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A burgeoning list of small RNAs with a variety of regulatory functions has been identified in both prokaryotic
and eukaryotic cells. However, it remains difficult to identify small RNAs by sequence inspection. We used
the high conservation of small RNAs among closely related bacterial species, as well as analysis of transcripts
detected by high-density oligonucleotide probe arrays, to predict the presence of novel small RNA genes in the
intergenic regions of the Escherichia coli genome. The existence of 23 distinct new RNA species was
confirmed by Northern analysis. Of these, six are predicted to encode short ORFs, whereas 17 are likely to be
novel functional small RNAs. We discovered that many of these small RNAs interact with the RNA-binding
protein Hfq, pointing to a global role of the Hfq protein in facilitating small RNA function. The approaches
used here should allow identification of small RNAs in other organisms.
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In the last few years, the importance of regulatory small
RNAs (sRNAs) as mediators of a number of cellular pro-
cesses in bacteria has begun to be recognized. Although
instances of naturally occurring antisense RNAs have
been known for many years, the participation of sRNAs
in protein tagging for degradation, modulation of RNA
polymerase activity, and stimulation of translation are
relatively recent discoveries (for review, see Wassarman
et al. 1999; Wassarman and Storz 2000). These findings
have raised questions about how extensively sRNAs are
used, what other cellular activities might be regulated by
sRNAs, and what other mechanisms of action exist for
sRNAs. In addition, prokaryotic sRNAs appear to target
different cellular functions than their eukaryotic coun-
terparts that primarily act during RNA biogenesis. It is
unclear whether this apparent difference between pro-
karyotic and eukaryotic sRNAs is accurate or stems
from the incompleteness of current knowledge. Implicit
in these questions is the question of how many sRNAs
exist in a given organism and whether the current
known sRNAs are truly representative of sRNA function
in general.
To date, most known bacterial sRNAs have been

identified fortuitously by the direct detection of highly
abundant sRNAs (4.5S RNA, tmRNA, 6S RNA, RNaseP
RNA, and Spot42 RNA), by the observation of an sRNA
during studies on proteins (OxyS RNA, Crp Tic RNA,
CsrB RNA, and GcvB RNA), or by the discovery of ac-
tivities associated with overexpression of genomic frag-
ments (MicF RNA, DicF RNA, DsrA RNA, and RprA
RNA) (Okamoto and Freundlich 1986; Bhasin 1989;
Urbanowski et al. 2000; Wassarman and Storz 2000;
Majdalani et al. 2001; for review, see Wassarman et al.
1999). None of the Escherichia coli sRNAs were found as
a result of mutational screens. This observation may re-
flect the small target size of genes encoding sRNAs com-
pared to protein genes, or may be a consequence of the
regulatory rather than essential nature of many sRNA
functions. The complete genome sequence of an organ-
ism provides a rapid inventory of most encoded proteins,
tRNAs, and rRNAs, but it has not led to the immediate
recognition of other genes that are not translated. In par-
ticular, new bacterial sRNA genes have been overlooked
because there are no identifiable classes of sRNAs that
can be found based solely on sequence determinants.
We and others have previously suggested several ap-

proaches to look for new sRNAs including computer
searching of complete genomes based on parameters
common to sRNAs, probing of genomic microarrays, and
isolating sRNAs based on an association with general
RNA-binding proteins (Eddy 1999; Wassarman et al.
1999). Using a combination of these approaches, we have
identified 17 novel sRNAs; in addition, we have found
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six small transcripts that contain short conserved open
reading frames (ORFs).

Results

Identification of candidate sRNA genes by homology

As a starting point for detecting novel sRNAs in E. coli,
we considered a number of common properties of the
previously identified sRNAs that might serve as a guide
to identify genes encoding new sRNAs. We are defining
sRNAs as relatively short RNAs that do not function by
encoding a complete ORF. Of the 13 small RNAs known
when this work began, we were struck by the high con-
servation of these genes between closely related organ-
isms. In most cases, the conservation between E. coli and
Salmonella was >85%, whereas that of the typical gene
encoding an ORF was frequently <70% (data not shown).
Conservation tests on random noncoding regions of the
genome suggested that extended conservation in inter-
genic regions was unusual enough to be used as an initial
parameter to screen for new sRNA genes. We therefore
tested this approach to look for novel sRNAs in the E.
coli genome.
All known sRNAs are encoded within intergenic (Ig)

regions (defined as regions between ORFs). A file (R.
Overbeek, pers. comm.) containing all Ig sequences from
the E. coli genome (Blattner et al. 1997) was used as a
starting point for our homology search. We arbitrarily
chose the 1.0- to 2.5-Mb region of the 4.6-Mb E. coli
genome to test and refine our approach and developed
the following steps for searching the full E. coli genome.
All Ig regions of 180 nucleotides or larger were com-

pared to the NCBI Unfinished Microbial Genomes data-
base using the BLAST program (Altschul et al. 1990).
These 1097 Ig regions were rated based on the degree of
conservation and length of the conserved region when
compared to the closely related Salmonella and Klebsi-
ella pneumonia species. The highest rating was given to
Ig regions with a high degree of conservation (raw BLAST
score of >80) over at least 80 nt (see Materials and Meth-
ods for explanation of ratings). Note that most promoters
do not meet these length and conservation requirements.
Figure 1 shows a set of BLAST searches for three known
sRNAs (RprA RNA, CsrB RNA, and OxyS RNA), three Ig
regions with high conservation (#14, #17, and #52), and
one Ig region with intermediate conservation (#36).
Some Ig regions had a large number of matches, often to
several chromosomal regions of the same organism.
These Ig regions were noted, and many were found to
contain tRNAs, rRNAs, REP, or other repeated se-
quences. The 40 highly conserved Ig regions containing
tRNAs and/or rRNAs were eliminated from our search
because these regions were complicated in their patterns
of conservation.
Next the orientation and identity of the ORFs border-

ing the Ig regions were determined using the Colibri da-
tabase, an annotated listing of all E. coli genes and their
coordinates. Inconsistencies between the Colibri data-
base and our original file led to the reclassification of

some Ig regions as shorter than 180 nt, and these were
not analyzed further. Of the remaining 1006 Ig regions,
13 contained known small RNAs, 295 were in the high-
est conservation group, 88 showed intermediate conser-
vation, and 610 showed no conservation.
The location of the conservation relative to the orien-

tation of the flanking ORFs was an important consider-
ation in choosing candidates for further analysis. In
many cases (132/295 Ig regions), the conserved region
was just upstream of the start of an ORF, consistent with
conservation of regulatory regions, including untrans-
lated leaders. Cases where the conserved region was
more than 50 nt from an ORF start or extended over
more than 150 nt in length (RprA RNA, CsrB RNA,
OxyS RNA, #17, and #52 in Fig. 1), or where the border-
ing ORFs ended rather than started at the Ig region (#14
in Fig. 1), were considered better candidates for novel
sRNAs.
Published information on promoters and other known

regulatory sites within conserved regions of promising
candidates was tabulated and used to eliminate many
candidates in which the conservation could be attributed
to previously identified promoter or 5� untranslated lead-
ers. Finally, the remaining candidate regions were exam-
ined for sequence elements such as potential promoters,
terminators, and inverted repeat regions. We considered
evidence for possible stem-loops, in particular those
with characteristics of rho-independent terminators, as
especially indicative of possible sRNA genes (Table 1).
Using these criteria, together with microarray expres-

sion data (see below), a set of 59 candidates was selected
(Table 1). Candidates 1–18 were chosen in the first round
of screening of the 1.0- to 2.5-Mb region; some of these
candidates would not have met the higher criteria ap-
plied to the rest of the genome.

Selecting candidate genes by whole genome expression
analysis

In an independent series of experiments, high-density
oligonucleotide probe arrays were used to detect tran-
scripts that might correspond to sRNAs from Ig regions.
Total RNA isolated from MG1655 cells grown to late
exponential phase in LB medium was labeled for probes
or used to generate cDNA probes (see Materials and
Methods). From a single RNA isolation each labeling ap-
proach was carried out in duplicate and individually hy-
bridized to high-density oligonucleotide microarrays.
The high-density oligonucleotide probe arrays used are
appropriate for this analysis because they have probes
specific for both the clockwise (Watson) and counter-
clockwise (Crick) strands of each Ig region as well as for
the sense strand of each ORF. The resulting data from
the four experiments were analyzed to examine global
expression within Ig regions, as well as neighboring
ORFs.
Our criteria for analyzing the microarray data evolved

during the course of this analysis. Stringent criteria
(longer transcripts in the Ig region, higher expression lev-
els) identified many of the previously known sRNAs but
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did not uncover many strong candidates for new small
RNAs. More relaxed criteria (shorter transcripts, lower
expression levels) gave a very large number of candidates
and therefore were not by themselves useful as the ini-
tial basis for identifying candidates. However, these data
were very useful as an additional criterion for selection
of candidate regions based on the conservation approach.
Detection of a transcript by microarray on the strand
opposite to that of surrounding ORFs was considered a
strong indicator of an sRNA (S* in Table 1). Microarray
data contributed to the selection of 34 of 59 candidates
(Table 1). Examples of the different types of expression
observed in microarray experiments are shown in Figure
2. Signal corresponding to CsrB RNA clearly is detected

on the Crick (C) strand. #17 and #36 have a transcript in
the Ig region on the opposing strand (C) to that for the
flanking genes (Watson; W). However, the expression
patterns were not as obvious in many cases, either be-
cause expression levels were low or because the pattern
of expression could be interpreted in a number of ways.
For instance, very little expression was detected for RprA
RNA encoded on the W strand, and there is unexplained
signal detected from the opposite strand of the rprA and
csrB Ig regions. #14 and #52 also had some expression on
each strand (Fig. 2). #14 proved to express a small RNA
from the Watson strand, whereas #52 expresses sRNAs
from each strand (see below and Table 2).
Given that a number of the known sRNAs are rela-

Figure 1. BLAST alignments of represen-
tative Ig regions. The indicated Ig regions
were used in a BLAST search of the NCBI
Unfinished Microbial Genomes database.
Each panel shows the summary figure pro-
vided by the BLAST program for matches
to Salmonella enteritidis, Salmonella
paratyphi A, Salmonella typhi, Salmo-
nella typhimurium LT2, and Klebsiella
pneumoniae; three contain known sRNA
genes (rprA, csrB, and oxyS), and four con-
tain sRNA candidates (#14, #17, #52, and
#36; see Table 1). For each panel, the cen-
ter numbered line represents the length of
the full Ig region; the orientation of flank-
ing genes is given by > (clockwise) or <
(counterclockwise). The top red line in
each panel is the match to Escherichia coli
(full identity throughout the Ig). The other
red or magenta lines resulted from the
closest matches, and the other lines indi-
cate additional less homologous matches.
Location of the conserved region with re-
spect to the borders of the Ig region also
was a criterion used for the selection of
our candidates; conservation 3� to an ORF
or far from the 5� start of an ORF was con-
sidered more likely to encode an sRNA.
Note that the conservation within the Ig
region encoding oxySmight be interpreted
as a leader sequence based on location
relative to the start of the flanking gene
(oxyR). However, because the conserva-
tion extends for 185 nt, candidate regions
in our search in which the conservation
was near the start of an ORF but was
longer than 150 nt were considered fur-
ther.

Novel small RNAs
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Table 1. sRNA Candidates

No.a
Ig

Start
Ig

Length
Flanking
Genes Strandb

Selection
Criteriac

Microarray
Detectiond

Northern
Detectione

Interpretation of
Conservationf

See facing page for footnotes.
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tively stable, we tested whether selection for stable
RNAs might allow the microarray data to be more useful
for de novo identification of sRNA candidates. The tran-
scription inhibitor rifampicin was added to cells for 20
min prior to harvesting the RNA with the intention of
enriching for stable RNAs. Many of the known sRNAs
can be detected after the rifampicin treatment. Of the 59
candidates in Table 1, 12 retained a hybridization signal
(marked rif in Table 1), and 4 of these proved to corre-
spond to small transcripts (see below). Other rif-resistant
transcripts detected in Ig regions appeared to be highly
expressed leaders.

Small RNA transcripts detected by Northern
hybridization

The final test for the presence of an sRNA gene was the
direct detection of a small RNA transcript. The candi-
dates in Table 1 were analyzed by Northern hybridiza-
tion using RNA extracted from MG1655 cells harvested
from three growth conditions (exponential phase in LB
medium, exponential phase in M63-glucose medium, or
stationary phase in LB medium). The microarray analy-
sis discussed above used RNA isolated from cells grown
to late exponential phase in LB medium, which is inter-
mediate between the two LB growth conditions used for
the Northern analysis. Initially, Northern analysis was
carried out using double-stranded DNA probes contain-
ing the full Ig region for most candidates. In three cases
(#8, #22, and #55) PCR amplification of the Ig region to
generate a probe was not successful and therefore oligo-
nucleotide probes were used for Northern analysis. Sev-
enteen candidates gave distinct bands consistent with
small RNAs, and one additional candidate gave a some-

what larger RNA, but the location of conservation was
not consistent with a leader sequence for a flanking ORF
(#36). In some of these cases, two or more RNA species
were detected with a single Ig probe (Table 2; see also Fig.
3). One candidate (#43) gave a signal with the double-
stranded DNA probe, but contains regions duplicated
elsewhere in E. coli that probably account for this signal
(see below). Of the remaining 41 candidates, 17 gave no
detectable transcript. These Ig regions could encode sR-
NAs expressed only under very specific growth condi-
tions. For instance, #8 has all the sequence hallmarks of
an sRNA gene (a well-conserved region preceded by a
possible promoter and ending with a terminator), but has
not been detected. Alternatively, the observed conserva-
tion could be caused by nontranscribed regulatory re-
gions. Fairly large RNAs were detected for another 24
candidates. Given the size of these transcripts together
with data on the orientation of flanking genes and the
location of conserved regions, it is likely these are leader
sequences within mRNAs (Table 1).
For candidates expressing RNAs not expected to be 5�

untranslated leaders, Northern analysis was carried out
with strand-specific probes to determine gene orienta-
tion (Fig. 3). For many of the candidates, we used se-
quence elements (see below) as well as expression infor-
mation from the microarray experiments to predict
which strand was most likely expressed; both strands
were tested when predictions were unclear. The results
from the strand-specific probes generally agreed with
predictions and were used to estimate the RNA size
(Table 2). Interestingly, in one case there is an sRNA
expressed from both the W and C strands within the Ig
(#52; Fig. 3). For #12, although no sRNA had been de-
tected using a double-stranded DNA probe, the presence

aCandidate numbers. #23 was not analyzed; the region of conservation corresponds to a published leader sequence. Candidate #61 was
added because it is homologous to candidate #43 and the duplicated regions within #55 (see text and Table 2).
bOrientation of flanking genes. > and < denote genes present on the clockwise (W) or counterclockwise (C) strand of the E. coli
chromosome, respectively.
cCriteria used for selection of candidates: C, conservation; C*, long conservation; (#), conservation score. Ig regions were assigned
scores on the basis of BLAST searches (see Materials and Methods). #4 and #32 were rerated from 4 (conserved) to 0 on reanalysis of
the endpoints of the flanking ORF (#4) and information on an ORF within the Ig region (#32). L, Location of conservation either far
from 5� end of flanking gene or near 3� end of gene; S, signal detected in microarray experiments, S*, microarray signal on opposite
strand to flanking genes; I, inverted repeat; P, predicted promoter; T, predicted terminator; D, duplicated gene.
dDetection on high-density oligonucleotide probe arrays. ><, orientation of signal as in b. Rif, signals present after 20 min treatment
with rifampicin.
eNorthern analysis of RNA extracted fromMG1655 cells grown in three conditions (LB medium, exponential phase; minimal medium,
exponential phase; LB medium, stationary phase). Strand specific probes were used for sRNA and mRNAs encoding novel ORFs
(orientation noted < or > as in b); double stranded DNA probes were used for the rest. For #43, bands were originally detected with a
double stranded probe, but appear to be from homologs (see text). Large, >400 nt.
fInterpretation of high conservation was based on microarray and Northern analyses as well as literature. mRNA, small RNA
transcripts predicted to encode new polypeptides (see text). “known leaders”, literature references supported the existence of leaders
corresponding to conservation. For #37, conservation is consistent with the leader of the arcA gene (Compan and Touati 1994). The
ORF noted for #56 is described in Seoane and Levy (1995) and Bouvier et al. (1992); see Genbank entry BAA16347.1. The IS sequence
fragment in the conserved region of #48 is homologous to that described by McVeigh et al. (2000). “leaders”, A large band on Northern
analysis, coupled with conservation near the 5� end of an ORF. “promoter/leader?”, Absence of RNA signal, coupled with conservation
near the 5� end of a gene. “leader/promoter?”, RNA signal from microarray or Northern analyses suggested a leader, while the
conservation is far from the expected position of a leader. “leader or operon”, (for #29) microarray analysis suggested a continuous
transcript throughout Ig. “predicted sRNAs”, (for #8 and #43) Igs contain the hallmarks expected for an sRNA, but RNA transcripts
were not detected. Igs encoding sRNAs also may include leaders; this is not included in the conclusion column.
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of a potential terminator and promoter remained sugges-
tive of the presence of an sRNA gene. Therefore, oligo-
nucleotide probes also were used in Northern analysis of
this candidate, and a small RNA transcript was detected
(Fig. 3; Table 1).
Examination of expression profiles of the RNAs under

different growth conditions gave an indication of speci-
ficity of expression. Some candidates were detected un-
der all three growth conditions; others were preferen-
tially expressed under one growth condition (Fig. 3;
Table 2). For instance, #25 was present primarily during
growth in minimal medium, consistent with the absence

of detection in the whole genome expression experi-
ment, which analyzed RNA isolated from cells grown in
rich medium.

Sequence predictions of sRNA genes and ORFs

For the candidates expressing small RNA transcripts, the
conserved sequence blocks (contigs) from K. pneu-
moniae, the highest conserved Salmonella species, and
in a few cases Yersinia pestis, were selected from the
NCBI Unfinished Microbial Genome database and
aligned with the E. coli Ig region using GCG Gap(De-

Figure 2. Expression profile across high-density oligonucleotide arrays for representative Ig regions. Probe intensities are shown for
the indicated Ig regions (red) and the flanking ORFs (blue), calculated from the perfect match minus the mismatch intensities. All
negative differences were set to zero. The data shown are for one experiment using cDNA probes, but similar results were seen in the
duplicate experiment and with directly labeled RNA probes. The Ig regions and each flanking gene generally contain 15 interrogating
probes. Upward bars correspond to genes transcribed on the Watson (W, clockwise) strand, and downward bars correspond to genes
transcribed on the Crick (C, counterclockwise) strand. The C strand signal for the CsrB Ig region corresponds well with the known
location of the csrB gene. Similarly for the RprA Ig region, the W strand signal corresponds with the location of the rprA gene, but only
one probe is positive. The W strand signal for #14 and the C strand signal for #17 overlap well with the conserved regions shown in
the BLASTanalysis in Figure 1. #36 was chosen for further analysis because of the strong C strand signal; both flanking ORFs are on
the W strand. For #52, low levels of expression were seen on both strands; the very low level for probes in the middle of the Ig on the
C strand overlapped best with the conserved region found by the BLAST searches (Fig. 1).
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vereux et al. 1984). Multiple alignments were assembled
by hand, and the conserved regions were examined for

likely promoters and terminators and other conserved
structures (data not shown). Information from the align-

Table 2. Novel sRNAs and Predicted Small ORFsa

No. Gene Minute
RNA

Sizeb,c,d Strande Expressionf
Hfq

Bindingg

Effect on
rpoS-lacZh

Other InformationlS M

12 rydB 38 60b <<< M >> S > E NT 0.4 1.0
14 ryeE 47 86b >>< E, S > M + (E) 0.25 1.2 bordered by cryptic prophage
22 ryfA 57 320c >>< E, M NT NT NT PAIR3 (Rudd 1999)
24 ryhA 72 45b <>< S >> M > E + (S) 1.0 1.9 105, 120 nt, present S >> M > E

105 nt binds Hfq (+, S)
25 ryhB 77 90b <<> M >> S + (M) 1.2 0.4 multicopy plasmid restricts

growth on succinate
26 ryiA 86 210b <>< E > M, S + (E) 0.9 1.5 155 nt, present M > E, S
27 ryjA 92 140b ><> S >> M − (S) NT NT
31 rybB 19 80b ><< S >> M + (S) 1.0 2.3
38 ryiB 87 270b <>> M > S >> E − (M) 1.0 1.6 CsrC (Romeo, pers. comm.)
40 rybA 18 205b ><> S > M > E − (S) 1.2 1.5 ladder up from 255, 300 nt,

present S > M > E
41-I rygA 64 89b <<> S >> M, E + (S) 1.3i 1.7i PAIR2 (Rudd 1999)
41-II rygB 64 83b <<> S, E > M + (S) 1.3i 1.7i PAIR2 (Rudd 1999)
52-I ryeA 41 275b <>< M > E > S −/+ (M) 1.1i 1.0i 148, 152, 180 nt (+ others),

present M, S
52-II ryeB 41 100b <<< S >> M + (S) 1.1i 1.0i 70 nt, present S >> M
55-I ryeC 46 143c <>> S > M > E NT 1.2 1.6 QUAD1a (Rudd 1999)

107c M > E, S
55-II ryeD 46 137c <>> M > E > S NT NT NT QUAD1b (Rudd 1999)

102c M > E
61 rygC 65 139c >>< S >> M > E NT NT NT QUAD1c (Rudd 1999)

107c S, M > E

8 rydA 30 139d > (>) > none NT NT NT Expression not detected;
predicted sRNA

43 rygD 69 143d > (<) < none NT NT NT QUAD1d (Rudd 1999)
Expression not detected

9 yncL 32 180b ><> S > M > E +/− (S) NT NT 31 aa ORF
17 ypfM 55 266b ><> E >> M −/+ (E) 2.0 1.5 19 aa ORF

175 nt, present E, M
28 ytjA 99 305b >>> S > M NT NT NT 53 aa ORF
36 yibT 81 500b ><> S >> E, M NT 1.3 1.0 69 aa ORF
49 yciY 28 250b <>< E, M NT NT NT 57 aa ORF
50 yneM 35 185b >>< S NT NT NT 31 aa ORF

220b M > E

aTable is divided into three sections: detected sRNAs, predicted sRNAs, and detected RNAs predicted to encode small ORFs.
b,c,dRNA sizes estimated from Northern analyses using bsingle stranded RNA probes or coligonucleotide probes, or dfrom predictions
resulting from sequence analysis (see text).
e> < denotes orientation of sRNA and flanking genes as in Table 1.
fRelative expression in three growth conditions: E, LB medium, exponential phase; M, minimal medium, exponential phase; and S, LB
medium, stationary phase.
gRNA coimmunoprecipitation with Hfq as detected by Northern analysis: +, strong binding (>30% of RNA bound); +/−, weak binding
(5–10%); −/+, minimal binding (<5%), and −, no detectable binding. E, M, S refer to cell growth conditions examined as in f. NT, Not
tested.
hExpression of rpoS–lacZ fusion in the presence of multicopy plasmids carrying intergenic regions. Activity was measured in station-
ary phase in LB medium (S) or minimal medium (M) and normalized to the activity of the vector control in the same experiment. In
parallel experiments, cells carrying the vector alone gave 1.3–2 (S) and 0.7–2.6 (M) units, cells carrying the pRS-DsrA plasmid gave a
4.9-fold increase (S) and 12-fold increase (M); cells carrying the pRS-RprA plasmid gave 3.1-fold (S) and 3.3-fold (M) increases. Results
in table are average of at least three independent assays. Values in bold were considered significantly different from the control. NT,
Not tested.
iNumbers 41 and 52 each express two sRNAs so it is not possible to assign a phenotype to a given small RNA. Thus far there is no
evidence for a strong phenotype for either candidate.
jIncluded is information about additional RNA bands detected in Northern analysis as well as ORF predictions.
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ments, together with results from strand-specific North-
ern and microarray expression analyses, allowed assign-
ments of gene orientation, putative regulatory regions,
and RNA length from the predicted starting and ending
positions. Where a terminator sequence was very appar-
ent (13 of 19 candidates), transcription was assumed to
end at the terminator, and the observed size of the tran-
script was used to help identify possible promoters. The
identification of promoters and terminators was less
definite when there was only one species with conserva-
tion to E. coli.
As the alignments were assembled, the pattern of con-

servation in some cases was reminiscent of patterns ex-
pected from ORFs, with higher sequence variation in po-

sitions consistent with the third nucleotide of codons.
GCG Map(Devereux et al. 1984) was used to predict trans-
lation in all frames for all of the candidate small RNAs.
In six cases, the conservation and translation potential
suggested the presence of a short ORF (data not shown).
In these cases, a ribosome-binding site and the potential
ORF were well conserved, with the most variation in the
third position of codons, but other elements of the pre-
dicted RNA were less well conserved. For example, #17
expresses an RNA of ∼ 266 nt, containing a predicted
ORF of only 19 amino acids. Within the predicted Shine-
Delgarno sequence and ORF, only 9/80 positions showed
variation for either Klebsiella or Salmonella, but the
overall RNA is <60% conserved. We predict that for #17,

Figure 3. Detection of novel sRNAs by Northern hybridization. Northern hybridization using strand-specific probes for each can-
didate was done on RNA extracted from MG1655 cells grown under three different growth conditions: (E) exponential growth in LB
medium, (M) exponential growth in M63-glucose medium, and (S) stationary phase in LB medium. Five micrograms of total RNA was
loaded in each lane. Exposure times were optimized for each panel for visualization here, therefore the signal intensity shown does not
indicate relative abundance between sRNAs. Oligonucleotide probes were used for #12, #22, #55-I, #55-I, and #61; RNA probes were
used for all other panels. DNA molecular weight markers (5�-end-labeled MspI-digested pBR322 DNA) were run with each set of
samples for direct estimation of RNA transcript length. One lane of DNA molecular weight markers is shown for comparison, but
these are approximate sizes because there was slight variation in the running of gels.
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as well as five others (Table 2), the detected RNA tran-
script is functioning as an mRNA, encoding a short, con-
served ORF. An evaluation of both the new predicted
ORFs and the untranslated sRNAs with GLIMMER, a pro-
gram designed to predict ORFs within genomes, gave
complete agreement with our designations (Delcher et
al. 1999).
We have assigned gene names to all candidates that we

have confirmed are expressed as RNAs (see Table 2). The
genes we predict to encode ORFs were given names ac-
cording to accepted practice for ORFs of unknown func-
tion (Rudd 1998). The genes that express sRNAs without
evidence of conserved ORFs were named with a similar
nomenclature: ryx, with ry denoting RNA of unknown
function and x indicating the 10 min interval on the E.
coli genetic map.
We noted one instance of overlap in sequence between

our new sRNAs. The conserved region within #43 is
highly homologous to a duplicated region within #55, as
well as to a fourth region of the chromosome within a
more poorly conserved Ig (#61 in Table 1). This repeated
region was previously denoted the QUAD repeat and
suggested to encode sRNAs (Rudd 1999). Each of the
QUAD repeats contains a short stretch homologous to
boxC, a repeat element of unknown function present in
50 copies or more within the genome of E. coli (Bach-
ellier et al. 1996). Rudd also has detected transcripts
from the QUAD regions (G. Tolun, Z. Li, and K. Rudd,
pers. comm.). To determine which of the four QUAD
genes was being expressed, we designed oligonucleotide
probes unique for each of the four repeats. These oligo-
nucleotide probes demonstrated expression for three of
the four QUAD genes (#55-I, #55-II, and #61); further-
more, each gave two RNA bands (Fig. 3; Table 2). No
signal was detected for the fourth repeat (#43). The #41 Ig
region encodes another pair of repeats, PAIR2 (Rudd
1999), and we observed two RNA species, suggesting
that each of the repeats may be transcriptionally active.
Finally, another repeat region noted by Rudd, PAIR3, is
encoded by the #22 Ig region.

Many sRNAs bind Hfq and modulate rpoS expression

Hfq is a small, highly abundant RNA-binding protein
first identified for its role in replication of the RNA
phage Q� (Franze de Fernandez et al. 1968; for review,
see Blumenthal and Carmichael 1979). Recently, Hfq has
been shown to be involved in a number of RNA trans-
actions in the cell, including translational regulation
(rpoS), mRNA polyadenylation, and mRNA stability
(ompA, mutS, and miaA) (Muffler et al. 1996; Tsui et al.
1997; Vytvytska et al. 1998; Hajndsorf and Regnier 2000;
Vytvytska et al. 2000). Three of the known E. coli sRNAs
regulate rpoS expression: DsrA RNA and RprA RNA
positively regulate rpoS translation, whereas OxyS RNA
represses its translation. In all three cases the Hfq pro-
tein is required for regulation (Zhang et al. 1998;
Majdalani et al. 2001; Sledjeski et al. 2001), and binding
studies have revealed a direct interaction between Hfq

and the OxyS and DsrA RNAs (Zhang et al. 1998; Sled-
jeski et al. 2001).
Given the interaction of the Hfq protein with at least

three of the known sRNAs, we asked how many of the
newly discovered sRNAs are bound by this protein. Hfq-
specific antisera was used to immunoprecipitate Hfq-as-
sociated RNAs from extracts of cells grown under the
conditions used for the Northern analysis. Total immu-
noprecipitated RNA was examined using two methods.
First, RNA was 3�-end labeled and selected RNAs were
visualized directly on polyacrylamide gels. Under each
growth condition, several RNA species coimmunopre-
cipitated with Hfq-specific sera but not with preimmune
sera, which suggests that many sRNAs interact with Hfq
(Fig. 4A; data not shown). Second, selected RNAs were
examined using Northern hybridization to determine
whether other known sRNAs and any of our newly dis-
covered sRNAs interact with Hfq. For each sRNA, Hfq
binding was examined under growth conditions where
the sRNA was most abundant (Fig. 4B; Table 2). sRNAs
present in samples using the Hfq antisera but not preim-
mune sera were concluded to interact with Hfq. Com-
parison of levels of a selected sRNA relative to the total
amount of that sRNA in the extract revealed that many
of the sRNAs bound Hfq quite efficiently (>30% bound)
(#14, #24, #25, #26, #31, #41, #52-II, Spot42 RNA, and
RprA RNA), but other sRNAs bound Hfq less efficiently
(<10% bound) (#9, #17, and #52-I), or not at all (#27, #38,
#40, 6S RNA, 5S RNA, and tmRNA) (Fig. 4; Table 2). The
physiological significance of the weaker interactions re-
mains to be tested.
As mentioned above, at least three of the known

sRNAs that interact with Hfq also regulate translation of
rpoS, the stationary phase � factor. In light of the fact
that many of the new sRNAs also interact with Hfq, we
examined whether these new sRNAs affect rpoS expres-
sion. Plasmids carrying the Ig regions encoding either
control sRNAs (pRS-DsrA and pRS-RprA) or many of our
novel sRNAs were introduced into an MG1655 �lac de-
rivative carrying an rpoS–lacZ translational fusion. We
then compared expression of the rpoS–lacZ fusion in
these cells to cells carrying the control vector by mea-
suring �-galactosidase activity at stationary phase in LB
or M63–glucose medium (Table 2). As expected, overpro-
duction of either DsrA RNA or RprA RNA increased
rpoS–lacZ expression significantly (Table 2 legend). A
number of plasmids (pRS-#24, pRS-#31) led to increased
rpoS–lacZ expression, whereas others (pRS-#12, pRS-#14,
and pRS-#25) led to decreased expression. These results
suggest that the corresponding sRNAsmay directly regu-
late rpoS expression or indirectly affect rpoS expression
by altering Hfq activity, possibly by competition. Intri-
guingly, there is not a complete correlation between
Hfq binding and altered rpoS–lacZ expression in these
studies.
As a start in defining possible functions for the sRNAs,

we screened strains carrying the multicopy plasmids for
effects on growth in LB medium at various temperatures
as well as growth in minimal medium containing a num-
ber of different carbon sources. pRS-#25 renders cells un-
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able to grow on succinate in agreement with predictions
for #25 RNA interaction with sdh mRNA (discussed be-
low). We were unable to isolate plasmids carrying the
#27 Ig region without mutations, suggesting that over-
production of this small RNA may interfere with
growth. No other growth phenotypes were observed. A
caveat for the interpretation of results with the multi-
copy plasmids is that they contain the full intergenic
region; therefore, we cannot rule out effects of sequences

outside the sRNA genes but within the intergenic re-
gions.

Discussion

In summary, a multifaceted search strategy to predict
sRNA genes was validated by our discovery of 17 novel
sRNAs. Northern analysis determined that 44 of 60 can-
didate regions express RNA transcripts, some of them
expressing more than one RNA species. Of these tran-
scripts, 24 were concluded to be 5� untranslated leaders
for mRNAs of flanking genes, and another 6 are pre-
dicted to encode new, short ORFs (Tables 1 and 2). The
17 transcripts believed to be novel, functional sRNAs
range from 45 nt to 320 nt in length and vary signifi-
cantly in expression levels and expression profiles under
different growth conditions. More than half of the new
sRNAs were found to interact with the RNA-binding
protein Hfq, suggesting that Hfq binding may be a defin-
ing characteristic of a family of prokaryotic sRNAs.

Evaluation of selection criteria

Three general approaches for predicting sRNA genes
were evaluated in this work. In the primary approach, Ig
regions were scored for degree and length of conservation
between closely related bacterial species followed by ex-
amination of sequence features. This approach proved to
be very productive in identifying Ig regions encoding
novel sRNAs in E. coli; >30% of the candidates selected
primarily on the basis of their conservation proved to
encode novel small transcripts. The availability of nearly
completed genome sequences for Salmonella and Kleb-
siella made this approach possible. Any organism for
which the genome sequences of closely related species
are known can be analyzed in this way. Comparative
genomics of this sort have been used before to search for
regulatory sites (for review, see Gelfand 1999), but have
not been employed previously to find sRNAs.
Although we found the conservation-based approach

to be the most productive in identifying sRNA genes, we
note a number of limitations to its use. A high level of
conservation is not sufficient to indicate the presence of
an sRNA gene. Many of the most highly conserved re-
gions, not unexpectedly, were consistent with regulatory
and leader sequences for flanking genes. We also did not
analyze any Ig regions where conservation was attribut-
able to sources other than an sRNA. For example, poten-
tial sRNAs processed from mRNAs, or any sRNAs en-
coded by the antisense strand of ORFs or leaders, may
have been missed in our approach. We made the assump-
tion that Ig regions must be �180 nt to encode an sRNA
of �60nt, a 50–60-nt promoter and regulatory region to
control expression of the sRNA, as well as regulatory
regions for flanking genes. Any sRNA genes in smaller Ig
regions would have been overlooked. We also excluded
the highly conserved tRNA and rRNA operons from our
consideration because of their complexity. It is certainly
possible that sRNA genes may be associated with these

Figure 4. Coimmunoprecipitation of sRNAs with the Hfq pro-
tein. (A) Immunoprecipitations using extract from MG1655
cells grown in LB medium in exponential growth (OD600 = 0.4)
were done using no antibody (lane 1); 5 µL of preimmune serum
(lane 2); or 0.5, 1, 5, or 10 µL of hfq antisera (lanes 3–6). Selected
RNAs were fractionated on a 10% polyacrylamide urea gel after
3�-end labeling. Asterisks mark RNA bands present in the anti-
hfq precipitated samples but not in the preimmune control
samples and therefore represent Hfq-interacting RNAs. (B) Im-
munoprecipitations were done using extract fromMG1655 cells
grown under three different growth conditions: (E) exponential
growth in LB medium, (M) exponential growth in M63–glucose
medium, and (S) stationary phase in LB medium. Immunopre-
cipitations were carried out with 5 µL of preimmune sera (lane
1) or 5 µL of Hfq antisera (lane 2) and compared to total RNA
from 1/10 extract equivalent used in the immunoprecipitations
(lane 3). RNAs were fractionated on 10% polyacrylamide urea
gels and analyzed by Northern hybridization using RNA probes
to previously known sRNAs or our novel RNAs as indicated.
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other RNA genes. In fact, sRNA genes have been pre-
dicted to be encoded in at least one tRNA operon (R.
Carter, I. Dubchak, and S. Holbrook, pers. comm.). In
addition, conservation need not be a property of all
sRNAs. We expect sRNAs that play a role in modulating
cellular metabolism to be well conserved, as is the
case for the previously identified sRNAs. Nevertheless,
sRNAs may be encoded within or act upon regions for
which there is no homology between E. coli, Klebsiella,
and Salmonella (e.g., in cryptic prophages and pathoge-
nicity islands), and they would be missed by this ap-
proach. Only 1 of 24 Ig regions within the e14, CP4-54, or
CP4-6 prophages showed conservation. A few of these Ig
regions showed evidence of transcription by microarray
analysis, and RNAs have been implicated in immunity
regulation in phage P4 (Ghisotti et al. 1992), which is
related to the prophages CP4-54 and CP4-6. Despite the
limitations listed above, however, we believe the use of
conservation provides a relatively quick identification of
the majority of sRNAs.
An alternative genomic sequence-based strategy for

identifying sRNAs would be to search for orphan pro-
moter and terminator elements as well as other potential
RNA structural elements. Potential promoter elements
were generally too abundant to be useful predictors with-
out other information on their expected location and ori-
entation. We found sequences predicted to be rho-inde-
pendent terminators a more useful indicator of sRNAs;
such sequences were clearly present for 13/17 of the
sRNAs and 3/6 of the newmRNAs. In a number of cases,
it appears that the sRNAs share a terminator with a con-
vergent gene for an ORF. In other cases, either no termi-
nator was detected or it appeared to be in a neighboring
ORF. A search using promoter and terminator sequences
as the requirements for identifying sRNAs might there-
fore have found two-thirds of the sRNAs described here.
Phage integration target sequences also could be scanned
for nearby sRNA genes. Many phage att sites overlap
tRNAs (for review, see Campbell 1992), and ssrA, encod-
ing the tmRNA, has a 3� structure like a tRNA and over-
laps the att site of a cryptic prophage (Kirby et al. 1994).
In this work, we found that the 3� end and terminator of
#14 overlaps the previously mapped phage P2 att site
(Barreiro and Haggard-Ljungquist 1992). #14 sRNA does
not obviously resemble a tRNA, suggesting that the
overlap between phage att sites and RNA genes extends
beyond tRNAs and related molecules and may be com-
mon to additional sRNAs.
Our second approach, high-density oligonucleotide

probe array expression analysis, proved to be more useful
in confirming the presence of sRNA genes first found by
the conservation approach than in identifying new
sRNA genes de novo. Further consideration of the loca-
tion of microarray signal compared to flanking genes as
well as analysis of microarray signals after a variety of
growth conditions should expand the ability to detect
sRNAs in this manner. Under a single growth condition,
signal consistent with the RNA identified by Northern
analysis was detected for 5/15 of the Ig regions proven to
encode new sRNAs and for 4/6 of the new mRNAs.

Thus, a similar analysis of microarray data in noncon-
served genomic regions might help in the identification
of sRNAs missed by the conservation-based approaches.
We predict that sRNAs from any organism expressed at
reasonably high levels under normal growth conditions
will be detected by microarrays that interrogate the en-
tire genome, inclusive of noncoding regions.
One clear limitation in detecting sRNAs with micro-

array or Northern analyses is the fact that some sRNAs
may be expressed only under limited growth conditions
or at extremely low levels. We chose three growth con-
ditions to scan our samples. Although most of the pre-
viously known sRNAs were seen under these conditions,
OxyS RNA, which is induced by oxidative stress, was
not detectable. For a few of our candidates in which no
RNA was detected, it is possible that an sRNA is en-
coded but is not expressed sufficiently to be detected
under any of our growth conditions. Another possible
limitation of hybridization-based approaches is that
highly structured sRNAs may be refractory to probe gen-
eration. sRNA transcripts may not remain quantita-
tively represented after the fragmentation used in the
direct labeling approach here. cDNA labeling also may
underrepresent sRNAs because they are a small target
for the oligonucleotide primers, and secondary structure
can interfere with efficiency of extension.
As our third approach, sRNAs were selected on the

basis of their ability to bind to the general RNA-binding
protein Hfq. Northern analysis revealed that many of our
novel sRNAs interact with Hfq. In preliminary microar-
ray analysis of Hfq-selected RNAs to look for additional
unknown sRNAs, DsrA RNA, DicF RNA, Spot42 RNA,
#14, #24, #25, #31, #41, and #52-II were detected among
those RNAs with the largest difference in levels between
Hfq-specific sera and preimmune sera (data not shown).
This preliminary experiment suggests that microarray
analysis of selected RNAs will be very valuable on a
genome-wide basis. Interestingly, a large number of
genes with leaders and a number of RNAs for operons
were found to coimmunoprecipitate with Hfq (including
the known Hfq target nlpD-rpoS mRNA) (Brown and El-
liott 1996). It seems likely that the subset of sRNAs
binding a common protein will represent a subset in
terms of function; the sRNAs of known function associ-
ated with Hfq in our experiments appear to be those
involved in regulating mRNA translation and stability.
Other sRNAs have been shown to interact with specific
prokaryotic RNA-binding proteins, for example, tmRNA
with SmpB (Karzai et al. 1999), and the possibility of
other sRNAs interacting with these proteins or other
general sRNA-binding proteins should be tested. This
approach is adaptable to all organisms, and, in fact, bind-
ing to Sm and Fibrillarin proteins has been the basis for
identification of several sRNAs in eukaryotic cells
(Montzka and Steitz 1988; Tyc and Steitz 1989).
All the criteria we used to identify sRNAs also will

detect short genes encoding new small peptides, and we
have found six conserved short ORFs. Although our ap-
proach was intended to develop methods to identify non-
translated genes within the genome, short ORFs also are

Novel small RNAs

GENES & DEVELOPMENT 1647



missing from annotated genome sequences. The combi-
nation of a requirement for conservation and/or tran-
scription with sequence predictions for ORFs should add
significantly to our ability to recognize short ORFs.
Small polypeptides have been shown to have a variety of
interesting cellular roles. It is tempting to speculate that
some of the short ORFs we have found may be involved
in signaling pathways, akin to those of B. subtilis pep-
tides that enter the medium and carry out cell–cell sig-
naling (for review, see Lazazzera 2000).

Characteristics and possible functions of new sRNAs

The current work serves as a blueprint for the initial
prediction, detection, and characterization of a large
group of novel sRNAs. Although we do not have defini-
tive information on function yet, some characteristics
that may provide clues regarding the cellular roles of
these new sRNAs are noted. Several known sRNAs that
bind the Hfq protein act via base pairing to target mR-
NAs. The finding that a number of our new sRNAs bind
Hfq may suggest a similar mechanism of action for this
subset of sRNAs. We searched the E. coli genome for
possible complementary target sequences and examined
phenotypes associated with multicopy plasmids contain-
ing new sRNA genes. Intriguingly, #25, an sRNA prefer-
entially expressed in minimal medium, has extended
complementarity to a sequence near the start of sdhD,
the second gene of the succinate dehydrogenase operon
(data not shown). When the #25 Ig region is present on a
multicopy plasmid, it interferes with growth on succi-
nate minimal medium (Table 2), consistent with #25
sRNA acting as an antisense RNA for sdhD. Comple-
mentarity to potential target mRNAs was found for a
number of other novel sRNAs, but the validity of these
possible interactions remains to be confirmed by experi-
mentation.
As outlined in the evaluation of each of our ap-

proaches, we do not expect our searches to have been
exhaustive. sRNAs also have been detected by others
using a variety of approaches. The sRNA encoded by #38
was independently identified as a regulatory RNA (CsrC
RNA; T. Romeo, pers. comm.), and others have found
additional sRNAs using variations of the approaches
used here (Argaman et al. 2001). Nevertheless, we think
it unlikely that there are many more than 50 sRNAs
encoded by the E. coli chromosome and by closely re-
lated bacteria. We expect such sRNAs to be present and
playing important regulatory roles in all organisms. Us-
ing the approaches described here, it is feasible to search
all sequenced organisms for these important regulatory
molecules. We anticipate that study of the expanded list
of sRNAs in E. coli will allow a more complete under-
standing of the range of roles played by regulatory sRNAs.

Materials and methods

Computer searches

Ig regions are defined here as sequences between two neighbor-
ing ORFs. We compared Ig regions of �180 nt against the NCBI

Unfinished Microbial Genomes database (http://www.ncbi.n-
lm.nih.gov/Microb_blast/unfinishedgenome.html) using the
BLAST program (Altschul et al. 1990). Salmonella enteritidis
sequence data were from the University of Illinois, Department
of Microbiology (http://www.salmonella.org). Salmonella typhi
and Yersinia pestis sequence data were from the Sanger Centre
(http://www.sanger.ac.uk/Projects/S_typhi/ and http://ww-
w.sanger.ac.uk/Projects/Y_pestis/, respectively). Salmonella ty-
phimurium, Salmonella paratyphi, and Klebsiella pneumoniae
sequences were from the Washington University Genome Se-
quencing Center (Genome Sequencing Center, pers. comm.).
Each Ig region was rated based on the best match to Salmo-

nella or K. pneumoniae species. Ig regions containing previ-
ously identified sRNAs were rated 5 (each of them met the
criteria to be rated 4). Ig regions were rated 4 if the raw BLAST
score was >200 (red in Fig. 1) or 80–200 (magenta in Fig. 1)
extending for more than 80 nt; 3 if the raw BLAST score was
80–200 (magenta) extending for 60–80 nt; 2 if the raw BLAST
score was 50–80 (green) extending for more than 65 nt; and 1 if
the raw BLAST score was <50 (blue, black, or none) or <65 nt.
The location of the longest conserved section(s) within each Ig
and the number of matches to the NCBI Unfinished Microbial
database were recorded. Note that the computer searches were
done from May 2000 to December 2000; more sequences are
expected to match as the database continues to expand. The
identity and orientation of genes flanking each Ig region were
determined from the Colibri database (http://genolist.pasteu-
r.fr/Colibri). Ig regions that the Colibri database predicted to be
<180 nt in length and Ig regions containing tRNA and/or rRNAs
were rated 0 and removed from further consideration. An Excel
document containing the full set of data from this analysis is
available at http://dir2.nichd.nih.gov/nichd/cbmb/segr/segr-
Publications.html.

Strains and plasmids

Strains were grown at 37°C in Luria-Bertani (LB) medium or
M63 minimal medium supplemented with 0.2% glucose and
0.002% vitamin B1 (Silhavy et al. 1984) except for phenotype
testing of strains carrying multicopy plasmids as described be-
low. Ampicillin (50 µg/mL) was added where appropriate. E. coli
MG1655 was the parent for all strains used in this study.
MG1655 �lac (DJ480, obtained from D. Jin, NCI), was lysog-
enized with a � phage carrying an rpoS–lacZ translational fusion
(Sledjeski et al. 1996) to create strain SG30013.
To generate clones containing the Ig region of each candidate

(pCR-#N, where N refers to candidate number; see Table 1), Ig
regions were amplified by PCR from a MG1655 colony and
cloned into the pCRII vector using the TOPO TA cloning kit
(Invitrogen). Oligonucleotides were designed so the entire con-
served region and in most cases the full Ig region was included.
In a few cases, repeated sequences or other irregularities re-
quired a reduction in the Ig regions cloned. See http://dir2.
nichd.nih.gov/nichd/cbmb/segr/segrPublications.html for a list
of all oligonucleotides used in this paper. Ig regions encoding
sRNAs also were cloned into multicopy expression vectors
(pRS-#N) in which each Ig region is flanked by several vector-
encoded transcription terminators. To generate pRS-#N plas-
mids, pCR-#N plasmids were digested with BamHI and XhoI,
and the Ig-containing fragments were cloned into the BamHI
and SalI sites of pRS1553 (Pepe et al. 1997), replacing the lacZ-�
peptide. To construct pBS-spot42, the Spot42-containing frag-
ment was amplified by PCR from K12 genomic DNA, digested
with EcoRI and BamHI, and cloned into corresponding sites in
pBluescript II SK+ (Stratagene). All DNA manipulations were
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carried out using standard procedures. All clones were con-
firmed by sequencing.

RNA analysis

RNA for Northern analysis was isolated directly from ∼ 3 × 109

cells in exponential growth (OD600 = 0.2–0.4) or stationary
phase (overnight growth) as described previously (Wassarman
and Storz 2000). Then 5-µg RNA samples were fractionated on
10% polyacrylamide urea gels and transferred to Hybond N
membrane as described previously (Wassarman and Storz 2000).
For Northern analysis of candidate regions, double-stranded
DNA probes were generated by PCR from a colony of MG1655
cells or from the pCR-#N plasmids with oligonucleotides used
for cloning the pCR-#N plasmids. PCR amplification was done
with 52°C annealing for 30 cycles in 1× PCR buffer (1 mM each
dATP, dGTP, and dTTP; 2.5 µM dCTP; 100 µCi [�32P]dCTP; 10
ng plasmid; 1 U taq polymerase) (Perkin Elmer). Probes were
purified over G-50 microspin columns (Amersham Pharmacia
Biotech) prior to use. Northern membranes were prehybridized
in a 1:1 mixture of Hybrisol I and Hybrisol II (Intergen) at 40°C.
DNA probes with 500 µg sonicated salmon sperm DNA were
heated for 5 min to 95°C and added to prehybridization solu-
tion; membranes were hybridized overnight at 40°C. Mem-
branes were washed by rinsing twice with 4× SSC/0.1% SDS at
room temperature followed by three washes with 2× SSC/0.1%
SDS at 40°C. Northern blot analysis using RNA probes was
done as described previously (Wassarman and Steitz 1992). RNA
probes were generated by in vitro transcription according to
manufacturer protocols (Roche Molecular Biochemicals) from
pCR-#N plasmids linearized with EcoRV or HindIII using SP6
RNA polymerase or T7 RNA polymerase, respectively; pBS-6S
(pGS0112; Wassarman and Storz 2000) or pBS-spot42 were lin-
earized with EcoRI using T3 RNA polymerase; pGEM-5S
(pG5019; Altuvia et al. 1997) or pGEM-10Sa (Altuvia et al. 1997)
were linearized with EcoRI using SP6 RNA polymerase. Oligo-
nucleotide probes were labeled by polynucleotide kinase ac-
cording to manufacturer protocols (New England Biolabs) using
[�32P]ATP (>5000 Ci/mmole; Amersham Pharmacia Biotech).
For oligonucleotide probes, Northern membranes were prehy-
bridized in Ultrahyb (Ambion) at 40°C followed by addition of
labeled oligonucleotide probe and hybridization overnight at
40°C. Membranes were washed twice with 2× SSC/0.1% SDS at
room temperature followed by two washes with 0.1× SSC/0.1%
SDS for 15 min each at 40°C.

Immunoprecipitation

Immunoprecipitations were carried out using extracts from
cells in exponential growth (OD600 = 0.2–0.4) or stationary
phase (overnight growth) as described previously (Wassarman
and Storz 2000), using rabbit antisera against the Hfq protein (A.
Zhang and G. Storz, unpubl.) or preimmune serum. After im-
munoprecipitation, RNA was isolated from Protein A Sepha-
rose-antibody pellets by extraction with phenol:chloroform:iso-
amyl alcohol (50:50:1), followed by ethanol precipitation. RNA
was examined on gels directly after 3�-end labeling or analyzed
by Northern hybridization after fractionation on 10% polyacryl-
amide urea gels as described previously (Wassarman and Storz
2000).

rpoS–lacZ expression

Effects on rpoS–lacZ expression by multicopy plasmids contain-
ing the novel sRNAs were determined from a single colony of
SG30013 transformed with pRS-#N, grown for 18 h in 5 mL

of LB–ampicillin medium or M63–ampicillin medium supple-
mented with 0.2% glucose at 37°C. �-Galactosidase activity in
the culture was assayed as described previously (Zhou and Got-
tesman 1998). The numbers provided in Table 2 were calculated
as the ratio between pRS-#N and the pRS1553 vector control.

Phenotype testing

To test carbon source utilization or temperature sensitivity as-
sociated with the multicopy plasmids containing the novel
sRNAs, a single colony of MG1655 transformed with a given
pRS-#N was grown for 6 h in 5 mL of LB–ampicillin medium at
37°C. Then 10 µL of serial dilutions (10−2, 10−4, and 10−6) was
spotted onM63–ampicillin plates containing 0.2% of the carbon
source being tested (glucose, arabinose, lactose, glycerol, ribose,
or succinate) and grown at 37°C; or on LB plates incubated at
room temperature or 42°C. Plates were analyzed after both 1 d
and 2 d. Failure to grow in Table 2 indicates an efficiency of
plating of <10−3.

Microarray analysis

RNA for microarray analysis was isolated using the MasterPure
RNA purification kit according to the manufacturer protocols
(Epicentre) from MG1655 cells grown to OD600 = 0.8 in LB me-
dium at 37°C. DNA was removed from RNA samples by diges-
tion with DNase I for 30 min at 37°C. Probes for microarray
analysis were generated by one of two methods: direct labeling
of enriched mRNA or generation of labeled cDNA.
To generate direct labeled RNA probes, mRNA enrichment

and labeling was done as described in the Affymetrix expression
handbook (Affymetrix). Oligonucleotide primers complemen-
tary to 16S and 23S rRNA were annealed to total RNA followed
by reverse transcription to synthesize cDNA strands comple-
mentary to 16S and 23S rRNA species. 16S and 23S were de-
graded with RNase H followed by DNase I treatment to remove
cDNA and oligonucleotides. Enriched RNA was fragmented for
30 min at 95°C in 1× T4 polynucleotide kinase buffer (New
England Biolabs), followed by labeling with �-S-ATP and T4
polynucleotide kinase and ethanol precipitation. The biotin la-
bel was introduced by resuspending RNA in 96 µL of 30 mM
MOPS (pH 7.5), 4 µL of a 50 mM Iodoacetylbiotin solution, and
incubating at 37°C for 1 h. RNA was purified using the RNA/
DNA Mini Kit according to manufacturer protocols (QIAGEN).
To generate cDNA probes, 5 µg of total RNA was reverse

transcribed using the Superscript II system for first strand
cDNA synthesis (Life Technologies) and 500-ng random hex-
amers. RNA and primers were heated to 70°C and cooled to
25°C; reaction buffer was then added, followed by addition of
Superscript II and incubation at 42°C. RNA was removed by
RNase H and RNase A. The cDNA was purified using the Qia-
quick cDNA purification kit (QIAGEN) and fragmented by in-
cubation of up to 5 µg cDNA and 0.2 U DNase I for 10 min at
37°C in 1× one-phor-all buffer (Amersham Pharmacia Biotech).
The reaction was stopped by incubation for 10 min at 99°C, and
fragmentation was confirmed on a 0.7% agarose gel to verify
that average length fragments were 50–100 nt. Fragmented
cDNA was 3�-end-labeled with terminal transferase (Roche Mo-
lecular Biochemicals) and biotin-N6-ddATP (DuPont/NEN) in
1× TdT buffer (Roche Molecular Biochemicals) containing 2.5
mM cobalt chloride for 2 h at 37°C.
Hybridization to microarrays and staining procedures were

done according to the Affymetrix expression manual (Af-
fymetrix). The arrays were read at 570 nm with a resolution of
3 µm using a laser scanner.
The expression of genes was analyzed using the Affymetrix
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Microarray Suite 4.01 software program. Detection of tran-
scripts in intergenic regions was done using the intensities of
each probe designed to be a perfect match and the corresponding
probe designed to be the mismatch. If the perfect match probe
showed an intensity that was 200 units higher than the mis-
match probe, the probe pair was called positive. Two neighbor-
ing positive probe pairs were considered evidence of a transcript.
The location and length of the transcripts were estimated based
on the first and last identified positive probe pair within an Ig
region.
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