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Expression of urease is essential for gastric colonization by Helicobacter pylori. The increased level of urease
in gastric acidity is due, in part, to acid activation of the two-component system (TCS) consisting of the
membrane sensor HP0165 and its response regulator, HP0166, which regulates transcription of the seven genes
of the urease gene cluster. We now find that there are two major ureAB transcripts: a 2.7-kb full-length ureAB
transcript and a 1.4-kb truncated transcript lacking 3� ureB. Acidic pH (pH 4.5) results in a significant increase
in transcription of ureAB, while neutral pH (pH 7.4) increases the truncated 1.4-kb transcript. Northern blot
analysis with sense RNA and strand-specific oligonucleotide probes followed by 5� rapid amplification of cDNA
ends detects an antisense small RNA (sRNA) encoded by the 5� ureB noncoding strand consisting of �290
nucleotides (5�ureB-sRNA). Deletion of HP0165 elevates the level of the truncated 1.4-kb transcript along with
that of the 5�ureB-sRNA at both pH 7.4 and pH 4.5. Overexpression of 5�ureB-sRNA increases the 1.4-kb
transcript, decreases the 2.7-kb transcript, and decreases urease activity. Electrophoretic mobility shift assay
shows that unphosphorylated HP0166 binds specifically to the 5�ureB-sRNA promoter. The ability of the
HP0165-HP0166 TCS to both increase and decrease ureB expression at low and high pHs, respectively,
facilitates gastric habitation and colonization over the wide range of intragastric pHs experienced by the
organism.

Colonization of healthy human and animal stomachs is a
property of gastric Helicobacter species, including the human
pathogen, Helicobacter pylori. H. pylori maintains a relatively
neutral periplasmic pH in the face of a highly intragastric
acidic environment, preserving cytoplasmic pH homeostasis
and its proton motive force. This acid acclimation is distinct
from the acid tolerance/resistance of other neutralophiles that
transit but do not colonize the stomach (22, 47, 48). The most
important component of acid acclimation is the nickel metalo-
enzyme urease, which generates the buffers NH3 and HCO3

�

from the metabolism of ambient urea, maintaining both cyto-
plasmic and periplasmic pHs to enable the organism to survive
and grow in the stomach. The organism expresses very high
levels of the urease A and B subunits, more than any other
known ureolytic microbe, accounting for as much as 8% of the
total bacterial protein (34). The expression of active urease
requires six of the seven genes of the urease gene cluster, ureA
and ureB for the catalytic subunits and ureE, ureF, ureG, and
ureH, necessary for nickel insertion into the apourease, UreA/
UreB. The third gene of the urease cluster, ureI, encodes a
pH-gated urea channel that increases urea access to intrabac-
terial urease in acid (51, 71).

Because of the importance of this enzyme for survival in an
acidic environment, most attention has been focused on its

upregulation under acidic conditions. There is increased ure-
ase gene transcription by the activation of the two-component
system (TCS) HP0165-HP0166 (ArsRS) (39, 41) and the cyto-
plasmic histidine kinase HP0244 (74). Although increased ure-
ase activity in the presence of acid is beneficial, this activity in
the absence of acid and in the presence of urea is lethal to the
organism in vitro (14, 33). Gastric pH can climb to as high as
pH 6.0 after a meal due to the strong buffering effect of food,
and urea is always present in gastric juice. Hence, urease may
act as a double-edged sword, being essential for survival and
colonization on the highly acidic gastric surface but lethal at
relatively neutral intragastric pH. Therefore, H. pylori may
downregulate urease activity at a relatively neutral pH to en-
sure its survival. The transcriptional induction of urease genes
(ureA, ureB, and ureI) in response to low pH (pH 5.0) is
mediated mainly by the HP0165-HP0166 TCS (39–41). The
phosphorylated response regulator HP0166 binds to extended
regions overlapping the PureA and PureI promoters (41). In
addition to the TCS, transcription of the ureA and ureB genes
is positively regulated by NikR in response to increasing con-
centrations of Ni2� in the surrounding medium (63, 64). While
transcriptional control of gene expression is clearly of primary
importance in prokaryotes, these organisms also employ reg-
ulatory mechanisms to control translation, initiation, and
mRNA stability. To achieve this, many bacteria rely on the
expression of small, noncoding RNAs (70). In bacteria, non-
coding regulatory RNAs are usually between 50 and 300 nu-
cleotides (nt) in length and are thus known as small RNAs
(sRNAs) (67). Most sRNAs that have been characterized act
as posttranscriptional regulators by interacting with specific
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mRNA targets, modulating message stability and/or altering
mRNA accessibility to the translational machinery (30).
sRNAs are involved in a number of cellular processes, includ-
ing translational quality control, by blocking or freeing ribo-
some binding sites (4, 31), acid resistance in Escherichia coli
(38, 59), and iron homeostasis (11, 19), and have recently been
implicated in regulating the virulence of several pathogens (23,
46). It is now widely accepted that bacterial sRNAs play central
roles in gene expression regulation in response to environmen-
tal changes.

Many sRNAs act by posttranscriptional regulation of
mRNAs via base-pairing interactions (57). Two classes of bac-
terial base-pairing sRNAs can be distinguished (70). There are
cis-encoded sRNAs that are located in the same noncoding
DNA region and that are therefore fully complementary to
their targets over a long sequence stretch, whereas trans-en-
coded sRNAs are located in another chromosomal location
and are only partially complementary to their target mRNAs.
The known regulatory mechanisms employed by cis-encoded
antisense sRNAs include transcription attenuation, translation
inhibition, inhibition of primer maturation, and promotion or
inhibition of mRNA degradation (7). The majority of regula-
tion by known trans-encoded sRNAs is negative (1, 25). Base
pairing between the sRNA and its target mRNA usually leads
to repression of protein levels through translational inhibition,
mRNA degradation, or both. In many cases, the RNA chap-
erone Hfq is required for trans-encoded sRNA-mediated reg-
ulation, presumably to facilitate RNA-RNA interactions due
to limited complementarity between the sRNA and target
mRNA (1).

Although the majority of these sRNAs were discovered in
E. coli, small RNAs appear to be ubiquitous in bacteria (5,
28, 66, 69, 75). A recent primary transcriptome study in H.
pylori using a novel dRNA-seq approach (54) identified an
unexpected wealth of sRNAs from H. pylori, with �60 of
them being validated, despite the lack of a conserved Hfq
protein. These results show that many sRNA-mediated reg-
ulations are yet to be discovered in H. pylori. Many of the
small RNAs are transcribed under the control of TCSs (15,
24, 62), providing additional control of expression of genes
that are primarily regulated at the transcriptional level via
these TCSs (12).

In the current study, we have identified a novel urease reg-
ulatory mechanism by an sRNA-mediated downregulation of
ureB expression, which is controlled primarily by the HP0165-
HP0166 TCS. Shown here is the presence of an antisense
sRNA (5�ureB-sRNA) that is cis encoded by the noncoding
strand of the 5� ureB gene, which regulates ureAB expression at
a posttranscriptional level by targeted degradation of the
sRNA-mRNA duplexes, resulting in a truncated ureAB mRNA
leading to reduced translation of functional UreB protein. This
5�ureB-sRNA is downregulated by HP0165 in response to
acidic pH; hence, UreB expression increases in acid media.
Electrophoretic mobility shift assay (EMSA) shows that a non-
phosphorylatable HP0166 response regulator binds to the
promoter region of 5�ureB-sRNA, whereas phosphorylated
HP0166 does not. Overexpression of 5�ureB-sRNA greatly in-
creases the 1.4-kb transcript level and decreases urease activ-
ity. This novel regulatory mechanism maintains a high urease

level at acidic pH but permits a relatively rapid decrease of
urease activity when the organism is transiting to neutral pH.

MATERIALS AND METHODS

Bacterial strains and growth conditions. H. pylori strain 43504 was obtained
from American Type Culture Collection (ATCC). HP0165-deficient mutant
43504/�HP0165::Km was constructed by allelic exchange using a kanamycin
resistance gene as described below. Primary plate cultures of H. pylori were
grown from glycerol stocks on Trypticase soy agar (TSA) plates with 5% sheep
blood (Fisher Scientific) for 2 to 3 days in a microaerobic environment (5% O2,
10% CO2, 85% N2) at 37°C. In preparation for an experiment, bacteria were
scraped from the plates, suspended in 1 mM phosphate HP buffer (138 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2, 10 mM glucose, 1 mM glu-
tamine), pH 7.0 (53), and transferred to fresh plates for 24 h. For exposure to pH
4.5, the overnight culture of H. pylori strain 43504 on TSA plates supplemented
with 5% sheep blood was suspended in brain heart infusion (BHI) medium
(Difco) to an optical density at 600 nm (OD600) of 0.20 to 0.25. The pH of the
BHI medium was adjusted to 7.4 or 4.5 using concentrated HCl, followed by
filtration to remove any precipitate before the bacteria were added. H. pylori was
incubated in the presence of 5 mM urea with shaking (120 rpm) under mi-
croaerobic conditions at 37°C for 30 min. E. coli strains were grown in Luria-
Bertani (LB) broth. When necessary, the following antibiotics were added at the
indicated final concentrations: ampicillin, 100 �g/ml; kanamycin, 50 �g/ml (for E.
coli) or 20 �g/ml (for H. pylori).

Construction of deficient mutant H. pylori strain (43504/�HP0165::Km) by
allelic exchange mutagenesis. To construct the H. pylori strain with the mutation
for HP0165 deficiency (43504/�HP0165::Km), a pBluescript II vector (Strat-
agene) carrying a kanamycin resistance cassette flanked by a 613-bp fragment,
comprising 518 bp of the 3� region of the HP0166 open reading frame (ORF) and
29 bp of the intergenic region (IGR) upstream of the HP0165 ORF, and a 429-bp
fragment, comprising 67 bp of the intergenic region downstream of the HP0165
ORF and 362 bp of the 5� region of the HP0163 ORF, was introduced into H.
pylori strain 43504 by natural transformation. The DNA fragments were ampli-
fied by PCR from chromosomal DNA of H. pylori strain 43504 with primer pairs
HP0166-5�P(314-346)-XbaI/HP0166-3�P(925-963)-SalI and HP0163-5�P(2210-
2245)-BglII/HP0163-3�P(2636-2672)-Acc65I (Table 1), respectively. The result-
ing strain (43504/�HP0165::Km) had the HP0165 gene replaced with a kanamy-
cin resistance cassette. The kanamycin-selected mutant strains were confirmed
by PCR.

Construction of overexpression strain for 5�ureB-sRNA. pTM117, which was
reported to be a transcriptional reporter and complementation vector in H. pylori
(9), is used for the overexpression of 5�ureB-sRNA by insertion of a 593-bp DNA
fragment containing the promoter region of cagA at KpnI/NcoI sites to generate
pTM-PcagA. The cagA promoter fragment was prepared by PCR from the inter-
genic region between cagB and cagA (55) of the H. pylori strain 26695 genome
with primer pair cagBA-IGR-5�P-KpnI/cagBA-IGR-3�P-NcoI (Table 1). For the
plasmid used for overexpression of 5�ureB-sRNA [pTM-PcagA-5�ureB-sRNA(�)],
the fusion fragment of 5�ureB-sRNA and a transcriptional terminator identified
from H. pylori (HP0092-T1) (10) were prepared in a two-step PCR process by
amplification of the 5�ureB-sRNA fragment with primer 5�-ureB sRNA(�)-5�P-
NcoI and fusion primer HP0092-T1-5�P-rev–5�-ureB sRNA(�)-3�P (Table 1),
and HP0092-T1 fragment with fusion primer 5�-ureB sRNA(�)-3�P–HP0092-T1-
5�P and HP0092-T1-3�P-PstI (Table 1). The two fragments were subsequently
combined as templates in a PCR sewing with primer pair 5�-ureB sRNA(�)-5�P-
NcoI/HP0092-T1-3�P-PstI to enable the fusion, which was followed by cloning of
the fusion fragment into pTM-PcagA at NcoI/PstI sites. The plasmid expressing
anti-5�ureB-sRNA [pTM-PcagA-5�ureB-sRNA(�)] was constructed by fusion of
the complementary 5�ureB-sRNA sequence and the HP0092-T1 terminator, fol-
lowed by cloning into pTM-PcagA at NcoI/PstI sites downstream of the cagA
promoter, in a strategy similar to that described above, with primer pairs (listed
in Table 1) 5�-ureB sRNA(�)-5�P-NcoI/HP0092-T1-5�P-rev–5�-ureB sRNA(�)-
3�P (for the complementary 5�ureB-sRNA fragment), 5�-ureB sRNA(�)-3�P–
HP0092-T1-5�P/HP0092-T1-3�P-PstI (for the HP0092-T1 terminator), and
5�-ureB sRNA(�)-5�P-NcoI/HP0092-T1-3�P-PstI (for PCR sewing). Plasmids
pTM-PcagA, pTM-PcagA-5�ureB-sRNA(�), and pTM-PcagA-5�ureB-sRNA(�)
were introduced into wild-type H. pylori strain 43504 via natural transformation (49),
and the transformants were selected on BHI medium plates containing kanamycin.

RNA preparation. Total RNA was isolated from the H. pylori strains using
TRIzol reagent (Invitrogen, Carlsbad, CA) combined with RNeasy columns
(Qiagen, CA). The bacterial pellet was resuspended in 500 �l of TRIzol reagent
(Invitrogen) and lysed at room temperature for 5 min before 100 �l of chloro-
form was added. Following centrifugation at 12,000 � g for 10 min at 4°C, the
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supernatant was mixed with 250 �l of 100% ethanol and applied to an RNeasy
spin column (Qiagen), and RNA purification combined with on-column DNase
treatment using an RNase-free DNase set (Qiagen) was processed following the
manufacturer’s instructions (beginning with the application to the column). The
RNA concentration was quantified by determination of the absorbance at 260
nm using an ND-1000 spectrophotometer (NanoDrop Technologies), and the
quality was evaluated by capillary electrophoresis using a model 2100 bioanalyzer
with an RNA 6000 Nano assay kit (Agilent Technologies).

Preparation of probes for Northern blot analysis. For preparation of RNA
probes, a series of DNA fragments corresponding to the different regions of
the ureA and ureB genes, including probes 5�-ureA (510 bp, containing 250 bp
of the upstream sequence and 260 bp of the 5�-ureA ORF), 5�-ureB (476 bp),
3�-ureB (515 bp), IGR-ureAB (1,493 bp, containing the complete 967 bp of
ureA, 3 bp of the intergenic region between ureA and ureB, and 523 bp of the
5�-ureB ORF), the complete ureB gene (1,563 bp), and IGR-ureBI (497 bp,
containing 304 bp of the 3�-ureB and the 193-bp intergenic region between
ureB and ureI ORF), were prepared by PCR with primer pairs pHP0072-
0073R-5�P/HP0073-3�P(580-603), HP0072-5�P(1111-1133)/HP0072-3�P(1563-
1586), HP0072-5�P(2159-2182)/HP0072-3�P(2653-2673), pHP0072-0073R-5�P/
HP0072-3�P(1563-1586), HP0072-5�P(1111-1133)/HP0072-3�P(2653-2673), and
HP0072-5�P(2470-2493)/HP0072-3�P(2943-2966), listed in Table 1, respectively,

using genomic DNA from H. pylori strain 26695 as the template. These PCR
products were cloned into the pCR4-TOPO vector, which has T3 and T7 pro-
moters located at each end of the insert. The orientation of the insert for each
construct was determined by sequencing. To synthesize sense RNA probes, the
constructs were digested with NotI (for 5�-ureA) or SalI (for IGR-ureBI) and
transcribed with T3 RNA polymerase (MAXIscript in vitro transcription kit;
Ambion) using �-32P-labeled UTP (MP Biochemicals) or were digested with PstI
and transcribed with T7 RNA polymerase (for 5�-ureB, 3�-ureB, ureB, and IGR-
ureAB). To synthesize the antisense RNA probes, the constructs were digested
with PstI (for 5�-ureA) or KpnI (for IGR-ureBI) and transcribed with T7 RNA
polymerase or were digested with NotI and transcribed with T3 RNA polymerase
(for 5�-ureB, 3�-ureB, ureB, and IGR-ureAB). For preparation of the DNA probe,
the DNA fragment for 5�-ureA (510 bp) generated by PCR as described above
was radiolabeled with [�-32P]dCTP using a Prim-It II random primer labeling kit
(Stratagene, La Jolla, CA). For preparation of the oligonucleotide probes listed
in Table 1, the strand-specific sense oligonucleotides 1-1S (52 nt), 1-2S (52 nt),
1-3S (51 nt), 2-1S (55 nt), 2-3S (55 nt), and 3-1S (52 nt) and the antisense
oligonucleotides 1-2AS (52 nt) and 2-1AS (55 nt), corresponding to different
regions of 5� ureB, were synthesized (Eurofins MWG Operon) and 5� end labeled
radioactively by T4 polynucleotide kinase (Promega) and [	-32P]ATP.

TABLE 1. Oligonucleotide primers/probes used in this study

Name Sequence (5� to 3�)a Siteb Strand Positionc

HP0166-5�P(314-346) CATGTAACCAATCTAGATGAGCCATATACCGGC XbaI � 174345–174377
HP0166-3�P(925-963) CTTTAAAAAAGATAGAGGTCGACATAACCCCTTAACTCC SalI � 173728–273766
HP0163-5�P(2210-2245) CCCGAAAATTTGAGATCTGTGAGCGGAATGAAGGGG BglII � 172447–172482
HP0163-3�P(2636-2672) GCCCATGGTCGGTACCTTCACAAAAACACAAATCCGC Acc65I � 172020–172056
pHP0072-0073R-5�P CATTATCACTCCAATTTTAA � 78188–78207
pHP0071-0067-3�P GCCTTTTCCTTCCAAACAAA � 75336–75355
HP0073-3�P(580-603) ACATCGCTTCAATACCCACTTCAT � 77698–77721
HP0072-5�P(1111-1133) CTACAGGCGATAAAGTGAGATTG � 77168–77190
HP0072-3�P(1563-1586) TGGAGTGATAGTAGTCGCATTAGT � 76715–76738
HP0072-5�P(2159-2182) TATGGGTCGTGTGGGTGAAGTTAT � 76119–76142
HP0072-3�P(2653-2673) CAATGTGAGCGGTAGTGTCGT � 75628–75648
HP0072-5�P(2470-2493) CCCCACAACCAGTTTATTACAGAG � 75808–75831
HP0072-3�P(2943-2966) TGCCTTTTCCTTCCAAACAAAAAT � 75335–75358
5�-ureB 1-1S CTACAGGCGATAAAGTGAGATTGGGCGATACAGACTTG

ATCGCTGAAGTAGA
� 77139–77190

5�-ureB 1-2S ACATGACTACACCATTTATGGCGAAGAGCTTAAATTCG
GTGGCGGTAAAACC

� 77087–77138

5�-ureB 1-3S CTGAGAGAAGGCATGAGCCAATCCAACAACCCTAGCAA
AGAAGAATTGGAT

� 77036–77086

5�-ureB 2-1S CTAATCATCACTAACGCTTTAATCGTGGATTACACCGGT
ATTTATAAAGCGGATA

� 76981–77035

5�-ureB 2-3S GCAAGATGGCGTTAAAAACAATCTTAGCGTAGGTCCTG
CTACTGAAGCCTTAGCC

� 76871–76925

5�-ureB 3-1S GGTGAAGGTTTGATCGTAACTGCTGGTGGTATTGACAC
ACACATCCACTTCA

� 76819–76810

5�-ureB 1-2AS GGTTTTACCGCCACCGAATTTAAGCTCTTCGCCATAAAT
GGTGTAGTCATGT

� 77087–77138

5�-ureB 2-1AS CTAATCATCACTAACGCTTTAATCGTGGATTACACCGGT
ATTTATAAAGCGGATA

� 76981–77035

cagBA-IGR-5�P tttgggtaccTTTTTAATCGTCTCAGGTTCA KpnI � 579301–579321
cagBA-IGR-3�P ctagccatggGACTATCGGTATCTTATTGGTATCA NcoI � 579869–579892
5�-ureB sRNA(�)-5�P CTTGCcAtgGCTGTAGGGATTTGTTGGGGTG NcoI � 76785–76815
5�-ureB sRNA(�)-3�P CTGAGAGAAGGCATGAGCCA � 77067–77086
5�-ureB sRNA(�)-3�P-rev TGGCTCATGCCTTCTCTCAG � 77067–77086
5�-ureB sRNA(�)-5�P AAAACCaTGgGAGAAGGCATGAGCCAATCC NcoI � 77063–77092
5�-ureB sRNA(�)-3�P CTGTAGGGATTTGTTGGGGT � 76795–76814
5�-ureB sRNA(�)-3�P-rev ACCCCAACAAATCCCTACAG � 76795–76814
HP0092-T1-5�P-rev AGTTTAATTACCAGTGGATA � 98324–98343
HP0092-T1-5�P TATCCACTGGTAATTAAACT � 98324–98343
HP0092-T1-3�P ATTTcTGCaGATCCGCCTTATTTCCTCTCT PstI � 98206–98235
HP0072-5�P(1507-1526) CTTTTGCAAGCGGTGTAACA � 76775–76794
HP0072-3�P(1605-1623) CAGCCGCTCTGAGCATCCA � 76678–76696

a Sequences in uppercase letters are derived from the genome sequences of H. pylori 26695 (58). Sequences introduced for cloning purposes are given in lowercase
letters, and restriction recognition sites are underlined.

b Restriction recognition sites.
c Nucleotide positions refer to the genome sequence of H. pylori 26695 (58).
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Northern blot analysis. For detection of the small RNA, total RNAs (5 �g)
were fractionated in 10% or 6% polyacrylamide-urea gels (Invitrogen) and
electrically transferred to Zeta-Probe GT membranes (Bio-Rad Laboratories).
For detection of mRNA species, 15 �g of total RNAs was fractionated on 1.2%
agarose-formaldehyde gels and transferred to Nytran membranes (Whatman
Schleicher & Schuell) using TurboBlotter rapid downward transfer systems
(Whatman Schleicher & Schuell). For verification of equal loading, the RNA on
the gel was visualized by ethidium bromide staining and photographed to com-
pare the rRNA band intensities before the RNA was transferred. For the DNA
probe, the membrane blots were hybridized with 32P-labeled 5�-ureA DNA probe
overnight at 65°C in a buffer containing 0.45 M sodium phosphate (pH 7.2), 7%
sodium dodecyl sulfate (SDS), 1% bovine serum albumin (BSA), and 20 mM
EDTA (13). The hybridized blots were washed with 0.1 � SSC (1 � SSC is 0.15
M NaCl plus 0.015 M sodium citrate)–0.1% SDS at 65°C. For RNA probes, the
blots were hybridized with 32P-labeled sense or antisense RNA probes for 5�
ureA, 5� ureB, 3� ureB, IGR ureAB, complete ureB, or IGR ureBI in ULTRAhyb
ultrasensitive hybridization buffer (Ambion) at 68°C and washed with 0.1�
SSC–0.1% SDS. For oligonucleotide probes, the blots were hybridized with
32P-labeled strand-specific oligonucleotide probes 5�-ureB 1-1S, 1-2S, 1-3S, 2-1S,
2-3S, 3-1S, or 2-1AS in ULTRAhyb oligonucleotide hybridization buffer
(Ambion) at 42°C and then washed with 2� SSC–0.5% SDS. The hybridized
blots were autoradiographed using a PhosphorImager 445 SI apparatus (Molec-
ular Dynamics, Sunnyvale, CA). The bands representing each transcript in the
hybridized blots and 23S and 16S rRNAs in ethidium bromide-stained gels were
quantified using an ImageJ analysis system (available from rsb.info.nih.gov/ij/).
The relative expression level for each transcript was normalized to its corre-
sponding total intensity of 23S and 16S rRNA. Each hybridization was repeated
at least 3 times with independently prepared RNA samples.

5� RACE. A BD Smart RACE cDNA amplification kit (BD Biosciences Clon-
tech, Palo Alto, CA) was used to determine the transcription start site of the
antisense sRNA complementary to the 5� region of ureB in H. pylori by rapid
amplification of cDNA ends (RACE)-PCR. According to the manufacturer’s
manual, 1 �g of total RNA isolated from H. pylori wild-type strain 43504 was
reverse transcribed with a strand-specific oligonucleotide sense primer, 5�-ureB
1-3S, which is the most-5�-end sense probe that was able to detect the �290-nt
antisense sRNA complementary to the 5� region of the ureB ORF, and BD
PowerScript reverse transcriptase (BD Biosciences Clontech), while the BD
Smart II A oligonucleotide was also included in the reverse transcription (RT)
reaction mixture. When RT reaches the 5� end of the sRNA template, the Smart
II A oligonucleotide attaches to the first-strand cDNA tail and serves as an
extended template for RT, resulting in a complete cDNA copy of the original
sRNA with the additional Smart sequence at the 5� end (32, 77). The same
primer used for RT, 5�-ureB 1-3S, which corresponds to the 3� end of the sRNA,
was used for 5� RACE-PCR with Smart universal primer. The RACE-PCR
products were cloned into the T/A cloning vector pCR4-TOPO (Invitrogen), and
the transcription start site and location in the genome for the sRNA were
determined by DNA sequencing in both directions with T7 and M13 reverse
primers.

Urease assay. Urease activity was measured radiometrically (53). Wild-type H.
pylori strain 43504, the HP0165-deficient mutant strain (43504/�HP0165::Km), and
the 5�ureB-sRNA-overexpressing strain [43054/pTM-PcagA-5�ureB-sRNA(�)] were
grown on TSA plates, harvested, and suspended in 1 ml of 1 mM phosphate H. pylori
buffer, pH 7.0. The bacterial suspensions were diluted 1:100 with 25 mM sodium
phosphate buffer containing 5 mM [14C]urea with a specific activity of 10 �Ci/�mol
and 0.1% detergent octaethylene glycol monododecyl ether (C12E8; Sigma) to fully
permeabilize the bacteria to urea. Plastic wells containing 0.5 M KOH-soaked filter
paper hung from rubber stoppers were used to collect the liberated 14CO2 that
resulted from the hydrolysis of urea by urease. Urease activity was measured for 30
min at 37°C with constant agitation. The reaction was terminated by the addition of
5 N H2SO4 to liberate all labeled CO2 from the incubation medium. The wells
containing the filter paper were placed in a scintillation cocktail (HiIonicFluor;
Packard Instruments, Meriden, CT), and the radioactivity was measured by scintil-
lation counting (1216 RackBeta; LKB Instruments, Gaithersburg, MD). All exper-
iments were performed in triplicate. The urease activity was reported as the number
of micromoles of CO2 released per minute per milligram of protein. The protein
concentration was determined by the Lowry method.

EMSAs. A 116-bp DNA fragment corresponding to the potential promoter
region of 5�ureB-sRNA was prepared by PCR with primer pair HP0072-
5�P(1507-1526)/HP0072-3�P(1605-1623) (Table 1) and 5� end labeled radioac-
tively by T4 polynucleotide kinase and [	-32P]ATP (50 �Ci). Recombinant
HP0166-His6 (73) was phosphorylated in vitro in a buffer containing 20 mM
Tris-HCl, pH 7.5, 5 mM MgCl2, 25 mM KCl, 1 mM dithiothreitol (DTT), and 10
mM carbamylphosphate over a period of 60 min at 25°C. Binding of HP0166 to

DNA was carried out in a 10-�l reaction mixture containing 104 cpm of 33P-
labeled DNA, 1 �g of poly(dI-dC) (Sigma), 25 mM NaPO4 (pH 7), 150 mM
NaCl, 0.1 mM MgSO4, and 1 mM DTT. The DNA binding reaction was initiated
by the addition of phosphorylated HP0166-His6 or unphosphorylated HP0166-
D52N-His6 (73), and the reaction mixture was incubated at room temperature
for 20 min. Samples were then loaded directly onto a 6% DNA-retardation
polyacrylamide gel (Invitrogen). Electrophoresis was pursued for 1 h (14 V/cm)
at room temperature, and the gels were then dried and analyzed by autoradiog-
raphy.

RESULTS

The HP0165-HP0166 two-component system controls ureB
gene expression by regulating the level of a 1.4-kb truncated
ureAB transcript. Northern blot analysis with a ureA probe
identified a major transcript of 2.7 kb for ureAB (3). Our
previous study has shown that this transcript was upregulated
about 3- to 4-fold in response to pH 4.5 compared to the
response to pH 7.4 due to activation at PureA (74). Northern
blot analysis with a 5�-ureA probe in the HP0165-deficient
mutants constructed from H. pylori strain 43504 detected an
�1.4-kb truncated ureAB transcript (Fig. 1A, lane 2) of greater
intensity than in the wild-type strain (Fig. 1A, lane 1). Since the
�1.4-kb truncated ureAB transcript was detected by the 5�-
ureA probe, it is concluded that this truncated transcript con-
tains complete ureA and the 5� untranslated region of the
ureAB gene but lacks the 3� ureB region (Fig. 1B). The 2.7-kb
intact ureAB transcript was still present in the mutant, although
at a level much reduced compared to that in the wild type.
There were variable amounts of a 3.4-kb transcript corre-
sponding to the ureABI transcript, as described previously (3).
These results suggest that at least three different transcripts
corresponding to ureAB from the urease gene cluster are
present.

To determine whether the truncated transcript was due to an
artificial change in the ureAB genome, the genomic sequences
of ureAB were examined. PCR using a primer (pHP0072-
0073R-5�P) corresponding to the intergenic sequence up-
stream of PureA and a primer (pHP0071-0067-3�P) correspond-
ing to the upstream region of the ureI gene generated a
2,872-bp product (Fig. 1B) with genomic DNA from the
HP0165-deficient mutant strain. Sequence analysis of the
2,872-bp PCR product confirmed that no artificial changes in
the ureAB genomic structure of the HP0165-deficient mutant
strain had occurred. These results suggest that HP0165 also
regulates urease gene expression by controlling the expression
level of the truncated ureAB transcript. It may be that these
truncated ureAB transcripts are due to the posttranscriptional
degradation at the 3� ureB region of the ureAB transcript.

A cis-encoded antisense small RNA transcribed from the 5�
ureB noncoding strand is identified by Northern blot analysis.
A possible regulatory mechanism for truncation of ureB could
be an antisense small RNA that acts posttranscriptionally by
targeted degradation/stabilization of the ureAB mRNA. We
therefore prepared, by PCR, a series of DNA fragments cor-
responding to the different regions of the ureA and ureB genes
(Fig. 2A), including 5�-ureA, 5�-ureB, 3�-ureB, IGR-ureAB,
complete ureB, and IGR-ureBI. These PCR products were
cloned into a pCR4-TOPO vector with T3 and T7 promoters
located at each end of the insert. The sense RNA probes were
synthesized by in vitro transcription with T3 or T7 RNA poly-
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merase and �-[32P]UTP and were then used for Northern
analysis, in which the RNAs were fractionated in 10% poly-
acrylamide-urea gels.

The sense RNA probes for 5� ureA, 3� ureB, and IGR ureBI
did not detect any transcript encoded by the ureAB noncoding
strand (Fig. 2B). However, the sense RNA probes for IGR
ureAB, 5� ureB, and complete ureB did identify an �290-nt
transcript (Fig. 2B). Since all of these three probes share the
same sequence at the 5� ureB, it is very likely that they detected
an identical transcript encoded by the 5� ureB noncoding
strand. As controls, antisense probes for each of the regions of
the ureAB gene detected a similar transcription pattern, as
shown in Fig. 1, in which RNAs were separated in a 1.2%
agarose gel, suggesting the specificity of detection by sense
RNA probes. However, with the antisense RNA probes for 3�
ureB and IGR ureBI, only the 2.7-kb transcript was found,
which supports our conclusion that the 1.4-kb truncated ureAB
transcript lacks the sequence corresponding to the 3� end of
ureB.

Identification of the �290-nt antisense sRNA complemen-
tary to the 5� region of ureB. To further characterize the
�290-nt antisense sRNA complementary to the 5� region of
ureB in terms of its specific genomic location and size, we
prepared six strand-specific oligonucleotide sense probes (1-
1S, 1-2S, 1-3S, 2-1S, 2-3S, and 3-1S, each with a size of 51 to 55
nt) corresponding to different regions of the previously used
5�-ureB probe (476 nt) (Fig. 2A) and used in Northern analysis
and 5� RACE to determine the specific location and the 5� end
of this sRNA in the H. pylori genome.

Northern analysis with strand-specific oligonucleotide probes
1-1S and 1-2S did not detect any transcript. However, the
�290-nt transcript was indeed found with the 1-3S, 2-1S, 2-3S,
and 3-1S probes in both H. pylori strain 43504 and H. pylori
strain 26695 (Fig. 2C), indicating that this sRNA is expressed
at least in these two strains. 5� RACE experiments with a
strand-specific oligonucleotide (1-3S) identified this sRNA as
an antisense RNA produced from the complementary strand

of ureB in wild-type H. pylori strain 43504 (Fig. 3). After clon-
ing and sequencing of the 5� RACE product, the length of the
sRNA was found to be 292 nt, assuming that the 3� end of the
sRNA is the nucleotide corresponding to the 5� end of the 1-3S
primer. By alignment of the sRNA sequence identified from H.
pylori strain 43504 with the corresponding region of the strain
26695 genome sequence, the 5� end of the sRNA is mapped to
nucleotide 76795 in the totally sequenced genome of H. pylori
strain 26695. Thus, this sRNA extends from positions 442 to
151 of the coding sequence of ureB (Fig. 3B). The coding
sequences for the sRNA from strains 43504 and 26695 share
�97% identity, with only 8 nucleotides differing between the
two strains (Fig. 3B).

The expression profiles at pH 7.4 and 4.5 show that anti-
sense sRNA expression is inversely related to the mRNA level
of ureAB. The expression profile of the �290-nt 5�ureB-sRNA
complementary to 5�-ureB was examined under different pH
conditions, given the acid acclimation function of its host
genes, ureA and ureB. An overnight culture of wild-type H.
pylori (strain 43504) and the HP0165-deficient mutant strain
(43504/�HP0165::Km) was exposed to pH 7.4 and pH 4.5 for
30 min, and Northern analysis was performed on equal
amounts of RNA fractionated in 6% polyacrylamide-urea gels
with a strand-specific oligonucleotide sense probe (5�-ureB
2-1S) detecting sRNA and an antisense probe (5�-ureB 2-1AS)
detecting ureAB transcripts.

The pH-responsive expression profile (Fig. 4A and B)
showed that in the H. pylori wild-type strain, the level of the
1.4-kb truncated ureAB transcript was increased and the level
of the intact 2.7-kb transcript was decreased at pH 7.4 com-
pared to the levels at pH 4.5. Meanwhile, at pH 4.5 the level of
expression of the 5�ureB-sRNA was significantly decreased
compared to that at pH 7.4 (Fig. 4A and C). The increase in
the level of the 2.7-kb transcript at pH 4.5 (Fig. 4A and B) is
due to activation of PureA by the HP0165-HP0166 TCS.

In the HP0165 mutant strain, no pH 4.5-induced increase of
the 2.7-kb ureAB transcript level was seen, and the 2.7-kb

FIG. 1. Truncated ureAB transcripts are detected in HP0165-deficient mutant strain. (A) Total RNA was extracted from wild-type H. pylori
strain 43504 (lane 1) and the 43504/�HP0165::Km mutant strain (lane 2). The RNA was size fractionated on 1.2% agarose formaldehyde gels and
hybridized with the 5� ureA-specific DNA probe. (B) Structure of the urease gene cluster and its flanking region, probes used for Northern blot
analysis, primers (light bent arrows; the primers are listed in Table 1) used for the PCR analysis, the PCR product, and a summary of possible
transcripts from the ureAB gene cluster obtained with the 5�-ureA probe. The dark bent arrows denote promoters. The ovals represent HP0166
binding sites.
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transcript level was much lower than that in the wild type since
there is no activation of PureA by the HP0165-HP0166 TCS.
However, the level of the 1.4-kb truncated transcript that re-
sults in truncated UreB protein was significantly increased
under both pH conditions compared to that in the wild-type
strain. As shown in Fig. 4C, the transcript level of 5�ureB-
sRNA in the wild-type strain at pH 7.4 was �2.5-fold greater
than that at pH 4.5, while the transcript level of 5�ureB-sRNA
in the HP0165-deficient mutant was significantly higher than
that in the wild-type strain at either pH. These results suggest
that acid-responsive expression of ureAB is also controlled by a
cis-encoded antisense sRNA transcribed from the 5� ureB non-
coding strand, which provides the organism with the ability to
downregulate full-length ureAB expression at pH levels that
are inimical to survival in the presence of urea. This is primar-
ily regulated at the transcriptional level via the HP0165-
HP0166 two-component system.

Effects of 5�ureB-sRNA overexpression on ureAB tran-
scripts. To see if 5�ureB-sRNA has direct effects on the mRNA
level of its host gene, ureAB, one of three self-replicating plas-

mids was introduced into an H. pylori wild-type strain so that
normal, high, and very low intracellular levels of 5�ureB-sRNA
were generated in H. pylori. To obtain high levels of this anti-
sense sRNA, we transferred a plasmid containing the full se-
quence of this 5�ureB-sRNA under the control of a relatively
strong cagA promoter (55) into the wild-type H. pylori 43504
strain [pTM-PcagA-5�ureB-sRNA(�)]. To deplete this sRNA
without introducing changes in the ureAB coding sequence, we
also cloned this sRNA in reverse complementary orientation
under the control of the cagA promoter and the HP0092-T1
terminator (10) from H. pylori as a signal for the termination of
transcription, in essence, expressing an anti-5�ureB-sRNA
[pTM-PcagA-5�ureB-sRNA(�)]. The third plasmid served as a
control with no additional insertion downstream of cagA pro-
moter (pTM-PcagA). Northern blot analysis verified successful
overexpression or downregulation of the 5�ureB-sRNA in
transformed cells of H. pylori strain 43504 with pTM-PcagA-
5�ureB-sRNA(�) or pTM-PcagA-5�ureB-sRNA(�) (Fig. 5, bot-
tom panels). At pH 7.4, the PcagA-driven 5�ureB-sRNA over-
expression resulted in a greatly reduced level of the 2.7-kb

FIG. 2. Detection of a cis-encoded antisense small RNA transcribed from the 5� ureB noncoding strand by Northern analysis. (A) ureAB gene
structure and the DNA fragments that were used as templates for RNA probe synthesis by in vitro transcription. The strand-specific oligonucleotide
probes are also shown. The bent arrows denote promoters. The ovals represent HP0166 binding sites. (B) The total RNAs were extracted from
wild-type H. pylori strain 43504. RNAs were separated in a 10% polyacrylamide-urea gel and then transferred to a Zeta-GT membrane. Sense RNA
probes (lanes S) for 5� ureA, IGR ureAB, 5� ureB, full ureB, 3� ureB, and IGR ureBI were used for Northern blot analysis. As a control, antisense
RNA probes (lanes AS) were also used for Northern blot analysis. (C) For further characterization of the �290-nt antisense sRNA complementary
to the 5� region of ureB, total RNAs isolated from wild-type H. pylori strains 43504 and 26695 were separated in a 6% polyacrylamide-urea gel and
then transferred to a Zeta-GB membrane. Six strand-specific oligonucleotide sense probes (1-1S, 1-2S, 1-3S, 2-1S, 2-3S, and 3-1S, each with a size
of 51 to 55 nt) corresponding to different regions of the 5�-ureB probe were used in Northern blot analysis.
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ureAB transcript and an increased level of the truncated 1.4-kb
transcript (Fig. 5, lanes 1 in top panels). On the other hand,
expression of the anti-5�ureB-sRNA led to a decrease in the
level of the truncated 1.4-kb ureAB transcript (Fig. 5, lanes 2 in
top panels), while the transformed cells with pTM-PcagA

showed no significant difference in the levels of 5�ureB-sRNA
and ureAB transcripts compared to those for the wild type (Fig.
5, lanes 3 and 4). The 5�ureB-sRNA overexpression and the
mutant phenotype in the levels of ureAB transcripts indicated
that 5�ureB-sRNA has a direct regulatory effect on ureAB.

Urease regulation by 5�ureB-sRNA. To determine the effect
of 5�ureB-sRNA on H. pylori urease activity that is dependent
on the transcription products from the ureAB gene, assays for
urease from intact bacteria of wild-type H. pylori strain 43504,
HP0165-deficient mutant strain (43504/�HP0165::Km), and

5�ureB-sRNA-overexpressing strain [43054/pTM-PcagA-5�ureB-
sRNA(�)] at neutral pH were done by measuring the amount
of 14CO2 released from [14C]urea. As shown in Fig. 6, the
overexpression of 5�ureB-sRNA in strain 43054/pTM-PcagA-
5�ureB-sRNA(�) resulted in an �80% decrease in urease ac-
tivity compared to that in the wild-type strain. The HP0165
deficiency in mutant strain 43504/�HP0165::Km resulted in an
�70% decrease in urease activity. These results are consistent
with those of the Northern blot analysis (Fig. 4 and 5), in which
both the mutation for HP0165 deficiency and 5�ureB-sRNA
overexpression resulted in a reduced level of the 2.7-kb ureAB
intact transcript and an increased level of the truncated 1.4-kb
transcript.

Unphosphorylated HP0166 (HP0166-D52N) binds specifi-
cally to the promoter region of 5�ureB-sRNA. To examine

FIG. 3. 5� RACE mapped the antisense sRNA complementary to the 5� third of ureB. (A) Map of the ureAB gene cluster with an antisense
sRNA complementary to the 5� third of ureB. The 5�-ureB sense RNA probe and the specific oligonucleotide probes (1-1S, 1-2S, 1-3S, 2-1S, 2-3S,
and 3-1S) used for identification of sRNA are shown. Red bent arrows denote promoters; orange and green bars with arrows denote ureAB genes
and antisense 5�ureB-sRNA genes, respectively. Yellow ovals represent HP0166 binding sites. (B) Gene sequence corresponding to 3� end of
ureA and 5� region of ureB from H. pylori strain 26695. The coding sequences for ureA and ureB are highlighted in the upper strand in blue and
yellow, respectively. The coding sequence for the 5�ureB-sRNA complementary to the 5� ureB is highlighted in the lower strand in green with an
arrowed green line underneath. The �10 promoter sequence is shaded in gray. The amino acid sequences coded by ureA and ureB are also shown
on the top of their coding sequences. The alignment of the coding sequence for 5�ureB-sRNA identified from H. pylori strain 43504 is indicated
in green letters, and only the nucleotides that are different from the corresponding sequence in strain 26695 are shown. The numbers with regard
to the complete genome sequence from strain 26695 are shown on the left side. The numbers with regard to the coding sequence of ureB are shown
on the right side.
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whether a binding site for response regulator HP0166 is
present in the promoter region of 5�ureB-sRNA, the purified
recombinant HP0166-His6 (73) that was phosphorylated in
vitro by carbamylphosphate (HP0166-WT�P) and a mutated
response regulator, HP0166-D52N (73), that is not able to be
phosphorylated at the aspartate phosphorylation site were
used in the gel mobility shift DNA binding assay with a DNA
fragment corresponding to the promoter-regulatory region of
5�ureB-sRNA. As shown in Fig. 7, no gel shift was detected for
the phosphorylated HP0166 (HP0166-WT�P), suggesting that
there is no direct interaction between phosphorylated response
regulator HP0166 and the promoter region of 5�ureB-sRNA.
However, a band with a prominent gel shift was observed when
120 pmol of HP0166-D52N was added to the reaction mixture
(Fig. 7B, lane 5). The addition of a 50-fold excess of unlabeled
DNA fragment corresponding to the promoter region of
5�ureB-sRNA prevented DNA binding of the radiolabeled
probe (Fig. 7B, lane 6). These results show that the unphos-
phorylated response regulator HP0166 binds specifically to the
promoter region of 5�ureB-sRNA.

DISCUSSION

Transcripts from the urease gene cluster of H. pylori are
cleaved to produce several species of mRNA (3). Hence, a
pH-dependent posttranscriptional regulatory mechanism for
urease gene expression by mRNA decay has been suggested
(3). However, no explanation as to how urease gene transcripts

are regulated at a posttranscriptional level and how ureAB
mRNA decay is facilitated has been offered.

In the current study, we provide evidence, for the first time,
for a cis-encoded antisense sRNA (5�ureB-sRNA) acting on
the expression of ureAB at the posttranscriptional level by
targeted degradation of ureAB mRNA, resulting in truncation
of the 3� region of ureB of the ureAB transcript. Expression of
5�ureB-sRNA is negatively regulated by the HP0165-HP0166
TCS in response to an acidic environment and is positively
regulated at neutral pH with converse changes in the length of
the ureAB transcript.

Using Northern blot analysis with sense RNA probes and
strand-specific oligonucleotide probes followed by a 5� RACE,
we identified a 5�ureB-sRNA that has a specific target in its
host gene mRNA because it is fully complementary to the 5�
third of the ureB gene over its full length. The predicted �10
motif sequence (tgtTACACC, lowercase letters indicate more
variable nucleotides) of 
80 in H. pylori shows a strong simi-
larity to the extended Pribnow box (tgnTAtaAT) identified in
a primary transcriptome study (54). This is located immedi-
ately upstream of the transcription start site of the 5�ureB-
sRNA (Fig. 3B). Therefore, this sRNA appears to be a primary
transcript rather than a processed transcript by imperfect ter-
mination. The ureB mRNA is transcribed as the second tran-
script together with ureA from a single bicistronic operon,
ureAB, driven by the promoter PureA that produces a 2.7-kb
intact ureAB transcript in exponentially growing H. pylori (3).
Overexpression of 5�ureB-sRNA results in a significant in-

FIG. 4. The pH-responsive expression profile of an antisense sRNA in H. pylori by Northern blot analysis. (A) The total RNAs from H. pylori
43504 wild-type (WT) and 43504/�HP0165::Km mutant strains were harvested after treatment at pH 7.4 and pH 4.5 for 30 min. RNA samples (5
�g) were separated in 6% polyacrylamide-urea gels and then transferred to a Zeta-Probe GT membrane. The ureAB transcripts were detected with
a strand-specific oligonucleotide antisense probe (5�-ureB 2-1AS) (top panels), and the sRNA was detected with an oligonucleotide sense probe
(5�-ureB 2-1S) complementary to the 5� ureB (bottom panels). RNA samples were run alongside RNA Century Marker-Plus size markers (Ambion)
with the indicated sizes. The gels (stained with ethidium bromide) are shown as loading controls (right panels). The relative transcript levels
normalized to the corresponding intensity of 23S and 16S rRNA for intact 2.7-kb and truncated 1.4-kb ureAB transcripts (B) and �290-nt
5�ureB-sRNA (C) from H. pylori 43504 wild-type and 43504/�HP0165::Km mutant strains under different pH conditions are shown in the bar
graphs. Error bars represent standard deviations from three hybridization experiments with independently prepared RNA samples. �, P � 0.05;
��, P � 0.005.

VOL. 193, 2011 H. PYLORI 5�ureB-sRNA 47



crease in the level of the 1.4-kb truncated ureAB transcript and
a decrease in the level of the 2.7-kb intact ureAB transcript and
leads to reduced urease activity. Apparently, the 5�ureB-sRNA
interacts by base pairing with a coding region of the ureB
transcript which does not include the Shine-Dalgarno se-
quence (Fig. 3). Therefore, it is very unlikely that this sRNA
interferes with the initiation of translation through competi-
tion with 16S rRNA for the Shine-Dalgarno sequence, which is
the usual case for trans-encoded regulatory sRNAs in bacteria
(6, 26). Here, the transient formation of sRNA-ureB mRNA
duplexes makes them a target for selective downstream deg-
radation, which results in a 1.4-kb truncated ureAB transcript
that lacks most of the ureB transcript from the 3� end. Base
pairing of the sRNA can target RNase to the region and result
in mRNA cleavage or transcriptional termination, leading to
reduced levels of downstream gene transcripts (70). Although
the final product of the antisense sRNA-ureB mRNA binding
is a full duplex that may be degraded by RNase III (29, 65) or
RNase E (36), the detailed mechanism that affects mRNA
stability by a cis-encoded antisense sRNA has not yet been
defined.

The reciprocally regulated transcription level of the 5�ureB-
sRNA compared to that of its target mRNA (ureAB) under
neutral and acidic pH conditions indicates a targeted degrada-
tion of ureB mRNA mediated by the 5�ureB-sRNA. As shown
in Fig. 4, the 5�ureB-sRNA is more efficiently transcribed at pH

7.4 in the wild-type H. pylori strain, which initiates the coupled
degradation of the ureB transcript, resulting in the observed
increase in the level of truncated 1.4-kb ureAB transcript. On
the other hand, the transcription level of the 5�ureB-sRNA is
decreased at pH 4.5 and the level of the intact 2.7-kb ureAB
transcript is increased, partially due to the decrease of targeted
degradation of ureB transcripts mediated by the 5�ureB-sRNA.
These effects are much exaggerated in the strain with the
HP0165 deletion, where the 5�ureB-sRNA level remains high
independent of pH. This is associated with an increase in the
level of the 1.4-kb truncated ureB and a decrease in the level of
the 2.7-kb transcript, as found in the wild type at pH 7.4.

FIG. 6. Urease activity of wild-type H. pylori strain 43503, an
HP0165-deficient mutant strain (43504/�HP0165::Km), and a 5�ureB-
sRNA-overexpressing strain [43054/pTM-PcagA-5�ureB-sRNA(�)]. In-
tact bacterial cells from each strain were radiometrically assayed at
neutral pH for urease activity. Urease activity (micromoles of CO2
liberated per minute per milligram of protein) was calculated by mea-
suring the amount of 14CO2 released from [14C]urea.

FIG. 7. Identification of the direction interaction between response
regulator HP0166 and the promoter region of 5�ureB-sRNA. The
DNA fragment for the promoter region of 5�ureB-sRNA was labeled
with [	-32P]ATP. Labeled probe was incubated in the absence (lane 1)
or presence of increasing amounts of phosphorylated wild-type
HP0166-His6 (HP0166-WT�P) or nonphosphorylatable mutated pro-
tein HP0166-D52N (15, 30, 60, and 120 pmol, lanes 2 to 5, respectively)
or in the presence of both HP0166-His6 (120 pmol, either HP0166-
WT�P or HP0166-D52N) and a 50-fold excess of unlabeled probe as
a specific competitor (lane 6). The open and line arrows indicate the
shifted band and free probes, respectively.

FIG. 5. Effects of increased and decreased 5�ureB-sRNA expres-
sion on ureAB mRNA levels. The total RNAs from the H. pylori 43504
wild type, the transformant with pTM-PcagA-5�ureB-sRNA(�) that ex-
pressed a high level of 5�ureB-sRNA, the transformant with pTM-
PcagA-5�ureB-sRNA(�) that expressed a low level of 5�ureB-sRNA, and
control strains with pTM-PcagA were harvested after treatment at pH
7.4 for 30 min. RNA samples (5 �g) were separated in 6% polyacryl-
amide-urea gels and then transferred to a Zeta-Probe GT membrane.
The ureAB transcripts were detected with a strand-specific oligonucleo-
tide antisense probe (5�-ureB 2-1AS) that can also detect anti-5�ureB-
sRNA, shown as a lower-molecular-mass band (top panels), and the
5�ureB-sRNA was detected with an oligonucleotide sense probe (5�-
ureB 2-1S) complementary to the 5� ureB (bottom panels). The gels
(stained with ethidium bromide) are shown as loading controls (right
panels).
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A very limited number of cis-encoded antisense sRNAs in
bacteria have been reported, because most methods to identify
regulatory RNAs in bacteria used so far (5, 45, 69) have been
focused on intergenic regions. Most of the cis-encoded anti-
sense sRNAs were found to be expressed on bacteriophage
plasmids and transposons and function to maintain the appro-
priate copy number of the mobile element (7, 68). However,
some of the cis-encoded antisense sRNAs were also found to
be expressed on bacterial chromosomes (7). For example, in E.
coli, base pairing between the stationary-phase-induced GadY
antisense sRNA and the mRNA from acid response gene
gadXW leads to cleavage of the duplex between the gadX and
gadW genes and increased levels of a gadX transcript by a
targeted stabilization (38, 59). In Synechocystis species, the iron
stress-repressed IsrR antisense sRNA base pairs with se-
quences within the isiA coding region of the isiAB transcript,
leading to decreased levels of an isiA transcript by a targeted
degradation (19).

TCSs allow bacteria to monitor diverse environmental
cues and to adjust gene expression accordingly at the tran-
scriptional level (27, 56). Much evidence showing that the
expression of a subset of small RNAs is regulated by TCSs
has accumulated (61), thus expanding the scope of genetic
control exerted by TCSs. For example, posttranscriptional
modulation of porin (including OmpF, OmpC, and OmpA)
levels in E. coli is finely tuned by a set of sRNAs (including
MicF, MicC, and MicA) (2, 12, 16, 42) as a result of different
stimuli channeled through the osmosensory EnvZ/OmpR
two-component system (76), the SoxR/SoxS system for mon-
itoring oxidative stress (17), and the extracytoplasmic stress-
responsive pathway that determines the intracellular levels
of the sigma factor 
E (18).

The dRNA-seq studies with wild-type H. pylori strain 26695
found that the H. pylori transcriptome is complicated and pre-
dicted hundreds of sRNA candidates from intergenic regions,
regions antisense to ORFs, and also sense regions within ORFs
(54). However, the cis-encoded antisense sRNA from the 5�
ureB region that we find in this study was not found by the
dRNA-seq approach either at mid-logarithmic phase or under
acid stress (pH 5.2) (54). It is likely that the expression level of
this 5�ureB-sRNA is too low in the wild-type H. pylori strain at
neutral pH and even lower at acidic pH (Fig. 4) for it to be
distinguished from the background level by the global analysis
of the transcription start site set that was the basis of the
primary transcriptome studies. A significantly higher transcript
level of this antisense sRNA is found in HP0165-deficient mu-
tant under both pH conditions (Fig. 4C), because the expres-
sion of this sRNA is negatively regulated by the HP0165-
HP0166 TCS. Using EMSA, we also identified a direct
interaction between the potential promoter region of 5�ureB-
sRNA and the unphosphorylated response regulator HP0166.
This confirmed that 5�ureB-sRNA is regulated by the HP0165-
HP0166 TCS. Furthermore, this is the first time that a specific
regulatory role by unphosphorylated response regulator
HP0166 was identified, even though previous studies have sug-
gested that unphosphorylated response regulator HP0166 may
play an essential role in H. pylori growth (50). Perhaps at
neutral pH or in HP0165-deficient mutants most of HP0166 is
unphosphorylated and therefore binds the promoter region of

5�ureB-sRNA and consequently induces the expression of
5�ureB-sRNA, leading to a downregulation of urease activity.

The transcriptional induction of urease genes in H. pylori is
regulated mainly by the HP0165-HP0166 TCS (39, 41). The
histidine kinase sensor senses low pH due to a histidine residue
94 (H94) in the periplasmic input domain (37) and triggers
autophosphorylation of HP0165 and the subsequent phospho-
rylation of its cognate response regulator HP0166. The phos-
phorylated response regulator then binds to extended regions
overlapping the PureA and PureI promoters (41) to positively
regulate the transcription of urease genes. Now we have shown
that deletion of HP0165 prevents the increased expression of
the 2.7-kb intact ureAB transcript at pH 4.5 and elevates the
level of the 1.4-kb truncated transcript (Fig. 4A and B). This
confirms that this TCS can act both as an activator of urease
gene expression and as a repressor of transcription of the
5�ureB-sRNA which base pairs with the 5�ureB region of the
ureAB transcript, leading to the posttranscriptional truncation
of ureB mRNA.

Much is now known about the response of H. pylori to
acidic conditions in the presence of urea. Cytoplasmic urea
hydrolysis by urease produces ammonia and carbonic acid.
CO2 is formed from this carbonic acid in the cytoplasm and
is catalyzed by cytoplasmic �-carbonic anhydrase. The cyto-
plasmic CO2 produced diffuses rapidly through UreI and
less so through the inner membrane into the periplasm
where bicarbonate is produced due to periplasmic �-car-
bonic anhydrase (72). The HCO3

� maintains the periplasm
at pH 6.1 over a wide range of medium pHs between 6.2 and
2.5 (44, 52, 53) and is aided by buffering of entering protons
by NH3. The activity of intrabacterial urease is controlled by
the inner membrane pH-gated channel UreI, which in-
creases the access of the substrate, urea, to the cytoplasm of
the bacterial cell in response to acidic pH (8, 43, 51, 71).
Urease, the channel protein, UreI, and both carbonic anhy-
drases are essential for gastric colonization in animal mod-
els of H. pylori infection (20, 21, 35, 60).

The data presented above show that H. pylori also has a
mechanism for downregulation of urease that enables it to
adapt to a neutral pH in the face of the constant presence of
urea in gastric juice using the same TCS that activates urease
gene cluster expression in response to an acidic pH. This ad-
aptation to low acidity is the converse of acid acclimation,
defined by the changes induced by transition from neutral to
acidic pH.

In conclusion, while several different mechanisms that
upregulate expression of ureAB have been identified, we
have now found a mechanism, also controlled by the
HP0165-HP0166 TCS, which downregulates ureB expression
mediated by a cis-encoded antisense sRNA transcribed from
the 5� ureB noncoding strand in response to elevated envi-
ronmental pH. These concepts are presented in the model
(Fig. 8). This posttranscriptional regulatory mechanism al-
lows downregulation of urease expression in response to
neutral external pH while maintaining sufficient UreA levels
to provide a faster change of urease activity when acidic pH
is reencountered. This results in a response of urease levels
not only to acidic pH but also to relatively neutral pH in H.
pylori. This ability of H. pylori to both up- and downregulate
urease activity presumably facilitates continued colonization
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of the human stomach under widely different intragastric pH
conditions. Furthermore, this mechanism may also enhance
transmission of the infection where neutral pH is encoun-
tered prior to gastric access.
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