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Abstract Small noncoding RNAs (sRNAs) are a group of
regulatory RNA molecules normally without a protein-
coding function. In recent years, the importance of SRNAs
as mediators of gene expression in bacteria has begun to be
recognized. More than 70 sRNAs have been known in
Escherichia coli. However, little is known about SRNAs in
Helicobacter pylori, a human pathogen associated with
gastric diseases. Here, we systematically identified SRNAs
in the H. pylori genome by a computational approach based
on gene location, sequence conservation, promoter and
terminator search, and secondary structure. Among a total
of six candidate sRNAs initially predicted, two novel
sRNAs (IG-443 and 1G-524) were confirmed by Northern
blot and reverse transcription—polymerase chain reaction
(RT-PCR). Virtually, they were a class of natural antisense
transcripts, which were complementary to partial sequen-
ces of the following genes: flagellar motor switch gene
(fliM) and fumarase (fumC). Taken together, the results
indicate that there exist novel SRNAs in H. pylori and these
RNAs might play a potential role in regulating gene
expression.
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Introduction

Recently, small noncoding RNAs have attracted great
interest as key regulators in both eukaryotic and pro-
karyotic life. In bacteria, these regulatory RNAs are also
termed “small RNAs” (sRNAs). These are a group of
functional RNA molecules normally without a protein-
coding function, and they range from 50 to 500 nucleo-
tides in size. The majority of sRNAs can control gene
expression at the posttranscriptional level via base-pairing
with complementary sequences in target transcripts [4]. It
is well established that SRNAs control plasmid replica-
tion, transposition of transposable elements, bacterial
virulence, quorum sensing, and bacterial expression reg-
ulation [6, 7, 14, 15]. The accumulating data suggest that
bacteria use sRNAs to fine-tune their physiology and
adapt to rapidly changing environments. As a result of
recent systematic searches, over 70 sRNAs are now
known in Escherichia coli, and more and more sRNAs
are found in other pathogens (e.g., Salmonella, Yersinia,
Vibrio harveyi, etc.) [5]. However, the biological func-
tions and mechanisms of action of bacterial SRNAs
remain to be elucidated.

Helicobacter pylori is a Gram-negative, spiral, micro-
aerophilic human pathogen associated with gastric diseases
like chronic active gastritis, peptic ulceration, gastric
carcinoma, and mucosa-associated lymphoid-tissue lym-
phoma. A remarkable feature of H. pylori is its ability to
survive in the extremely acidic environment of the stom-
ach. Despite the limited number of transcriptional
regulators, evidence is accumulating for the existence of
new and complex circuits regulating gene transcription and
virulence. The recent increased recognition of important
regulatory roles for SRNAs has expanded our interest in
how to find such regulatory RNAs in H. pylori. However,
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sRNAs were hard to detect using traditional screening
strategy due to their lack of defined sequence features,
small size, and poor expression level. In a previous study,
we have successfully identified several regulatory sSRNAs
in H. pylori by RNomics strategy (data not shown). To
circumvent some of the limitations of the previous screens
and identify additional sRNAs in H. pylori, we systemati-
cally screened small RNA genes in H. pylori genome by a
computational approach, aiming to enrich the knowledge of
regulatory network of H. pylori.

Materials and Methods
Bacterial Strains and Culture Conditions

Helicobacter pylori strain 26695 was obtained from
ATCC. The bacteria were grown on CDC anaerobe blood
agar plates (BD). Incubation was performed at 37°C for
2 days in an anaerobic jar containing a gas mixture of 5%
0,, 10% CO,, and 85% N, (DU Scientific).

Identification of Putative Small RNA Genes

The sequences of H. pylori 26695 were extracted from the
EMBL database. Intergenic regions (IGRs) are defined here
as sequences between two neighboring ORFs on either
strand. A file of all H. pylori IGRs sequences was created by
a Perl package based on the gene annotations. This file was
used as an input file to the profile search program. We then
used a profile-based search program, pftools2.2, to identify
putative promoters in the IGRs. The program pftools2.2 was
obtained from the Swiss Bioinformatics Institute’s ftp server
(http://www.isrec.isb-sib.ch/ftp-server/pftools/). Then the
prediction of terminators was performed by RNAMotif
algorithm as described elsewhere [3]. An intrinsic termina-
tor is composed of a G-C-rich RNA hairpin loop and a U-rich
tail. Predicted promoters and terminators were combined to
generate putative small RNA genes if the following criteria
were met: (1) Promoter and terminator pairs were on the
same strand and (2) the distance between the two was less
than 350 nucleotides but greater than 45 nucleotides.

After the prediction of promoters and terminators, all of
the putative small RNA genes were used in subsequent
BLAST and secondary structure analyses. We compared the
putative small RNA genes against NCBI Microbial genomes
databases using the BLAST program to select conserved
putative SRNAs. The secondary structure of putative SRNAs
was predicted by the Vienna package (http://rna.tbi.univie.
ac.at/).

Detection of the Expression of sSRNAs by RT-PCR

Total RNA from overnight cultures of H. pylori was pre-
pared by the Trizol method. To remove potential DNA
contamination, total RNA was treated with RNase-free
DNase I for 30 min at 37°C and recovered by phenol/
chloroform extraction and ethanol precipitation. Total RNA
(1 pg) was incubated with 1 pl specific RT primer and 1 pl
dNTP mix (10 mM each) at 65°C for 5 min to denature the
RNA secondary structure. The reactions were chilled on ice
for at least 1 min and the remaining reagents [5x buffer,
dithiothreitol (DTT), RNase inhibitor, SuperScript III] were
added as specified in the SuperScript III protocol and the
reaction proceeded for 60 min at 50°C. Finally, the reverse
transcriptase was inactivated by a 15-min incubation at
70°C. The cDNA amplification was carried out for 35
cycles at a final annealing temperature of 50°C using the
following primers: 1G-443 (5-GAAAAGACATTAAAAC
TTG-3"; 5-GATCAAATGACTTATGGCG-3') and 1G-524
(5’-ATGTGCATTGCGGTAGGGA-3'; 5’-ATCCACCCTA
ACGATGACG-3'). The polymerase chain reaction (PCR)
product was separated on 3% agarose gel electrophoresis.
Then the gel slices containing DNA with a size about 60 bp
were excised and eluted according to the E.Z.N.A.TM Gel
Extraction Kit (omega). The DNA fragment was directly
subcloned into pGEM-T vector (Promega) and sequenced
(Shanghai Sangon Biotechnology).

Northern Blot

Total RNA (30 pg) was separated on a denaturing 15%
polyacrylamide gel, and 5S rRNA was visualized using
ethidium bromide staining to ensure the quality of the RNA.
Then total RNA was transferred to Hybond N+ membranes
(Amersham) using a Trans-Blot SD semidry transfer (Bio-
Rad). The RNAs were immobilization to the membrane by
ultraviolet (UV) crosslinking (120 mJ/cm?; UVP) and
baking at 80°C for 1 h. The sequences of the DNA oligo-
nucleotides used to generate complementary probes were as
follows: 1G-443 (5'-CCTAGCCCTACAAGTTTTAATG-
3); 1G-524 (5-CGACACTTTCCCTACCGCAATGC-3).
The DNA oligonucleotide probes were labeled with [y->2P]
ATP (Yahui) using T4 polynucleotide kinase (NEB). The
membrane was prehybridized in ExpressHyb (CloneTech)
solution at 42°C for at least 1 h and hybridized in fresh
ExpressHyb solution at 42°C for 12 h. The membranes
were washed twice with 2x SSC (1x SSC bufferis 0.15 M
NaCl plus 0.015 M sodium citrate)/0.1% sodium dodecyl
sulfate (SDS) and 0.5x SSC/0.1% SDS at room tempera-
ture. Finally, the membranes were exposed to X-ray film at
—70°C for 48 h.
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Results
Identification of Putative Small RNA Genes

As a starting point for detecting novel sRNAs in H. pylori,
we considered a number of common properties of the
previously found sRNAs in Escherichia coli that might
serve as a guide to identify novel SRNAs. We are defining
sRNAs as relatively short RNAs without protein-encoding
function that are encoded by freestanding genes in the
empty IGSs. Therefore, to identify novel sSRNAs, we first
created a file containing 1262 IGR sequences (>120
nucleotides) from H. pylori by a Perl program. Second, for
the bacterial small RNA genes, the promoters and termi-
nators are not qualitatively different from those for other
traditional genes. The signals of promoters and terminators
might give us some clue to discover sSRNAs. Additionally,
a high conservation was found between the sRNAs in
closely related organisms. In this study, after the prediction
of promoters and terminators respectively by pftools2.2
and the RNAMotif algorithm, all of the putative SRNA
genes were used in subsequent BLAST to select highly
conserved sSRNA genes. The whole process of identifying
putative SRNA genes is schemed as shown in Fig. 1. As a
result, the final six novel SRNA genes shown in Table 1
were found in our computational search.

Genome sequences

\4

Extracting IGRs (>120 nt)

v

Promoter search

A4

Terminator prediction

v

Conservation analysis

A 4

Secondary structure analysis

\4

Putative small RNA genes

Fig. 1 Scheme of a genome-wide computational search for putative
small RNA genes
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Annotation of the Candidate SRNA Genes

To investigate the regulatory role of sSRNAs in H. pylori, we
first mapped the genomic location of candidate SRNAs. To
our surprise, we found that most SRNAs had matches within
a gene or open reading frame (ORF) but in antisense ori-
entation, supporting previous experimental evidence for
significant global antisense transcription. Virtually, these
candidate SRNAs are a class of natural antisense transcripts
(NATS) that exhibit partial or complete complementarity to
other RNAs. They might be transcribed in cis from
opposing DNA strands at the same genomic locus (cis-
NATS); for example, IG-443 is encoded in the IGR between
fur and HP1033, in the opposite orientation to the adjoining
gene, flagellar motor switch gene (fliM) (Fig. 2a); IG-524 is
encoded in the IGR between HP1322 and HP1326, in the
opposite orientation to the adjoining ORF fumarase (fumC)
(Fig. 2b). The results suggest that IG-443 and IG-524 might
respectively regulate the expression of the above genes in a
sequence complementary manner. The results of secondary
structure showed that putative sSRNAs had typical stem-loop
structure (Fig. 2c, d).

Detection of the Expression of sSRNAs by RT-PCR
and Northern Blot

To verify the expression of candidate sRNAs, we per-
formed RT-PCR and Northern blot analysis. We performed
PCR reaction with the template of DNase I-treated total
RNA to confirm the quality of RNA without DNA con-
tamination. The PCR product was analyzed on 3% agarose
gel electrophoresis and an ~ 60-bp band was detected in
1G-443 and 1G-524, whereas there was no band in other
candidate sRNAs and negative control (Fig. 3a). The
results showed that the expression of 1G-443 and 1G-524
could be detected by a two-step RT-PCR. At the same time,
the results of Northern blot were consistent with RT-PCR,
and only the expression of 1G-443 and 1G-524 were con-
firmed (Fig. 3b).

Discussion

Helicobacter pylori is a spiral and microaerophilic human
pathogen associated with gastric diseases. Infection with
this pathogen is widespread and affects ~50% of the
world’s population. The 1.6-Mb genomes of five H. pylori
strains (26695, J99, HPAG, Shi470, and G27) have been
sequenced and annotated. A remarkable feature of H. pylori
is its ability to survive in the extremely acidic environment
of the stomach. It requires the regulation of bacterial gene
expression to cope with the environmental fluctuations.
However, H. pylori has the relative low abundance of
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Table 1 Small RNA genes candidate in H. pylori genome

Candidate Adjacent genes Strand® 5’ End Length (nucleotides) Northern RT-PCR
1G-39 cpdB/metB — o« 113232 53 — —
1G-443 SUY/MIA — o« 1093352 60 + +
1G-524 HP132/HP1326 - o« 1385163 62 + +
1G-81 IpxD/ndk R 203721 92 — —
1G-173 dnaN/HP0502 -« > 529205 62 — .
1G-394 HP1066/prmA -« > 1126629 131 - -

* The middle arrow represents the small RNA genes and the flanking arrows indicate the orientation of the adjacent genes, respectively. Genes
present on the strand given in the H. pylori genome database are indicated by —, and genes present on the complementary strand are indicated by «

Fig. 2 The genomic location
and secondary structure of

fur || 16443 |

| HP1033 | | HP1322] | 16-524 | | HP1326 |

sRNAs: a the location of 1G-443
sRNA region and neighboring

genes; b the location of 1G-524
sRNA region and neighboring
genes. Genes present on the
strand given in the H. pylori
genome database are indicated C
by the > and genes present on
the complementary strand are
indicated by the <; ¢ the stem-
loop secondary structure of IG-
443 predicted by the Vienna
package; d the stem-loop
secondary structure of 1G-524
predicted by the Vienna
package

1G-443

regulatory elements. Analysis of the H. pylori genome has
identified only 32 genes with a possible regulatory function.
This is approximately half the number of those reported for
H. influenzae, which has a genome of comparable size to
H. pylori, and less than a quarter of those predicted for
E. coli [11]. Therefore, H. pylori seems to use complex and
fascinating mechanisms to control gene expression. Recent
studies have demonstrated that sSRNAs have key roles in the
bacterial response to stress. A small RNA in E. coli, RyhB,
was found to downregulate a set of iron-storage and iron-

flim

fumC

using proteins when iron is limiting; it was negatively
regulated by the ferric uptake repressor (Fur) protein [9]. In
H. pylori, Fur has also been shown to play an intricate role
in the adaptation of the bacterium to iron limitation and low
pH. The above evidence suggests that H. pylori does seem
to possess a number of SRNAs, and the regulation of gene
expression by RNAs is more ubiquitous than we thought.
In the traditional view, there are three major classes of
RNAs (mRNA, rRNA, and tRNA) in cells. Recent sys-
tematic screens for SRNAs with housekeeping or regulatory
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Fig. 3 Identification of sRNAs by RT-PCR and Northern blot: a
detection of 1G-443 and 1G-524 by two-step RT-PCR; 16S rRNA was
used as a positive control; b the expression of 1G-443 and 1G-524
sRNAs was identified by Northern blot. As a loading control, 5S
rRNA was stained with ethidium bromide (EtBr)

functions have significantly changed our view about their
prevalence. A large number of these molecules are now
known to be encoded by bacterial, archaeal, and eukaryal
genomes. In contrast to the numerous successful programs
for identifying protein genes, the prediction of SRNA genes
has not been a straightforward process. In 2001, 3 groups
discovered 31 new sRNAs of E. coli by bioinformatics
approaches. In these groups, the common denominator of
sRNA genes prediction focused on the IGRs and sequence
conservation [1, 10, 16]. In addition, a machine learning
approach relying on neural networks was developed to
extract common features among known sRNAs for the
prediction of new candidates [2]. However, each approach
has respective advantages and disadvantage. For instance,
comparative analysis is complicated when sequence con-
servation is less important than structure conservation.
Furthermore, it is very difficult for H. pylori to predict
small RNA genes, because there were no known sRNAs in
H. pylori to set up predictive criteria.

Here, we combined gene location, sequence conserva-
tion, promoter and terminator analysis, and secondary
structure to build a strategy to search small RNA genes in
the H. pylori genome. Using our method, IG-443 and 1G-
524 candidates were directly validated by Northern
hybridization. In fact, the two sRNAs are a class of NATSs;
NATSs are endogenous RNA molecules that exhibit partial
or complete complementarity to other RNAs. They might
be transcribed in cis from opposing DNA strands at the
same genomic locus (cis-NATS) or in trans from separate
loci (trans-NATs). NATs have already been found to
function at several levels of gene regulation, including
translational regulation, alternative splicing, and RNA
stability [13].

The genomic location of sSRNAs might give us some
clue to investigate the target genes and functions of SRNAs.
The results showed that IG-443 sRNA was complementary
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to flagellar motor switch gene (fliM). The coding product of
fliM is required for motility of H. pylori and essential for
the colonization and persistence in the human gastric
mucosa [17]. Therefore, 1G-443 might participate in the
regulation of flagellar biosynthesis by pairing with target
mRNA, fliM, and resulting in changes in the translation and
stability of mRNA. In addition, fumarase is an important
enzyme of the the tricarboxylic acid cycle, and 1G-524
might participate in the regulation of fumarase catabolism
of H. pylori in a sequence complementary manner.

Although generally successful in predicting SRNAs, our
approach does have limitations. The main limitation is due
to its reliance on IGRs. Although nearly all SRNAs iden-
tified to date are encoded in IGRs, indeed recent RNomics
screens for E. coli sSRNAs have identified a number of
sRNAs that are partially encoded on the noncoding strands
of ORFs [8, 12]. Another limitation of our approach is its
reliance on Rho-independent terminators. However, Rho-
dependent termination is also thought to occur in H. pylori.

In recent years, although bioinformatical strategies have
been taken to identify a great number of novel sSRNAs in
bacteria, many sRNAs were identified by various experi-
mental strategies [i.e., shotgun cloning of small-sized
sRNAs (or RNomics), microarray analysis, genomic SE-
LEX, and copurification with proteins]. In a previous study,
we have successfully identified several regulatory sSRNAs
in H. pylori by RNomics strategy. In summary, what we
know about sRNAs in bacteria is just the tip of the iceberg.
Our understanding of the target and regulation functions of
sRNAs is still limited. Therefore, the next challenge of our
work will be to develop equally effective methods for
finding the targets of those SRNAs in H. pylori. We believe
that a better understanding of the rules of how sRNAs and
their targets interact should help to unveil the full range of
the function of sRNAs in H. pylori.
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