulation of some of them was not detected on the microar-
ray, perhaps due to their relatively low levels of expression.
Up-regulation of ureEE (HP0070) and urel (HP0071) was con-
firmed. The real-time PCR analysis of ureF' (HP0069), ureG
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TABLE 7. 42°C-regulated H. pylori genes that overlap with pH 4.5-regulated genes
. Ratio (42°C-Cy5-red/ GenBank -
Regulation 37°(§—Cy3—gcr)éen) accession mo. Description

Up-regulated 2.2 HP0472 Outer membrane protein (ompl1)
3.1 HP1192 Secreted protein involved in motility
2 HP0601 Flagellin A (flaA)
2 HP1096 1S605 transposase (tnpA)
2.3 HP0793 Polypeptide deformylase (def)
2.3 HP1326 H. pylori predicted coding region HP1326
2.2 HP0556 H. pylori predicted coding region HP0556
2.1 HP0078 H. pylori predicted coding region HP0078
2 HP1288 H. pylori predicted coding region HP1288
2 HP0872 Alkylphosphonate uptake protein (phnA)

Down-regulated 0.4 HP0092 Type 11 restriction enzyme (hsdM)
0.5 HP1209 Ulcer-associated gene endonuclease (ice4)
0.4 HP0956 Conserved hypothetical protein
0.32 HP0296 Ribosomal protein L21 (rp/21)
0.44 HP1318 Ribosomal protein L4 (rpl4)
0.49 HP1305 Ribosomal protein S8 (1ps8)

(HP0068), and ureH (HP0067), which were not detected as
changed on the microarray, showed an increase in RNA syn-
thesis under acidic conditions (data not shown). Temperature
stress did not result in an enhanced signal in amidase (HP0294)
on the microarray, and real-time amplification confirmed that
there was no change in the expression level of this gene under
this stress condition.
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DISCUSSION

Colonization of the human stomach is a large evolutionary
challenge for a neutralophile such as H. pylori. Acid resistance
or acid tolerance responses that are expressed by other neutral-
pH-dwelling bacteria are perhaps sufficient for gastric transit,
but not for growth in the gastric environment. The urease of
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FIG. 4. Real-time PCR. (A to C) The cDNAs encoding periplasmic carbonic anhydrase (A), aliphatic amidase (B), and arginase (C) from
typical experiments of the microarray analysis at pH 7.4 and 4.5 in the absence of urea were subjected to PCR amplification. The lines represent
amplifications from cDNAs generated from the RNAs isolated at pH 7.4 and 4.5. (D) Similar amplification for the amidase cDNA resulting from
temperature stress (42°C) compared to the cDNA generated from the RNA isolated from bacteria maintained at 37°C.
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H. pylori is essential for colonization in animal models (17), but
many other organisms express urease, although perhaps at a
lower level. The acid-activated urea channel, Urel, is essential
for infection in animal models (37, 51) and is a unique adap-
tation to life in the stomach for gastric Helicobacter spp. (22).

The pH of the gastric mucus or the gastric surface is a
subject of controversy. Some suggest that the pH is close to
neutral, but microelectrode and fluorimetric methods have
generally shown a loss of pH regulation in the gastric mucus
when the pH falls below 2.0 (14, 45). This pH, representing a
concentration of 10 mM HCI, is not able to be buffered by the
maximal capacity of the stomach to secrete bicarbonate, which
is 10% of acid output. In the absence of food in the human
stomach, gastric juice is unbuffered and there is continuing
acid secretion, maintaining a fairly constant highly acidic pH.
During the digestive phase, there is buffering by food and its
digestion products, with a transient rise in pH. The median
intragastric pH is 1.4 due to the long periods of high acidity
between meals. The finding that urel-deficient organisms were
able to infect only if acid secretion was inhibited and then were
eradicated when acid secretion was restored shows that a pH of
<4.0 is present in their environment for a period sufficient for
eradication (37). Over a 24-h period, H. pylori will be exposed
to levels of acid at which ordinary neutralophiles do not divide
or grow. The changes in internal or periplasmic pH of the
organism thus must be compatible with colonization of its
niche in the stomach, and experimental and physiological ex-
periments show that this niche is highly acidic much of the
time.

Changes in gene expression can depend on changes in
periplasmic pH, cytoplasmic pH, or both. For efficient gastric
colonization, changes in either compartment must be limited.
The pH of the cytoplasm may be the most important factor
determining whether the organism is able to survive in its niche
in the stomach. Based on the measurements made here and
previously (48), exposure to a medium pH of 6.2 results in a
cytoplasmic pH of 7.0, and at this pH, the organism is able to
synthesize protein without the addition of urea, although at a
lower rate than at neutral pH. At a pH of 4.5, cytoplasmic pH
drops to 5.3 in the absence of urea and protein synthesis, and
hence, growth stops. However, at a medium pH of 4.5, the
addition of urea elevates the cytoplasmic pH to 6.2 and protein
synthesis is restored. This elevation of cytoplasmic pH may
occur at an even lower gastric pH. It is also necessary for the
bacteria to maintain their proton motive force, the electro-
chemical hydrogen ion gradient across the inner membrane, to
allow growth at the acidic pH of the environment. This can be
achieved by buffering the periplasm to above medium pH, as
has been previously shown by the restoration of inner mem-
brane potential to approximately —101 mV with urea addition
at a medium pH as low as 3.0 (48). Gene expression after acid
exposure can therefore be controlled by the level to which the
cytoplasmic pH falls and also by the periplasmic pH, perhaps
due to activation of one or more two-component systems.

Genes other than those in the urease gene cluster have
already been identified as contributing to acid survival by a
variety of methods. This implies that, although urease activity
and its regulation by Urel are necessary for infection, that
alone may not be sufficient. Other genes may be activated to
improve the maintenance of infection, and some may even play
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a role in periplasmic or cytoplasmic buffering in addition to
urease activity.

Up-regulated genes. The changes in the increase of gene
expression varied among different genes as a function of pH.
Some were up-regulated at a medium pH of 6.2; others did not
change expression until a pH of 4.5 was applied. Genes that
lose up-regulation at a medium pH of 6.2 with the addition of
urea are responding to a change in periplasmic pH, since the
cytoplasmic pH does not change (Table 1). It was observed
that BCECF free-acid fluorescence at pH 6.2 increased under
the conditions used here with the addition of urea, showing an
elevation of periplasmic pH. Genes that lose regulation with
the addition of urea at more acidic pH presumably change
expression only due to changes in the cytoplasmic pH. Thus,
up-regulation of genes detected at an external pH of 4.5 that is
absent with the addition of urea is due to a shift in the cyto-
plasmic pH from 5.3 to 6.5 that is found with the addition of
urea.

As can be seen from the tables and the cluster analysis, a
large number of genes change expression when exposed to
acid. In some cases, it is possible to deduce or suggest the
functions of up-regulated genes; in other cases, the rationale
for changes of expression is at present obscure. Hence, the
effect of acid exposure with and without urea will be discussed
for only a few categories of genes illustrated in Tables 3 and 5
and displayed in Fig. 3B.

(i) pH-homeostatic genes. The genes that theoretically could
contribute to alkalization of the cytoplasm are categorized as
pH homeostatic. Aliphatic amidase and L-asparaginase are
both capable of generating NH;, and arginase generates urea.
Each has been described as improving acid survival in vitro (33,
50). The hydrogenase expression genes hypA and hypB are
among the genes that are up-regulated at pH 6.2, but their
regulation is suppressed by the addition of urea until a pH of
5.5 or 4.5 is applied. These genes appear to be involved in the
accumulation of Ni**, the metal cofactor essential for activa-
tion of the urease apoenzyme. The urease accessory genes
encoding Urel and UreE are up-regulated at pH 4.5. Urel is
the acid-activated urea channel, and UreE is a urease assembly
protein. It appears that the promoter between ureB and urel is
activated as a function of acidity, facilitating urea entry and
assembly of urease without requiring de novo synthesis of the
enzyme itself. This would enable a more rapid response in
urease activity in spite of constant production of UreA and
UreB. Apparently, longer acid exposure also up-regulates ure4
and ureB (34). The periplasmic carbonic anhydrase gene
HP1186 is progressively up-regulated as a function of the de-
crease of medium pH and may contribute to the regulation of
the pH of the periplasm, since its deletion decreases survival at
pH 4.0 even in the presence of urea (Y.-C. Lee, T. Tohru,
H. Y. Shan, B. Grandjean, A. T. Charney, I. G. Perez-Perez,
and M. J. Blaser, abstract from the Digestive Disease Week
and 103rd Annual Meeting of the American Gastroenterologi-
cal Association 2002, Gastroenterology 122:A423, 2002). This
enzyme could function to accelerate the conversion of CO, to
bicarbonate in the periplasm, thus generating NH,HCO; as
the periplasmic buffer. It is likely that these pH-homeostatic
genes contribute to regulation of cytoplasmic and/or periplas-
mic pH, in addition to increasing urease activity. Such mech-
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anisms could compensate for variations in the urea concentra-
tion in the habitat of the organism.

(ii) Motility genes. The up-regulation of 12 genes involved in
motility or chemotaxis may be regarded as contributing to
increased motility of the organism in acid, which perhaps acts
as both an acid-adaptive response and an acidic stress re-
sponse. flaA (HP0601) and HP1192, the gene for a secreted
protein involved in flagellar motility, are among those genes
up-regulated at pH 6.2 both in the absence and presence of
urea. Although fla4 has been described as pH regulated (24,
32), both flaA and HP1192 are also up-regulated by tempera-
ture stress and hence are not selective acid-adaptive genes.
flaB and chel are among the genes increased at pH 6.2 but
suppressed by the presence of urea (Fig. 3B). cheY is also
up-regulated, but not >2-fold until pH 4.5. The change of
distribution of H. pylori with inhibition of acid secretion may be
due in part to the up-regulation of motility genes (30, 32, 37).

(iii) Pathogenesis genes. Eight genes in the pathogenicity
island are up-regulated, as well as vapD, the gene for a viru-
lence-associated protein. Many of the genes in the pathogenic-
ity island are often considered responsible for type IV secre-
tion, and perhaps an acidic environment prepares the organism
for association with the plasma membranes of its gastric cell
hosts. The cagA gene was not found to be up-regulated under
our conditions.

(iv) Regulatory genes. Various regulatory genes are up-reg-
ulated by the presence of mild acidity. Some of these may
signal changes in the periplasmic pH. The gene for the inner
membrane histidine kinase, HP0165, is one of those up-regu-
lated at pH 6.2, independently of the presence of urea (Fig.
3B). This is part of a two-component signaling system in H.
pylori. Although E. coli has 29 and 32 ORFs encoding histidine
kinase and response regulators, respectively (35), only four and
six two-component sensor and response regulator genes are
found in the genome of H. pylori. Deletion of the sensor pro-
tein gene, HP0165, that phosphorylated HP0166, ompR-like,
produced no change in the protein pattern at neutral pH,
whereas deletion of HP0166 is lethal (5, 15). The paucity of
signaling systems in H. pylori suggests that the ones that remain
are multifunctional and interact with many genes. Hence,
HPO0165 activation may be responsible for many of the acti-
vated genes seen in this profiling of the genes adapted to mild
acidity. The protein product of this gene has two transmem-
brane segments and a periplasmic domain replete with histi-
dines, which suggests the possibility that a pH of 6.2 might
determine protonation of one or more of these, resulting in
autophosphorylation. The partner of this kinase, the ompR-like
element, is also up-regulated, although not until pH 4.5.

Other regulatory genes are also increased, such as fenA4 and
dniR, and up-regulation persists in the presence of urea at pH
4.5. gppA, a stringency response element encoding a guanosine
pentaphosphate hydrolase, is up-regulated at pH 4.5, but only
in the absence of urea. The high level of up-regulation of this
gene is seen because of the low level of expression of the
stringency response component at neutral pH. A stringency
response may also be part of the acid adaptation of H. pylori.

(v) Outer envelope genes. Of the eight outer envelope genes
that show up-regulation, six are in fact outer membrane pro-
teins and two, cutE and murC, are involved in outer membrane
biosynthesis. Perhaps membrane composition determines the

INFECT. IMMUN.

permeability of the outer membrane. Since some outer mem-
brane components are down-regulated, it appears that outer
membrane synthesis is selectively affected by exposure of the
organism to acidity.

Many of the genes described above retain significant up-
regulation in the presence of urea at pH 4.5. These include the
various pH-homeostatic genes, with the exception of urel and
ureE; the motility genes flaA, flaB, and HP1192; cagl9 and the
regulatory genes HP0165 (histidine kinase) and tenA; and the
gene encoding DniR protein and all the outer membrane
genes with the exception of omp19. It seems likely that changes
of expression of these genes must occur during gastric coloni-
zation.

Previously, genes encoding the heat shock protein Hsp70
and cell wall composition, as well as cag4 (23, 25, 31), have
been observed to be up-regulated in acid, and random mu-
tagenesis showed that at least 10 genes were essential for
growth at pH 4.8 (6). Gamma-glutamyl transpeptidase has
been shown to be essential for colonization (13). The regula-
tory protein ferric uptake regulator gene (fur) is involved in
acid resistance, since its deletion impaired growth in acid (7).
The genes for pH-homeostatic enzymes, such as arginase (33)
and amidase (50), found to be up-regulated in the gene array,
increase acid survival in vitro. Since the first of these produces
intracellular urea and the second produces intracellular NH5,
they possibly have a role in increasing buffering by the organ-
ism in an acidic environment. It has also been shown that there
is increased assembly of active urease from apoenzyme during
incubation at pH 5.5, which also increases survival after expo-
sure to pH 2.5 (47). This is consistent with increased activity of
the assembly complex, which may be due in part to up-regu-
lation of the genes involved in urease assembly (ureE, -F, -G,
and -H), since these genes, in contrast to ureA and ureB, are
not constitutively expressed at moderate acidity and have much
lower expression levels. Since assembly is rate limiting for total
urease activity, regulation of the promoter (urelp) in front of
urel would be beneficial to the organism in terms of increased
synthesis of urel, -E, -F, -G, and -H, resulting in increased and
rapid assembly of the urease apoenzyme and enhanced acid-
activated urea entry. It has been suggested that acid inhibits
degradation of the mRNA translated after ureB rather than
up-regulation of gene expression (1), but both up-regulation
and stabilization may occur.

The contributions of the above-mentioned genes to acid
resistance were discovered individually. Differential display of
H. pylori grown for eight passages at pH 5.5 and 7.4 showed
elevation of eight genes, including ureB, atoE, and flaA (16).
Microarray methods, used to detect differences between strains
of H. pylori (44), have been applied to studies of the effects of
pH. Such a study has been performed using radioactive hybrid-
ization to a microarray with cDNA prepared from bacteria
incubated at pH 4.0 or 7.0 in buffered medium without urea.
About eight genes were identified as up-regulated and three
were identified as down-regulated under these conditions, us-
ing PCR amplification of the hybridization spots. Among these
was cagA, as previously found by direct measurement (25), as
well as the genes encoding an enzyme involved in lipopoloysac-
charide biosynthesis (HP1052) and a component of the mem-
brane secretory apparatus (secF) (2). A comparison of gene
expression after incubation for 48 h at pH 7.2 and 5.5 showed
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53 genes highly expressed and 445 stably expressed under both
conditions, although 952 genes were undetected by this biotin-
labeling method. Eighty genes were reported as >5-fold up-
regulated. These include the genes for subunits of the F,F,
ATPase, an Na*-dependent transporter, amidase, a flagellin B
homolog, flagellar biosynthesis protein, thioredoxin reductase,
methyl-accepting chemotaxis protein, and arginase, as well as
ompll1 (3). The duration of these experiments could have re-
sulted in transition from log- to stationary-phase growth, pre-
venting conclusions as to the roles of the genes in acid adap-
tation.

A previous study using microarrays identified other genes
up-regulated twofold or more following exposure for various
times to pH 5.0, but these arrays were performed after expo-
sure to permeant buffer and only in the absence of urea. Sev-
eral consistencies with our results were observed (34). For
example, rhB (HP1050; encoding homoserine kinase), gdhA
(HP0380; encoding glutamate dehydrogenase), hemL (HP0306;
encoding glutamate semialdehyde amino mutase), and glnH
(HP 1172; encoding glutamine ABC transporter) as genes of
amino acid metabolism; the gene for a DNA polymerase-like
transcript (HP1022); the genes urel (HP0071) and ureF (HP0069)
and the gene for amidase (HP0294) as pH-homeostatic genes;
flgB (HP1559) and flaB (HP0155) as motility genes; the gene
for a transcriptional regulator (HP1021); HP0175, an ABC
transporter gene; frpB (HP0876; encoding an iron-regulated
outer membrane protein); and various hypothetical genes
(HP0367, HP0118, HP1327, HP1076, HP1022, HP1440, and
HP1457) were also among these found to be increased. Longer
exposure to pH 5.0 also resulted in the up-regulation of other
urease cluster genes, such as ureA, -B, -G, and -H (HP0073,
HP0072, HP0068, and HP0067). Hence, motility genes; amino
acid-metabolic and ammonia-generating genes, such as those
in the urease gene cluster; and the gene for amidase have been
shown to be up-regulated at acidic pH in both types of exper-
iments.

Of the genes also found to be up-regulated with exposure to
pH 4.0 in permeant buffer, only fla4 and HP0636 overlapped
with the genes identified here (32). The method used in these
experiments, exposure to permeant buffer at the extreme of
survival in the absence of urea, would result in rapid cytoplas-
mic acidification and thus inhibition of transcription. Presum-
ably, the genes that show up-regulation are those whose tran-
scription or breakdown survives the acidic cytoplasm.

There was some degree of overlap between the genes essen-
tial for survival in the gerbil stomach and those with exposure
to pH 4.0. These were discovered by signature tag mutagenesis.
flaA (HP0601), fliD (HP0725), fliF (HP0351), and fiiS (HP0753),
which are motility genes; chel” (HP0393), a chemotaxis protein
gene; trbB (HP1421), a virB11 homolog; dppF (HP0302), a di-
peptide transporter gene; and urel (HP0071), the urea channel,
were all found to be essential, as was surE (HP0930), encoding
a stationary-phase survival protein. However, the genes ureE,
ureF, and ureG were not identified as essential by this method,
although they are clearly required for the generation of active
urease. Not all acid-activated genes will be essential, and con-
versely, not all of the essential genes revealed by this method
will be acid activated. The exposure to the gerbil’s stomach
acidity may result in both log- and stationary-phase transfor-
mation, accounting for the detection of surE as essential for
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colonization (26). In terms of acid adaptation under conditions
of log-phase growth in vitro as described here, surE was found
to be down-regulated (Table 5).

Down-regulated genes. Fewer genes are down-regulated
than up-regulated, and again, only a few will be discussed here.
The response to acidity is therefore different from a response
in which cell division is inhibited as the organism is transiting
from log to stationary phase or from a stringency response
where cellular processes are restricted.

(i) Motility genes. Four flagellum-associated genes are down-
regulated >2-fold at pH 4.5, and of these, none are up-regu-
lated by this factor in the presence of urea. How these genes
interface with the motility and chemotaxis genes that are up-
regulated is unknown, but clearly the organism is adapting its
motility system to deal with medium acidity.

(ii) Outer envelope genes. There are 10 outer envelope genes
that are down-regulated. Four are actual membrane proteins,
and the rest are implicated in cell wall biogenesis. Again, how
this down-regulated response integrates with the up-regulated
response to change the properties of the outer membrane for
a more effective acid-adaptive response remains to be deter-
mined. Perhaps there are pH-adaptive changes in the perme-
ability of the outer membrane. Two of the genes, omp27 and
frpB, are down-regulated at pH 6.2 and below independently of
the presence of urea.

(iii) Miscellaneous down-regulated genes. Among the genes
observed to be down-regulated were two encoding components
of the F,F, ATP synthase, atpB and atpA. This is somewhat
surprising, since this system is the first to respond to acidity
with outward proton pumping in other neutralophiles (9).
HP1021, previously identified as essential and as a response
regulator, was down-regulated more than twofold in the ab-
sence or presence of urea, as was the gene for a newly de-
scribed pathogenesis factor, iceA. The Na® and CI™ trans-
porter was also down-regulated with this pattern.

Of the genes down-regulated following exposure to pH 5.0 in
permeant buffer and in the absence of urea, omp27 (HP1177),
ptuAd (HP0056), and fripB2 (HP1512; encoding another iron-
regulated outer membrane protein) were also down-regulated
when exposed to impermeant buffer at acidic pH for 30 min.
However, several of the genes down-regulated by exposure to
pH 5.0 (34) were seen to be up-regulated under the assay
conditions described here. For example, the gene for carbonic
anhydrase (HP1186), ansB (HP0721; encoding asparaginase),
and acoE (HP1045; encoding acetyl-coenzyme A [CoA] syn-
thetase), as well as genes of unknown function (HP0310,
HP0387, HP0485, and HP1193), were up-regulated in our ex-
periments. The cytoplasmic pH is significantly lower in per-
meant buffers that in impermeant buffers, and perhaps this
accounts for some of the differences observed.

The different methods used to identify acid-regulated genes
in H. pylori have yielded some similar and some dissimilar
results. This may be due to the exact conditions under which
the analyses were performed. For example, long-duration ex-
periments may result in transition from log to stationary phase.
Exposure to acidity in the presence of permeant buffers and in
the absence of urea may result in larger changes in cytoplasmic
pH than when impermeant buffers are used, and certainly,
when urea is present the pH changes are blunted. The design
of the present studies permits analysis of progressive adapta-



5938 WEN ET AL.

tion of gene expression with increasing acidity and also deter-
mines the contribution of urea to acid adaptation under these
conditions. The conditions used here may be a better repre-
sentation of the state of the gastric environment of the organ-
ism adhering to the gastric surface.

The transcriptional response of H. pylori to mild acidity is
pleiotropic, involving many functional classes of genes, and
most of the genes showing a response to acidification of the
medium are distinct from the usual stress response genes. The
difference between these responses and a stress response, such
as that to 42°C, as well as the specialty of the niche occupied by
this organism, suggests that the responses described are part of
a generalized acid-adaptive response enabling colonization of
the acidic environment of the mammalian stomach. Evidently,
not all the genes up-regulated are dedicated only to pH adap-
tation, but those that remain in the presence of urea presum-
ably do adapt the organism to its natural habitat. A systematic
investigation of these genes as they relate to acid survival in
vitro and in vivo with gastric infection should elucidate target
genes specific for H. pylori other than urel or urease activity.
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