Arch Microbiol (2011) 193:23-34
DOI 10.1007/s00203-010-0641-1

ORIGINAL PAPER

Searching for small 6®-regulated genes in Staphylococcus aureus

Jesper S. Nielsen - Mie H. G. Christiansen -
Mette Bonde - Sanne Gottschalk - Dorte Frees -
Line E. Thomsen - Birgitte H. Kallipolitis

Received: 3 August 2010 / Revised: 25 August 2010 / Accepted: 9 September 2010 / Published online: 27 October 2010

© Springer-Verlag 2010

Abstract In recent years, small RNAs (sRNAs) have
been identified as important regulators of gene expression
in bacteria. Most sRNAs are encoded from intergenic
regions and are only expressed under highly specific
growth conditions. In Staphylococcus aureus, the alterna-
tive sigma factor, B, is known to contribute to the overall
stress response, antibiotic resistance, and virulence. The oB
regulon in S. aureus is well described and comprises
approximately 200 annotated genes, including several
genes encoding virulence factors. In the present study, we
have identified three novel o®-dependent transcripts
encoded from genomic regions previously annotated as
intergenic. All three transcripts, named SbrA, SbrB, and
SbrC, are highly conserved in S. aureus, and we confirmed
their presence in four different isolates (SH1000, Newman,
COL, and UAMS-1). Curiously, two of these genes (sbrA
and sbrB) were found to contain open reading frames
encoding small, highly basic peptides that are conserved
among Staphylococci. The third transcript (SbrC) did not
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contain any likely open reading frame and thus constitute a
genuine non-coding SRNA. The functions of these genes
are currently unknown but are likely to be important for the
o®-mediated response of S. aureus to adverse conditions.

Keywords S. aureus - sSRNA - ¢®

Introduction

The gram-positive human pathogen Staphylococcus aureus
is the causative agent of a wide range of nosocomial and
community-acquired infections. The pathogenesis of
S. aureus is highly complex and relies on a variety of viru-
lence-associated factors, including adhesins, toxins, exo-
enzymes, and immune-modulating factors (Lowy 1998).
The production of virulence factors at the appropriate time
and place during infection is controlled by the coordinated
actions of multiple transcriptional regulatory proteins, the
alternative sigma factor ¢®, and the regulatory RNAIII
(Novick 2003).

Staphylococcus aureus encodes four sigma factors: the
housekeeping ¢*, the stress responsive o (Wu et al. 1996),
a'l, which may be involved in natural competence (Morikawa
et al. 2003), and ¢°, which appears to be a component of the
stress and virulence responses (Shaw et al. 2008). The best
studied of the three alternative sigma factors is ¢®, which is
involved in stress responses and antibiotic resistance, and
contributes to pathogenesis in some, but not all, infection
models tested so far (Jonsson et al. 2004;Giachino et al.
2001;Horsburgh et al. 2002a; Kullik et al. 1998; Kullik and
Giachino 1997; Lorenz et al. 2008). Proteomics and micro-
array studies have shown that the ¢® regulon consists of
around 200 genes, some of which are involved in virulence,
membrane transport processes, and cell wall metabolism
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(Bischoff et al. 2004; Gertz et al. 2000; Pane-Farre et al.
2006). Curiously, multiple ¢®-regulated genes do not con-
tain a consensus ¢° promoter, and several genes are under
negative control by o2 suggesting that these genes are
affected by ¢® in an indirect manner, most likely through
the actions of ¢®-regulated gene regulatory factors.

RNAIII is the major effector molecule of the quorum-
sensing system agr which controls the expression of numer-
ous virulence genes in S. aureus (Novick 2003). RNAIII
belongs to a relatively new group of bacterial gene regula-
tors, the trans-encoded base pairing small RNAs (sRNAs),
which control gene expression by forming imperfect
duplexes with specific target mRNAs, thereby affecting their
translation and/or stability (Waters and Storz 2009). RNAIII
acts as an antisense RNA to stimulate translation of the hla
mRNA (encoding a-hemolysin) and to repress translation of
several mRNAs, including the spa and ror mRNAs, encod-
ing protein A and the virulence regulator Rot (repressor of
toxins), respectively (Geisinger et al. 2006; Boisset et al.
2007). In gram-negative species, most base pairing SRNAs
depend on the RNA chaperone Hfq, which serves to both
stabilize the sSRNAs and facilitate their interaction to target
mRNA (Aiba 2007). In contrast to this, Hfq has been shown
to be dispensable for RNAIII-dependent riboregulation in
S. aureus (Boisset et al. 2007; Geisinger et al. 2006; Bohn
et al. 2007). Intriguingly, whereas most base pairing SRNAs
studied so far appear to be non-coding, RNAIII has been
found to encode a small protein, the 26-amino acid J-hemol-
ysin. Thus, RNAIII belongs to the category of dual-function
sRNA regulators, which also includes the Eschericia coli
SgrS RNA (Wadler and Vanderpool 2007) and the SR1
RNA in Bacillus subtilis (Gimpel et al. 2010).

Over the past decade, numerous sSRNAs have been iden-
tified in bacteria using a variety of computational and
experimental approaches (Gertz et al. 2000; Sharma and
Vogel 2009). In S. aureus, computational searches in com-
bination with expression studies have revealed the presence
of multiple SRNA encoded from the intergenic regions
(IGRs) (Geissmann et al. 2009; Pichon and Felden 2005;
Bohn et al. 2010). Interestingly, seven SRNAs were found
to be encoded from pathogenicity islands suggesting a role
in virulence (Pichon and Felden 2005). Furthermore, the
expression of four non-coding sSRNAs was recently shown
to be controlled by ¢® or agr (Geissmann et al. 2009). Thus,
the gene regulatory circuits controlling virulence gene
expression in S. aureus are likely to include multiple
regulatory sSRNAs besides RNAIIIL. In addition to SRNA-
encoding genes, the IGRs in bacteria most likely contain
multiple unannotated genes encoding small proteins (i.e.,
proteins < 50 amino acids), which have been overlooked
so far due to their small size. In line with this, recent sys-
tematic investigations of the IGRs in E. coli resulted in
the identification of more than 60 genes encoding small
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proteins, many of which appear to be involved in the
general stress response (Hemm et al. 2010; Hobbs et al.
2010; Hemm et al. 2008).

In the present study, we searched for genes encoding o®-
dependent sRNAs in S. aureus. Using a bioinformatics
approach, we predicted the existence of five small ¢®-regu-
lated genes within the IGRs of S. aureus strain N315. Three
small ¢5-dependent transcripts were verified experimentally
in S. aureus strains SH1000, COL, Newman, and UAMS-1.
None of the transcripts required Hfq for expression or stabil-
ity. Two genes, named sbrA and sbrB (for SigmaB-depen-
dent small RNA A and B), were found to contain small open
reading frames (ORFs) encoding putative small proteins of
26 and 38 amino acids, respectively. Curiously, the ORF
within sbrB appears to be translated in some, but not all of
the S. aureus strains tested. The third transcript (SbrC) is
likely to be a genuine non-coding SRNA. In conclusion, this
study adds three novel genes to the ¢® regulon in S. aureus.
Apparently, these genes have been overlooked in previous
studies on ¢®-dependent genes in S. aureus, because of their
non-coding nature and/or small size.

Results and discussion

Prediction of small 6®-regulated genes in the IGRs
of S. aureus

Genes encoding sSRNAs can be predicted bioinformatically
by a variety of methods. When reliable consensus
sequences are available for alternative sigma factors and/or
transcription factors, they provide an attractive starting
point because they act as filters against false positives.
Indeed, such an approach was successful in identifying
novel oP-regulated sRNAs in Listeria monocytogenes
(Nielsen etal. 2008). Here, we have used a similar
approach to predict the existence of putative ¢®-regulated
sRNAs within the IGRs of S. aureus strain N315. A
detailed overview of our search can be found in the “Exper-
imental procedures” section. Briefly, using the AureoList
webpage (AureoList 2010), we searched for the presence of
c® consensus sites [GWWT_N,, ,;,_GGGWWW (Pane-
Farre et al. 2006)] within the IGRs of S. aureus strain
N315. Putative candidates were identified by the presence
of a downstream intrinsic terminator. This approach
resulted in the prediction of five putative o-regulated
genes, none of which contain annotated ORFs in S. aureus
N315. An overview of these is shown in Table 1.

Experimental validation of o®-dependent transcripts

In order to validate the presence of an actual transcript
from the predicted loci, we performed northern blotting
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Table 1 Putative o®-regulated genes within IGRs of S. aureus strain N315

Name Flanking genes

O'B consensus

Length Intrinsic terminator

AATACAGCGCCACTCTTATATGATTTACGATAGCGCTGTATTTTT
GGCTCGCTCCTGTAAATTATTACGGGGGCGAGTTTT
AACACTTGTTTCTACTAATAAGTGTTTT

sbrA SA0891 > << SA0892 GTTT-N,;;-GGGTAT ~200
sbrB SA1173 >><SA1174 GTTT-N,;,-GGGTAA ~150
sbrC  SA0586 <> < SA0587 GTAT-N,-GGGTAA ~310
sbrD  SA0040 > <>SA0041 GTAT-N;-GGGTAT ~125
sbrE SA1519 >>< SA1520 GAAT-N,;;-GGGTTT ~290

CAGAGGAAATATTCAACGACTTGATTGTTTCCTCTGTTTT
CGCCTTTCCATTGTTGATAAATGGAAAGACGTTTTTTT

on cells subjected to KOH stress, which is known to be a
potent ¢® activating agent (Pane-Farre et al. 2006). For
the initial experimental validation of sbrA, sbrB, sbrC,
and sbrE, we used S. aureus strain SH1000, whereas in
the case of sbrD, the MRSA strain ATCC 33591 was
employed. The results of the northern blot experiments
are shown in Fig. 1. In the case of sbrA, sbrB, and sbrC,
the exposure of SH1000 wild-type cells to KOH resulted
in the induction of small transcripts of approximately
200 nucleotides (nt), 150 and 300 nt, respectively
(Fig. la—c). Importantly, none of the transcripts were

F}igg. 1 Identification of putative i .
o -regulated SRNAs by northern o 1 15 20 2 10 15 2,
blotting. For the identification of -
sbrA RNA (a), sbrB RNA (b), oo
and sbrC RNA (c), S. aureus 00|
strain SH1000 and its isogenic
AsigB strain were employed. For
northern blot experiments (left),
cells were grown to early expo-
nential phase at which point ¢®
activity was induced for 20 min
by the addition of KOH to a final
concentration of 30 mM. RNA
was extracted as described in the
“Experimental procedures” sec- 300-
tion at the indicated time points
following stress induction. The
predicted secondary structures
of sbrA, sbrB, and sbrC RNAs
(right) was determined by e
MFOLD (MFOLD:i 2010). The
schematic representation of the
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observed in a SH1000AsigB mutant strain. Thus, these
experiments verify the existence of SbrA, SbrB, and
SbrC RNAs in SH1000 and show that their expression is
completely dependent on ¢®. In contrast to this, no KOH-
inducible transcript corresponding to SbrD or SbrE were
detected in MRSA strain ATCC 33591 or SH1000,
respectively, and we therefore do not consider sbrD and
sbrE any further in the present study (data not shown).
The genomic localization of sbrA-C and MFOLD pre-
dicted secondary structures of SbrA, SbrB and SbrC are
shown in Fig. la—c.
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Mapping the transcription start sites of the SbrA and SbrB
RNAs

The sbrA gene is situated in the IGR between SA0892 and
SA0891 (both encoding unknown proteins) and appears to
share its intrinsic terminator with its upstream gene,
SA0892 (Fig. 1a). The expected length of the SbrA RNA is
197 nt, which is in agreement with the size of the transcript
observed by northern blotting (approximately 200 nt; see
Fig. 1a; Table S3 for details). The sbrB gene is situated
between SA1173 (an unknown protein) and SA1174
(encoding lexA; see Fig. 1b). The sbrB also shares its intrin-
sic terminator with the upstream gene (SA1173) and is
expected to be 149 nt long, corresponding to the size of the
SbrB transcript observed in the northern blot analysis
(approximately 150 nt; see Fig. 1b; Table S3 for details).

To analyze the SbrA and SbrB RNAs in more detail, we
mapped their 5'-ends by primer extension analysis using
total RNA purified from SH1000 and SH1000AsigB sub-
jected to various B activating stress conditions (i.e., KOH,
MnCl,, and NaCl stress). The results of these experiments
are shown in Fig. 2a and b. In the wild-type strain, clear
bands were detected for both transcripts following KOH
and MnCl, stress, whereas no induction was observed for
cells treated with 10% NaCl for 20 min, most likely due to
the relatively mild and transient effect of NaCl on ¢® activ-
ity (Pane-Farre et al. 2006). No signals were observed in
the AsigB mutant strain. In both cases, the 5’-ends of the
transcripts map to the predicted o®-dependent transcription
start sites for sbrA and sbrB, respectively.

sbrA and sbrB are present in various S. aureus isolates
BLAST searches for sbrA and sbrB homologs in other bac-

teria revealed that the genes are highly conserved among
S. aureus strains. However, the expression of homologous

genes among different S. aureus isolates may vary consider-
ably. We therefore tested whether SbrA and SbrB could be
detected in three additional strains of S. aureus (COL,
Newman, and UAMS-1). As controls, we used their iso-
genic AsigB mutant strains. As shown in Fig. 3a, the
expression of both transcripts was found to be induced by
KOH stress in a strictly oP-dependent fashion in all
S. aureus isolates tested. To further characterize the expres-
sion pattern of sbrA and sbrB in S. aureus, RNA levels
were determined in COL, Newman, and SH1000 and their
AsigB mutant strains at various growth time points during
growth in rich medium. As shown in Fig. 3b—d, both RNAs
are expressed in a strictly ¢°-dependent manner throughout
growth. In all cases, the levels of the SbrA and SbrB RNAs
increased significantly when wild-type cells entered the late
exponential growth phase.

Expression of sbrA and sbrB does not depend on Hfq

Many sRNAs from other organisms depend on the RNA
chaperone Hfq for stability and regulatory function (Valentin-
Hansen et al. 2004; Aiba 2007). Although no such Hfg-
dependent sSRNAs have been identified so far in S. aureus,
both SbrA and SbrB display some of the key features of
Hfg-binding SRNAs (i.e., long AU-rich tracts next to stem-
loop structures (Schumacher et al. 2002); see Fig. 1a and b
for predicted secondary structures of the RNA molecules).
We therefore asked whether Hfq might affect expression of
sbrA or sbrB. To address this, we used S. aureus strain
Newman and its isogenic Ahfg mutant strain and tested the
expression of SbrA and SbrB under different stress condi-
tions. As a control, we included the Newman AsigB mutant.
As shown in Fig. 3e, no differences were observed between
the wild-type strain and Ahfg mutant strain, suggesting
that Hfq does not influence steady-state levels of either
RNA. These results were confirmed by RNA half-life

Fig. 2 Detection of 5'-ends of A SH1000 SH1000 AsigB B SH1000 SH1000 AsigB
aB.—regulated t.ranscripts 'by TACG 123450678 T AGC 12 3 4567 8
primer extension analysis. = =
S. aureus strain SH1000 and - - - ‘
its isogenic AsigB strain were . s 2 .
grown to early exponential —_ &= -
phase at which point one of the - . -
following stress reagents were ' - w - -Psbrs
added: lanes I and 5 no addition; " - el -
lanes 2 and 6 30 mM KOH; ’ = -
lanes 3 and 7 1 mM MnCly; - ! - - P z :
lanes 4 and 8 10% NaCl. The ’ _ !
cells were stressed for 20 min. -
a Detection of 5'-end ' A
of sbrA RNA. b Detection i 3 ’ -
of 5'-end of sbrB RNA - i

-

-
-
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Fig. 3 sbrA and sbrB are expressed in different isolates of S. aureus
and do not require Hfq for stability. a Northern blot showing induction
of sbrA and sbrB in three different strains of S. aureus. b—d Northern
blots showing expression of sbrA and sbrB in strains COL (b) Newman
(¢) and SH1000 (d) during growth. Lanes I and 5 early exponential
phase; lanes 2 and 6 late exponential phase; lanes 3 and 7 early station-
ary phase; lanes 4 and § late stationary phase. e Northern blot showing
induction of sbrA and sbrB in S. aureus strain Newman. Identical
induction patterns are observed in wild-type and Ahfq strains. Lanes 1,

E Newman

determinations, which did not reveal any difference in
RNA decay after treatment with rifampicin (Fig. 3f). Simi-
lar results were obtained in the S. aureus COL background
(data not shown). We conclude that, in vivo, Hfq does not
seem to interact with the SbrA or SbrB RNAs in any way
that alters their steady-state levels or stability. These results
are in agreement with previous experiments, which have
all failed to identify a role for Hfq in riboregulation in
S. aureus (Bohn et al. 2007).

sbrA and sbrB encode two putative small basic peptides:
SbpA and SbpB

Multiple alignments of sbrA and sbrB homologs from sev-
eral Staphylococci (including S. epidermidis, S. saprophyti-
cus, S. warneri, S. hominis, and S. haemolyticus) revealed
that the IGRs at the corresponding genomic locations dis-
played very little sequence conservation at the DNA level
(see supplementary materials Fig. S1). However, some
regions, such as the putative ¢® consensus sites, appeared to
be more conserved than others. In particular, we noticed
AUG start codons as well as upstream putative ribosomal
binding sites in SbrA and SbrB, which appeared to be con-
served among several Staphylococci. We therefore
searched for the presence of ORFs within these IGRs. In
both regions, we detected short ORFs corresponding to
highly basic peptides of 38 amino acids and 27 amino
acids, respectively, in S. aureus. Moreover, the putative
peptides were highly conserved among different Staphylo-

-2 2
SbrA - |.- :
SbrB - h

‘ SbrB - ’.. i . ‘
Newman Newman Ahfg
4 B 16 -2 2 4 8 16 Time (min)
Q.- - |

5, and 9 no stress; lanes 2, 6, and 10 30 mM KOH,; lanes 3, 7, and 11
1 mM MnCly; lanes 4, 8, and 12 10% NaCl. The cells were induced for
20 min. f Half-life determination of sbrA and sbrB RNAs in wt and
Ahfq cells. Expression of both RNAs was induced by the addition of
30 mM KOH. After 10 min of induction, transcription was blocked by
the addition of rifampicin, corresponding to time 0 min in the half-life
experiment. Samples were drawn at the indicated timepoints relative to
the addition of rifampicin

cocci (Fig. 4a, b). When scrutinizing other, more recent
S. aureus genome annotations, we further found that small
ORFs were predicted in the loci corresponding to sbrA and
sbrB. In addition, the presence of a small ORF in sbrB was
predicted in a recent study (Geissmann et al. 2009). Taken
together, these observations indicate that both sbrA and
sbrB contain small ORFs.

To test the presence of small ORFs in sbrA and sbrB, we
constructed in-frame translational fusions of both ORFs to
lacZ in the fusion vector pCK-lacZ. The resulting plasmids,
named psbrA-lacZ and psbrB-lacZ, were introduced into
S. aureus strains SH1000, Newman, and COL, as well as
their isogenic AsigB mutant strains. The expression of the
psbrA-lacZ and psbrB-lacZ was tested by performing
f-galactosidase assays. The results of these experiments are
presented in Fig. 4. Increasing levels of f-galactosidase
activities were observed throughout growth in the wild-type
strains containing psbrA-lacZ, whereas no activity was
recorded in the corresponding AsigB mutant background
(Fig. 4c). These results suggest that the ¢>-dependent sbhrA
indeed contains an ORF which appears to be translated in
all S. aureus wild-type strains tested here. Likewise, the
psbrB-lacZ fusion was found to be expressed in SH1000,
whereas no f-galactosidase activity was recorded in
SH1000 AsigB harboring psbrB-lacZ (Fig. 4d). Surpris-
ingly, the levels of f-galactosidase activity recorded for
S. aureus strains Newman and COL containing psbrB-lacZ
corresponded to background levels, suggesting that the
putative ORF in sbrB is only being translated in some
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Fig. 4 sbrA and sbrB contain small open reading frames. Multiple
alignments of the putative peptides ShpA (a) and ShpB (b) in different
Staphylococci. Alignment was performed using ClustalW (ClustalW
2010). p-Galactosidase activity of translational fusions of sbrA (c) or
sbrB (d) open reading frames to lacZ. Expression studies were carried
out in three different S. aureus isolates (Newman, COL and SH1000;

S. aureus strains. We speculate that this discrepancy may
be due to strain variations with respect to translation acti-
vating factors, or the presence of factors acting to repress
translation of the ORF in sbrB in a subset of S. aureus
strains. Analysis of cells subjected to KOH stress revealed
similar results (data not shown). Based on these results, we
conclude that sbrA and sbrB are likely to encode two small
basic peptides, named SbpA and SbpB (SigmaB induced
Basic Peptide A and B).

At present, the biological significance of sbrA and sbrB
can only be speculated on. Both genes appear to encode
small basic peptides with no apparent homologs found in
the PDB database. Considering their small size, SbpA and
SbpB may be signaling molecules similar to the quorum-
sensing AgrD (Novick 2003) or the peptides could serve as
binding partners for other proteins. In the latter case, such
binding would presumably alter the function or activity of
the partner protein. The primary sequences suggest that
they are both highly basic and should therefore carry a net
positive charge at physiological pH. Moreover, no hydro-
phobic patches or sequences corresponding to extracellular
signaling peptides could be found, indicating that SbpA and
SbpB are not membrane spanning nor are they exported
outside the cell. Thus, a function similar to that described
for the small hydrophobic IbsA-E peptides, which were
found to be inserted into the membranes of E. coli thereby
affecting membrane potential (Fozo et al. 2008), is unlikely.
Alternatively, SbpA and SbpB may be RNA chaperones
similar to what was postulated for three small basic pep-
tides (named FbpA-C) in Bacillus subtilis (Gaballa et al.
2008). FbpA-C were found to be controlled by the ferric
uptake repressor (Fur) and appeared to corroborate the
functions of a non-coding RNA (FsrA). Similar to the find-
ings in S. aureus, no role in riboregulation has so far been
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blue bars) and their isogenic AsigB mutant strains (red bars). Signifi-
cant translation of sbrB was only observed in strain SH1000, whereas
translation of sbrA was observed in all three wild-type S. aureus strains
tested. In all cases tested, the expression of sbrA-lacZ and sbrB-lacZ
depends on the presence of o®

described for hfg in B. subtilis, and the authors therefore
speculated that FbpA-C might act as RNA chaperones
either alone or in heterooligomeric complexes dedicated to
facilitate the function of FsrA. If SbpA and SbpB are in fact
such dedicated RNA chaperones, this would seem to sug-
gest the existence of a ¢®-controlled non-coding RNA as
well.

SbrC is a small, non-coding RNA

The sbrC gene lies between SA0586 (encoding an IS1181
transposase) and SA0587 (encoding a protein, which is
homologous to manganese-binding ABC transporters; see
Fig. 1c). In this case, the predicted terminator of sbrC lies
within the 3’ end of the downstream open reading frame
(SA0587), and thus, the SbrC RNA could serve as a poten-
tial cis-acting antisense SRNA. The IGR between SA0586
and SA(0587 was recently shown to encode another non-
coding RNA (RsaC; [Geissmann et al. 2009)]. The rsaC
gene lies in the opposite direction of sbrC, and the two
genes do not overlap (Fig. 1c).

BLAST searches to identify sbrC homologs in relation
to bacteria revealed that sbrC is conserved among all
sequenced S. aureus strains but is absent from related
Staphylococci such as S. epidermidis, S. saprophyticus, and
S. haemolyticus (data not shown). Importantly, although
these investigations did reveal potential ORFs within sbrC,
none of these are preceded by a likely ribosomal binding
site, indicating that the SbrC RNA is a genuine small, non-
coding RNA. The expected length of SbrC is 310 nucleo-
tides which correspond well with the result presented in
Fig. 1c. Unfortunately, all our attempts to map the 5'- and
3’-ends of SbrC by primer extension analysis and RACE
were unsuccessful, most likely due to relatively low levels
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Fig. 5 The o®-regulated SRNA SbrC interacts with SA0587 in vitro.
a Northern blotting showing expression of SbrC. Cells were grown to
early exponential phase, and ¢® activity was induced by the addition of
30 mM KOH. The cells were stressed for 20 min. RNA was extracted
from the indicated cells and subjected to northern blotting using a spe-

- SbrC sRNA

of SbrC expression, or because of inhibitory secondary
structures in SbrC that may prevent efficient ligation of the
linker in RACE experiments.

To investigate the presence of SbrC in various S. aureus
strains, we performed northern blotting using total RNA
purified from SH1000, COL, Newman and UAMS-1 wild-
type and AsigB mutant strains treated with KOH (Fig. 5a).
As observed for sbrA and sbrB, the addition of KOH
resulted in the induction of sbrC expression in a strictly ¢®-
dependent manner in all wild-type strains tested. Further-
more, the levels of SbrC in COL Ahfg and Newman Ahfg
were comparable to wild type, suggesting that the stability
of SbrC is not affected by the RNA chaperone Hfq.

As mentioned, the sbrC gene overlaps the 3'-end of the
SA0587 OREF, corresponding to mntC gene of the mntABC
operon, by approximately 180 nucleotides, suggesting a
possible cis-acting antisense regulatory mechanism. In sup-
port of this, gelshift assays with in vitro transcribed SbrC
and truncated mntC RNA show that the two RNA species
do indeed interact (Fig. 5Sb). The mntABC operon encodes
an ABC-transporter dedicated to the uptake of manganese.
Thus, the ¢®-dependent induction of sbrC could be a way
for ¢® to affect manganese uptake during times of high
extracellular manganese in S. aureus. The significance of
such a regulatory circuit can only be speculated on. How-
ever, considering the effect of ¢® as well as proper manga-
nese uptake on S. aureus virulence (Jonsson et al. 2004;
Horsburgh et al. 2002b), it is likely to be important for
effective host colonization by S. aureus.

Conclusion
We have identified three novel ¢®-dependent genes encod-

ing one non-coding sRNA as well as two putative small
basic peptides in the human pathogen S. aureus. o®-depen-

- SbrC-SA0587

- SA0587 RNA

cific probe recognizing sbrC RNA. b Gelshift experiments showing
that SbrC interacts with SA0587. In vitro transcribed SbrC (left part) or
SA0587 (right), 5'-end labeled with 3?P, was incubated with or without
increasing amounts of cold SA0587 (left) or SbrC RNA (right), respec-
tively

dent expression of all three transcripts was confirmed in
four different isolates of S. aureus (SH1000, COL, Newman
and UAMS-1). The RNA chaperone Hfq did not affect
steady-state levels or stability of either RNA suggesting, as
reported previously (Bohn et al. 2007), that Hfq plays a
very limited role in riboregulation in S. aureus.

In a recent study, two SRNAs named RsaA and RsaF
were found to be under positive control by ¢® in S. aureus
(Geissmann et al. 2009). Both rsaA and rsaF are preceded by
putative ¢2-binding sites; however, these sites do not match
perfectly with the ¢® consensus sequence (Geissmann et al.
2009). As a consequence of the very stringent search criteria
employed in the present study, RsaA and RsaF were not
among the sRNAs identified by us. These findings clearly
demonstrate that in order to reveal the full repertoire of
sRNAs in a given organism, it may be necessary to employ a
variety of computational and experimental approaches.

The putative function of the o®-dependent sSRNA and
small ORFs is currently unknown. The basic nature of the
two putative peptides suggest a possible role as RNA chap-
erones similar to what was proposed for three basic pep-
tides in B. subtilis involved in modulating the iron sparring
response (Gaballa et al. 2008). If SbpA and SbpB are
indeed RNA chaperones, this would suggest the presence of
a ¢® controlled non-coding RNA. A likely candidate would
thus be SbrC, which appears to be a genuine ¢® controlled
sRNA. Finally, we do not exclude the possibility that SbrA
and SbrB could be dual-function RNAs, both acting as reg-
ulatory RNAs and encoding a protein product, in which
case functional analyses becomes more complex. In this
regard, we note that although SbrB is produced in all of the
strains tested, the ORF within sbrB appears not to be trans-
lated in three out of four cases.

In either case, considering the fact that all three tran-
scripts are strictly dependent on ¢, we find it likely that the
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RNAs and putative peptides encoded by sbrA, sbrB, and
sbrC are involved in S. aureus stress response, antibiotic
resistance, and/or virulence. Future studies in our labora-
tory will focus on revealing the physiological role and
mode of action of small ¢®-dependent RNAs and peptides
in S. aureus.

Experimental procedures
Growth strains and media

The bacterial strains used in the present study are listed in
Table 2. Where indicated, isogenic AsigB or Ahfg strains
were used. Since foreign DNA is subject to degradation by
resident deoxy-ribonucleases in S. aureus, plasmids were
initially cloned in the restriction-deficient strain RN4220
and then transferred to relevant laboratory strains by trans-
duction using @11 as described by (McNamara and Iandolo
1998). Generalized transduction with @11 was also used to
move the rsbVW-sigB::erm mutation from the Newman
strain (Kullik et al. 1998) into SH1000. For cloning pur-
poses, E. coli TOP10 (Invitrogen) was used. S. aureus
strains were grown in Luria—Bertani (LB), or Tryptic Soy
Broth (TSB, Oxoid), when indicated. E. coli strains were
grown in LB. When appropriate, kanamycin was supple-
mented to a final concentration of 50 pg/ml.

Prediction of putative intergenic o®-regulated sSRNAs
For the prediction of putative intergenic o-controlled tran-

scripts, we initially searched for the presence of ¢® consen-
sus sites [GWWT_N,, ;;,_GGGWWW, (Pane-Farre et al.

2006)] within the IGRs of the S. aureus N315 genome
using the AureoList database (AureoList 2010). We have
previously used this approach successfully to identify a
novel ¢®-controlled sSRNA in L. monocytogenes (Nielsen
et al. 2008). The consensus sequence chosen was based on
the results of two previous studies of the ¢® regulon in
S. aureus (Bischoff et al. 2004; Pane-Farre et al. 2006).
Both studies conclude that the ¢® consensus binding site in
S. aureus closely resembles that found in B. subtilis,
GttTww-N,_;5-gGgwAw (Petersohn et al. 1999). We have
employed a strict interpretation of this to minimize the
number of false positives. The initial search yielded 133
putative ¢® promoter sites (see supplementary material
Table S1). Promoter sites located too close to and in the
same direction of downstream ORFs were discarded yield-
ing 61 potential sites (see supplementary material Table
S2). In validation of our approach, we note that approxi-
mately 60% of the disregarded promoter sites corresponded
to genes that have previously been reported as being posi-
tively regulated by ¢® (Bischoff etal. 2004). We next
searched for the presence of an intrinsic terminator (here
defined as an inverted repeat with a AG of no more than
—8.5 kcal/mol followed by at least 4 Ts) no longer than 500
nucleotides downstream of a potential ¢® consensus site.
This final search resulted in seven putative ¢>-regulated
sRNA genes (see supplementary material Table S3). Two
of the seven genes were immediately discarded. One candi-
date contained an annotated ORF (SA0039, 65 amino
acids) and was therefore not studied any further. Another
candidate corresponds to a likely transcriptional attenuator
regulating expression of SA0347, which will not be consid-
ered in the present study. Thus, our bioinformatics approach
resulted in the prediction of five putative ¢®-regulated genes

Table 2 Bacterial strains used

in the present study Strain Description Source

E. coli
Topl0 Transformation optimized strain for cloning Invitrogen

S. aureus
RN4220 Restriction-deficient transformation recipient Kreiswirth et al. (1983)
SH1000 Functional rsbU derivative of 8325-4, rsbU" Horsburgh et al. (2002a)
SH1000 AsigB SH1000 single deletion of sigB operon, ERMR This work
Newman Clinical isolate (ATCC 25904), rsbU* Duthie and Lorenz (1952)

Newman AsigB
Newman Ahfg
COL

COL AsigB
COL Ahfg
UAMS-1
UAMS-1 AsigB
ATCC 33591

Newman single deletion of sigB operon, ERMR
Newman single deletion of hfg
Methicillin-resistant clinical isolate

COL single deletion of sigB operon, ERMR®
COL single deletion of hfg

Clinical osteomyelitis isolate, rsbU*

Single deletion of sigB operon, Tet®

Methicillin-resistant clinical isolate

Kullik et al. (1998)

Bohn et al. (2007)

de Lencastre and Tomasz (1994)
Kullik et al. (1998)

Bohn et al. (2007)

Gillaspy et al. (1995)

Cassat et al. (2006)

Klitgaard et al. (2008)

@ Springer



31

Arch Microbiol (2011) 193:23-34

oqoxd uraypou se Aoaarp pasn 0310 YNA

9qoid uIayIou paquosueI onia ul 10y oefdwe) Ajerouas 0y YDJ I0J pasn sos1o YN ,

opeys Aeis e £q pajedIpul dIe sA)Is OFEARI[O AWAZUS UONILNSIY

pautjropun a1e SIS HQuOEOHQ-BH v

19§ onta ug

DIqS onta ug

L8SOVS onia uf

L8SOV'S onia uf

0495 Jo 4d

D445 30 4d

sjonnsuod ovj-3Dd jo Surouanbeg
syonnsuod ovj-3Dd jo Jurouanbeg
uoisnj Zovj-gdqs sweij-ug

4495 Jo 4d

7ov]-ydqs 1ownid pmy ‘g4qs Jo Ad
uoIsny Zov]-y4qs oweIj-ug

DVVVOVIOVILVLLOVIOVVVVLLVVV DOLVDDOVVLL
OVLLVIDVOODLVILVOIVIOOIVVLLL DOVILVLOVILOVOIVLVVL DLLVVOVVLL
DOVLIVOVODLLVLVVVV.LIDD LVOOVVLL

DVVOVVVVVOLOVIOVVLLVVVDOD VIVIDVILIOVOIVLVVL DLLVVOVVLL
VVIOVVLVOVVOLVOVOVIOOOVLLLLVL

JOLVLODLLVLLOVOVVIVVOLLD
DDIOVOIVVVVILOLLODOVOIVILOVIIILLLLD
DIDOLVLLLODLLLLOLYIDIODLVODODDD
LLLLLVLLV.LLVDDDOVDIOVOOVIIILVODOHDDD
ODVLLLVYVDVOVOHDIIDVILIILLYVDDODDD
DLODVLLLVOLVOLOLYODIOILVODODOD

g D1gs [Hweyg
470148 T09H LL
dL8S0VS THwWeg
d7L8SOVS TH09H LL
g dd DS [Hung
S c el CINm ot (22

[ 9e[-A

Jourtad (O -

A 04 919 [Huvg
 dd949S Huwg
d7dd 9198 1907

A DA viqST [Huwg

V4qS Jo 4d DILOOVLLLYDLVODLOLVOODLODDLYOHOHDDDD ¥ dd viqS [Hwrg

Zov]-y4qs owd pag ‘v4qs Jo dd DOVILODDLVIODOVIOVODLIDLLVVOHODDOD 4 dd V1S 19027
H4495 3O ;AN LLLVIDLVDIDLLIDVLLLIDVVVVDLODDLIOVIODD dN 319S

aiqs jo ,dN JDLVVVLLVOLLOIOVVODLVVODLOODOVVVDID aN aqs

0445 30 LN DODLODLVLVIOIDILOVILVVIDODDOVVOILD aN D19S

195 30 ,dN DVOLVDLVIOVVVILVOVILOVVODOVVLOLD ¥ AN 914S

q1495 3o ,dN OVVLLVLLLLLIDLLLOLLLLLLLVLLVLLVDDOVODOVODDOVLV.ILOVILOVOIVILVVIOLO d N 9195 LL

V44s$ 3O ;dN OVVVLVVLVOVIOVODIILVIOVIOLVIOLVVVIOOVOLLIDVVVILVVVODLILVLLLVVVLLVVLD R INIACN

V4qs Jo ;N DOOILOLOLVLLIVLLIOLVLIVVLLLLLYIOLOODODLOVOODOVILVLOVILOVOIVLVVIDLD 4 AN VIq9S LL

asn w2ouanbas yNQa QweN

q

Apms sryy ut pasn so310 YNA € qBL

pringer

As



32

Arch Microbiol (2011) 193:23-34

within the IGR of S. aureus strain N315, none of which
contain annotated ORFs.

RNA work

For the detection of sbrA-E RNAs, S. aureus strains were
grown to early exponential phase (ODg,, = 0.4) at which
point the cells were stressed by the addition of 30 mM
KOH, 1 mM MnCl, or 10% NaCl (final concentrations).
Ten-milliliter samples were collected at time 0 min
(control samples) and at the indicated time points. Cells
were re-suspended in Tri Reagent (MRCGENE) as
described by the manufacturer and lysed using the Fast-
Prep instrument (2 x 40 s at maximum speed), and RNA
was extracted as described previously for L. monocytoge-
nes (Nielsen et al. 2010). The integrity of the RNA was
verified by agarose gel electrophoresis, and the purity and
concentration were determined using a NanoDrop 2000.
Equal amounts of total RNA (15 pg, containing equal
amounts of 23S and 16S rRNA) and the RNA size marker
RNA Century™ (Ambion) were separated on a 6% dena-
turing polyacrylamide gel and subsequently transferred to
a Zeta probe membrane by semi-dry electroblotting. The
membranes were hybridized in PerfectHyb (Sigma) to
either a 5’-end labeled DNA oligo or a 5'-end labeled in
vitro transcribed RNA (prepared with T7-RNA polymer-
ase) complementary to each RNA (see Table 3 for details
on DNA oligos). Following overnight hybridization,
membranes were washed according to the manufactures
instructions. The results were visualized by autoradiogra-
phy and phosphoimaging using a Typhoon scanner. To
minimize the risk of technical or biological errors, the
experiments were repeated at least three times, with iden-
tical outcomes.

Primer extension was performed as described previously
(Nielsen et al. 2010). Briefly, RNA was collected from
S. aureus cells subjected to different stress forms as indi-
cated in Fig. 2. cDNA synthesis was initiated with 15 pg
total RNA as template using the reverse PE primers shown
in Table 3. In parallel, a sequencing reaction was run for
each sRNA tested. A PCR fragment prepared with the
primers listed in Table 3 was used as template in the
sequencing reaction.

The interaction between SbrC and SA0587 was analyzed
by gelshift assays. RNAs corresponding to the predicted
SbrC and a truncated version of SA0587 (335 nt) was pre-
pared by in vitro transcription and gelshifts were performed
as previously described (Nielsen et al. 2010). Briefly, 40
fmol of in vitro transcribed, 5’-end labeled SbrC or
SA0587, was incubated with or without increasing amounts
of cold SA0587 or SbrC RNA respectively (0-, 5-, 10-, 20-,
and 50-fold molar excess). As a non-specific competitor,
1 pg yeast tRNA was added.

@ Springer

Construction of translational lacZ fusions
and f-galactosidase assay

In-frame translational fusions of sbrA and sbrB to lacZ
were constructed as follows: DNA fragments containing
the likely promoter region as well as the first amino acids of
the putative peptide encoded by sbrA or sbrB were gener-
ated by PCR using the primers listed in Table 3. The result-
ing DNA fragments were cleaved by EcoRI and BamHI and
ligated into the corresponding EcoRI-BamHI site in the
translational lacZ fusion vector, pCK-lac (a derivative of
the transcriptional lacZ fusion vector pTCV-lac (Poyart and
Trieu-Cuot 1997); B. H. Kallipolitis, unpublished) resulting
in plasmids psbrA-lacZ and psbrB-lacZ. Plasmids were
used to transform competent S. aureus cells.

Plasmids pCK-lac, psbrA-lacZ, and psbrB-lacZ were
first electroporated into competent RN4220 cells, which
were prepared by inoculating pre-warmed TSB with cells
from an overnight culture. The culture was grown at 37°C
to ODgy, = 0.5 at which point cells were harvested and
washed four times in ice-cold sterile 0.5 M sucrose with
0.5, 0.25, 0.125, and 0.0625 times the original culture vol-
ume. Following the second wash, the re-suspended cells
were incubated on ice for 2 h before proceeding. After the
wash, cells were re-suspended into ice-cold, filter-sterilized
10% glycerol, and stored at —80°C until use. Electropora-
tion was performed as described by (Kraemer and Iandolo
1990). Following electroporation, the lacZ fusions were
transduced into wild-type and AsigB mutant strains
(SH1000, Newman and COL) as described by (McNamara
and Tandolo 1998) using ¢11.

For measurement of sbrA-lacZ and sbrB-lacZ transla-
tion, S. aureus strains SH1000, Newman and COL (wild-
type and isogenic AsigB) carrying the psbrA-lacZ and
psbrB-lacZ were grown in TSB. One-milliliter aliquots
were collected after 1, 3, 6, and 24 h of growth. Subse-
quently, cells were permeabilized by treatment with 50 pg/ml
lysostaphin in 50 mM Tris pH 8 at 37°C with gentle shak-
ing for 2 h, and ff-galactosidase activities determined as
described previously (Christiansen et al. 2004).
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