
















aptamers on the antisense strand with the Salmonella
antisense RNAs and found 93 antisense RNAs to
overlap in both screens. Note, that many Salmonella
genes cannot be annotated to E. coli genes.
We further estimated the approximate size of the cis-

antisense RNAs, which contained Hfq aptamers by strand
specific RT–PCR and primer walking. As a typical example
we show in Figure 5B the result for the cydD asRNA. The
cydD asRNA is at least 1073 base pairs long (Figure 5C).
We further tested three additional asRNAs (cca, tldD and
yjeH) and all are at least 1 kb long (data not shown).
Next, we aimed to quantify expression of cca asRNA

more precisely using qRT–PCR. In addition, this
approach allowed us to quantify previously reported
unspecific cDNA synthesis (58) and assess the portion to
which it influences target signal. Unspecific cDNA synthe-
sis can be a consequence of back-looping or other internal
structure of the target RNA. Otherwise, it can be an effect
in which short degradation products of either RNA or
DNA serve as random oligonucleotides which lead to
general reverse transcription which then compromises
strand specificity. To monitor this artefact, we introduced

a novel control—NPC in which addition of any primer
during the RT is omitted.

We quantified levels of sense and antisense cca tran-
script in two different growth conditions; exponential
phase of growth and under acidic stress. Based on size
of cca asRNA derived from primer walking (data not
shown), two primer pairs were designed giving amplicons
on each end of both opposing transcripts. Resulting cca
and htrG/ygiM amplicons lie towards the 50- and 30-ends
of the antisense transcript, respectively, and inversely in
case of sense transcript. Resulting expression level of sense
transcript is considerably high and ranges from 10 � 106

to 27 � 106 copies while antisense transcript level is
�2�105 copies per microgram of total RNA (Figure 6).
Most importantly, unspecific cDNA synthesis gives rise to
only 4000 copies per microgram and hence does not influ-
ence detection of endogenous transcripts.

Considerably similar levels of cca asRNA obtained
from both amplicons (Figure 6) imply that indeed they
belong to the same endogenous transcript. This serves as
a verification of long antisense transcripts, existence of
which we are reporting here.

Figure 5. Characterization of cis-antisense transcripts. (A) Strand-specific RT–PCR analysis of cis-encoded antisense RNAs (ybjJ, cca, ybdQ, phoR,
sprT, ydbJ, ptsI, ftsQA, mltA, pqi5, ptsL asRNAs) and 5S rRNA, using 4mg total RNA isolated from E. coli wt growing under the following
expression conditions: exponential phase (E), stationary phase (S), growth in minimal medium (M9), growth under oxidative (ox), acidic (acid) or
hyperosmotic (osmo) stress. –RT specifies the negative control. Samples were taken from the exponential phase of PCR amplification. (B) Primer
walking for size estimation of cis-antisense RNAs. Strand-specific RT–PCR of cis-encoded cydD asRNA, using 2mg total RNA isolated from E. coli
wt growing under hyperosmotic stress. Estimation of 50- and 30-ends was obtained with different combination of reverse and forward primers that
map up- and down-stream of the Hfq binding fragment in a stepwise manner. Expected sizes of PCR products: R1F5,1062 bp; R1F4, 760 bp; R1F3,
510 bp; R1F2, 197 bp; R1F1, 56 bp; R2F1, 208 bp; R3F1, 396 bp; R4F1, 982 bp. Minimal length of the as-cydD transcript is 1073-nt. –RT specifies the
negative control. Asterisk denotes unspecific PCR product. (C) Schematic representation of cydD asRNA relative to corresponding protein coding
genes.
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Location of Hfq aptamers within E. coli genes

From the total reads shown in Figure 1D, 84% are located
within annotated E. coli genes, whereby 15% map to the
sense strand of mRNAs and 69% map to the antisense

strand. Thus, Hfq aptamers are 4-fold more frequent on
the antisense strand than the sense strand. Reads (9.9%)
were in regions that are not annotated and only 0.5%
within non-coding RNAs.
We further looked more closely asking whether Hfq

aptamers were evenly distributed within genes or
whether there are positions where they are enriched.
Figure 7A shows the relative enrichment of Hfq genomic
aptamers as compared a control ‘neutral’ selection (35)
relative to their distance to the translation start and stop
sites. Most interesting is that coding regions are
unenriched, whereas there is a peak surrounding the
start site and reaching into a few codons into the coding
region. There is a strong enrichment of Hfq aptamers
antisense to the translation start site. Figure 7B shows
the distance of Hfq aptamers relative to the translation
termination site. Here again the enrichment in the
antisense strand is remarkable when compared to the
sense strand, suggesting that codon regions should be
devoid of Hfq aptamers. There is a slight increase of
aptamers mapping downstream of the stop codon.
However, when looking closer into this phenomenon, we
observed that most of these are located opposite to
intervening sequences between two ORFs in polycistronic
mRNAs.
A typical example of such an Hfq aptamer is the ycbU/

ycbV asRNA (Figure 8A). This aptamer lies opposite to a
4 kb polycistronic RNA coding for the ycb operon con-
taining genes ycbS, T, U, V and F and the aptamer lies
opposite to the intervening sequence between ycbU and V.
A homologue of this large antisense RNA has recently
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Figure 7. Enrichment of genomic Hfq aptamers surrounding start and stop codons. Positional fold enrichment of genomic aptamers as compared to
a control ‘neutral’ selection surrounding translation signal codons. The upper part, in green, of the diagram shows aptamers in the sense strand and
the lower part, in yellow, aptamers on the antisense strand. (A) Shows enrichment surrounding start codons and (B) shows enrichment surrounding
stop codons.
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Figure 6. Quantitative strand specific RT–PCR of sense-antisense
RNA pair. Copy number of sense and antisense htrG/ygiM-cca tran-
script was determined using qRT–PCR. Each transcript is represented
by two independent amplicons (cca and htrG). Expression was analysed
in exponential growth phase and under acidic stress. Values are average
of two biological replicates, for each of which three technical replicates
were preformed. NPC denotes no primer control.
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Figure 8. Examples of mapping sites of genomic Hfq aptamers in the E. coli genome. In this figure, selected regions of the E. coli K-12 genome
where genomic aptamers were detected are shown in a genome browser window. Features are drawn as thick, coloured rectangles, each with a point
at one end indicating the genomic strand of the feature. The scale across the top indicates the position in the genome, peach-coloured features rep-
resent open reading frames, blue features (where present) indicate transcriptional units (complete operons), green features indicate genomic aptamers
and histogram data at the bottom indicates enrichment level at each base of a genomic aptamer. (A) ucbU/V asRNA exactly opposite to the
intervening sequence between genes ucbU and ucbV in the ucb operoen. (B) cca asRNA opposite to the intervening sequence between the yhiM/
htrG mRNA and the cca mRNA and (C) the ECA operon with its 12 genes and 11 Hfq aptamers in green.
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been detected in a tiling array screen in Listeria
monocytogenes (59). It’s mRNA codes for a predicted
fimbrial-like adhesin protein.

Another typical example of the location of Hfq
aptamers is the cca aptamer located opposite to the
intervening sequence between the htrG/ygiM and the cca
genes (Figure 8B). This antisense RNA was also pulled
down in Salmonella (32) and the mRNA is up-regulated
in the absence of Hfq in E. coli (53).

A third example is the wzzE asRNA located antisense to
the 50-end of the coding sequence. wzzE codes for the
modulator of the polysaccharide chain length of the
Enterobacteria common antigen (ECA) and lies in a
13-kb-long polycistronic operon coding for 12 genes.
These genes code for proteins involved in the biosynthesis
of the ECA and most of the antigens interact with hosts.
Interestingly, we obtained 11 genomic Hfq aptamers
within this operon, most antisense but for example there
is one position where we obtained genomic aptamers on
both strands just close to the 30-end of the wzxE gene
(Figure 8C).

DISCUSSION

Genomic SELEX is a powerful tool to identify
genomic aptamers

The first small regulatory RNAs were initially discovered
by chance or due to their high abundance (60). Their rel-
evance was only appreciated later when systematic
computational searches looking for secondary structure,
sequence conservation and orphan promoters and termi-
nators in intergenic regions revealed a large number of
small RNAs in many different bacteria (61). More
recently, small RNAs have been discovered by cDNA
cloning (RNomics) (7), by co-immunoprecipitation
coupled to microarray analyses (6) and more lately by
deep sequencing of total RNA (32). Here we describe
an alternative and complementary approach to detect reg-
ulatory domains within RNAs, Genomic SELEX. While
computational prediction is a knowledge-based approach,
cloning and deep sequencing is dependent on the expres-
sion levels of the RNAs, limiting the discovery to those
RNAs that have already known properties or are
expressed at the analysed conditions. Genomic SELEX
overcomes both limitations, as the initial library pool
used to select RNAs is derived from genomic DNA, and
no predictions have to be made. The selection procedure
does, however, favour the selection of sequences with
lower structural stability and specific nucleotide content,
but the positive selection forces exceed the biases imposed
by the SELEX procedure (35). The key step in Genomic
SELEX is the selection of the protein that serves as bait.
We chose the regulator protein Hfq, due to its properties.
Hfq displays chaperone activities (27,29,30,62) and binds
a very large number of quite different RNAs with variable
affinities (13,18,63). We enriched the SELEX pool aiming
at isolating high affinity binding RNAs in the low
nanomolar range. Deep sequencing of the enriched
SELEX pool revealed 1522 individual aptamers with
varying representation in the pool. The most enriched

sequences were present over 100 times, and 775 were
obtained only once. We assume that by further sequencing
more sequences will be obtained.
Therefore, we conclude that genomic SELEX is a

valuable approach to identify regulatory domains within
RNAs provided the choice of the bait is appropriate. We
performed in parallel to the Hfq selection, a selection for
high affinity binders to another E. coli protein with RNA
chaperone activity, StpA, which does not bind RNAs spe-
cifically and no RNAs were enriched (64). This indicates
that only specific binders survive the procedure and are
enriched.

Genomic aptamers

RNAs enriched via Genomic SELEX do not represent
bona fide RNA molecules, but represent domains within
putative RNAs that provide high affinity to the ligand
used as bait. We therefore define the term ‘genomic
aptamer’ as a domain within RNAs that recognizes
specific ligands and as a consequence might act as regula-
tory element. The aptamer domains within riboswitches
are typical examples of genomic aptamers that bind the
metabolite of choice and induce a regulatory switch (65).
The outcome of our Genomic SELEX against the regula-
tor protein Hfq is a collection of short sequences that bind
with high affinity to Hfq and have the potential to act as
regulatory elements.

Genomic Hfq aptamers are highly enriched in the
antisense strand of protein coding genes

The most unexpected outcome of our Hfq aptamer
analysis is their mapping to the antisense strand of
protein coding genes. Until recently, most antisense
RNAs in E. coli were thought to act in trans and to
have only limited complementarity to their target RNAs.
Mainly plasmid-encoded small RNAs were transcribed
from cis-antisense strands resulting in transcripts with
potentially extensive complementarity. Recently, a few
examples have been reported for chromosomally
encoded homologues of the plasmid hok/sok and hok/
sok-like systems. These antisense RNAs are called ‘anti-
toxin’ RNAs, as they inhibit the expression of short toxic
peptides (66). They act by base pairing across the
ribosome binding site blocking initiation of translation
and often activating cleavage and leading to degradation
of the whole mRNA. Two examples of cis-acting antisense
RNAs are the SymR RNA, which is complementary to the
Shine-Dalgarno (SD) sequence and extends into the
coding region of the symE mRNA across the AUG start
codon (67) and the sok RNA, which is complementary to
the SD sequence of the mok mRNA, which needs to be
translated to mediate translation of the hok mRNA
(68,69). Further examples of antitoxin RNAs are the Sib
and OhsC RNAs (70) and the IstR RNA(71), which act by
competing with the ribosome by base pairing to the
ribosome standby site �100 nucleotides upstream of the
SD site (72). These antitoxin RNAs, are from their site of
expression and mode of action, clearly cis-acting antisense
RNAs reminiscent of the Hfq-aptamers identified in this
study. Like the majority of the Hfq aptamers, they map
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antisense to protein coding genes just opposite of the
translation initiation site spanning the SD sequence and
the AUG start codon. It is, however, not known whether
Hfq plays a role in promoting the interaction of the anti-
toxin RNAs with their target RNAs. However, it is con-
ceivable that these RNAs need some feature to make base
pairing more efficient. For example, some of these RNAs
are highly structured and their base pairing is facilitated
by loop–loop interactions, which might contain a U-turn
loop structure (73). Alternatively, for less structured
RNAs, which cannot present a loop to facilitate base
pairing, a Hfq binding site might be able to accelerate
the interaction of the mRNA with its antisense RNA.
In line with this idea is the recent finding that a short

motif 50-AAYAA-30 within the rpoS mRNA leader greatly
affects the annealing rates of the sRNA DsrA to its target
rpoS mRNA. Hfq accelerated the annealing of DsrA to
the rpoS mRNA more than 50-fold. Deletion of the
50-AAYAA-30 motif from the rpoS leader mRNA had
only a slight effect on the binding affinity to Hfq, but it
practically abolished Hfq’s capacity to accelerate DsrA/
rpoS annealing (31). The 50-AAYAA-30 motif is contained
within the identified motif of the genomic Hfq aptamers.
This would indicate that these motifs could be involved in
promoting annealing of the antisense RNAs with their
target sequences.

Enrichment of Hfq aptamers opposite to translation
start sites and to intervening sequences between
ORFs of polycistronic transcripts

From the analysis of the position of Hfq-aptamers relative
to start and stop codons three interesting observations
become apparent. (i) Significantly few Hfq-aptamers
map to the coding regions on the sense strand compared
to the antisense strand. This suggests that there might be a
reason for coding regions to be devoid of Hfq-binding
sites. This is in line with a very recent report that the
MicC sRNA targets the ompD mRNA downstream of
its start codon with a 12 base pair complementary
region in codons 23–26. This sRNA–mRNA interaction
does not inhibit translation initiation but leads to an
RNase E-dependent degradation of the mRNA (74).
Thus, the presence of Hfq-binding sites within codon
regions might be a destabilizing factor that mRNAs
should avoid. (ii) The genomic aptamers are enriched
antisense of the SD and start codons suggesting that
they might be able to regulate translation. This is reminis-
cent of the cis-encoded antitoxin RNAs (66,67,69), and
finally (iii) there is an enrichment opposite to intervening
sequences between ORFs in operons, suggesting that Hfq
aptamers might influence the processing and individual
expression of genes within operons. There is one
example of a small cis-antisense RNA, GadY, where its
pairing to the region between the gadXW mRNAs leads to
cleavage between the two ORFs and to stabilization of
gadX mRNA (75,76).
The physiological roles of Hfq are still not completely

understood. It is clear that Hfq serves as an accelerator of
RNA annealing between regulatory RNAs and their
targets, but for example in Staphylococcus aureus, Hfq

lacks the C-terminal domain required for interaction
with A-rich domains of mRNAs and it is not required
for the function of regulatory RNAs. Our results suggest
that Hfq might be involved in establishing a balance
between pairs of sense/antisense transcripts. Because
antisense transcripts are much less abundant than sense
RNAs, we must assume that their role can only manifest
when their expression is induced or when their cognate
mRNA is repressed. A possible role for these antisense
transcripts containing Hfq aptamers might be to inhibit
translation of their cognate mRNAs, when their concen-
tration is not higher than that of their cognate antisense
pair. Our study expands the repertoire of Hfq targets to a
new class of molecules, large cis-antisense transcripts.
Their functions remain to be revealed, but our results
point to a potential regulatory function in translation
and in the differential expression of individual genes
within operons.
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