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ABSTRACT

Staphylococcus aureus is an opportunistic human
and animal pathogen with an arsenal of virulence
factors that are tightly regulated during bacterial in-
fection. The latter is achieved through a sophisti-
cated network of regulatory proteins and regulatory
RNAs. Here, we describe the involvement of a novel
prophage-carried small regulatory S. aureus RNA,
SprY, in the control of virulence genes. An MS2-
affinity purification assay reveals that SprY forms
a complex in vivo with RNAIIl, a major regulator of
S. aureus virulence genes. SprY binds to the 13th
stem-loop of RNAIII, a key functional region involved
in the repression of multiple mRNA targets. mRNAs
encoding the repressor of toxins Rot and the extra-
cellular complement binding protein Ecb are among
the targets whose expression is increased by SprY
binding to RNAIIl. Moreover, SprY decreases S. au-
reus hemolytic activity and virulence. Our results in-
dicate that SprY titrates RNAIIl activity by targeting
a specific stem loop. Thus, we demonstrate that a
prophage-encoded sRNA reduces the pathogenicity
of S. aureus through RNA sponge activity.

INTRODUCTION

Staphylococcus aureus is an opportunistic human and an-
imal pathogen that can cause a wide range of illnesses,
from food poisoning and superficial abscesses to more life-
threatening diseases such as pneumonia, osteomyelitis, bac-
teremia, endocarditis and toxic shock syndrome (1,2). The
infection process requires the controlled expression of vir-
ulence factors allowing bacteria to escape the host de-
fense system, adapt to changing environmental conditions,
and attack and destroy host cells. This process involves a
wide range of wall-associated proteins and extracellular fac-

tors that are expressed during the different stages of in-
fection. Global regulatory elements including transcription
factors, sigma factors, two-component systems and regula-
tory RNAs assure the coordinated expression of these vir-
ulence factors.

Among the regulatory RNAs, small RNAs (sSRNAs) are
mostly non-coding, relatively short (50-550 nucleotides),
and located within core genomes or mobile genetic ele-
ments. They are usually conditionally expressed, i.e. de-
pending upon specific stress and growth phase. SRNAs con-
trol expression of their target genes by pairing with RNAs
or forming complexes with proteins; in this way they usu-
ally modulate the stability and translation of mRNAs, and
modify the activity of proteins (3). Over the past decade,
hundreds of putative sSRNAs discovered in S. aureus were
compiled in the S. aureus RNA Database SRD (4). How-
ever, a recent analysis proposes that among them, only 50
are ‘bona fide’ sSRNAs (5). Staphylococcus aureus SRNAs
were demonstrated to contribute to regulation of dozens
of functions. sSRNAs contribute to regulation of bacterial
metabolism, such as RsaE (6-8), or to antibiotic resis-
tance, such as SprX (9). Several SRNAs were shown to
be involved in the virulence of S. aureus such as SprD,
which regulates expression of the immune evasion protein
Sbi (10).

RNAIII is a paradigm for SRNA regulation of virulence
(11,12). Besides encoding the PSM 8-hemolysin (known as
HId), RNALIII also positively regulates expression of /z/a, en-
coding the a-hemolysin (13), which leads to cell lysis (14—
16), and intervenes in the expression switch between sur-
face proteins and secreted toxins. Through direct binding
to mRNA targets, RNAIII prevents the translation of ma-
jor surface proteins, such as protein A (17), Sbi (10) and Ecb
(18), which play key roles in adhesion and immune evasion.
In addition, RNAIII inhibits translation of rot mRNA, en-
coding the repressor of toxins Rot (19-21), which blocks the
transcription of exoproteins and toxins (22). By inhibiting
Rot, RNAIII indirectly activates transcription of exotoxins
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and indirectly inhibits synthesis of protein A at the tran-
scriptional level.

In this study, we report that SprY, an SRNA expressed
from prophage ¢12, is involved in the regulation of S. au-
reus virulence. By antisense pairing with RNAIIL, SprY pre-
vents RNAIII from regulating its targets and consequently
decreases S. aureus hemolytic activity and virulence in a
murine sepsis infection model. Together, our data reveal an
sRNA acting as a sponge for RNAIII and further elucidate
the regulation network controlling S. aureus virulence.

MATERIALS AND METHODS
Bacterial strains and growth condition

All bacterial strains and plasmids used in this work are
listed in Supplementary Table S1. The DHS-a Escherichia
coli strain was grown at 37°C in Luria-Bertani (LB) broth
or LB agar plate supplemented with 50 pg/ml ampi-
cillin if necessary. The S. aureus RN4220 strains was
used to prepare phage-containing vectors expressing SRINA
or target-gfp fusions. In this study, S. aureus HGO03
strain was used to co-transform the target-gfp fusions
with the SRNA expressing plasmid. Cultures of these co-
transformed S. aureus strains were grown at 37°C either in
brain heart infusion broth (BHI, Oxoid) or on BHI agar
plates. When necessary, media were supplemented with 10
pg/ml of chloramphenicol and/or erythromycin. HG003
Arnalll::tag004 (SaPhB618) and HGO003 AsprY::itagll2
(SaPhB980) were constructed using pMAD Arnalll::tag004
and pIMsprY2::tagl 12, respectively, as described (23).

Plasmids constructions

Supplementary Table S2 lists all the primers used. To con-
struct the SRNA-expressing vectors, we used pICS3 (24). To
construct the pICS3-sprY, sprY with its endogenous pro-
moter was amplified by PCR with primers 13-14 and cloned
in pICS3 vector digested by Pstl and Narl. To introduce
mutations in sprY, primers 15-16 were used.

To construct the pCN33-PtufA-rot-gfp vector, which ex-
presses rot under control of the Pruf4 promoter, we am-
plified 373 nucleotides rot with primers set 18-19. HG003
strains carrying each of the target-gfp fusions and the SRNA
plasmids were grown on BHI agar plates supplemented with
10 pg/ml chloramphenicol and erythromycin. The fluores-
cence measurements of the co-transduced HGO003 strains
were performed as previously described (24).

PCR products corresponding to the sequence of ms2 tag,
or ms2 fused with sprY were cloned into pRMC2 digested
by Kpnl / Sacl (see Supplementary Table S2 for primers
containing MS2 tag sequence). All cloning experiments
were performed with Gibson Assembly Master Mix (New
England Biolabs). The reactions were then transformed into
E. coli DH5-a by heat shock at 42°C. The plasmids were
purified from overnight cultures in LB broth supplemented
with Ampicillin 100 pg/ml, extracted (Miniprep Extraction
Kit, Qiagen) and Sanger sequenced by using BigDye Termi-
nator v3.1 Cycle sequencing Kit, using a 3130 x 1 capillary
electrophoresis genetic analyzer (Applied Biosystems). The
purified plasmids were used for the transformation in S.
aureus RN4220 strain by electroporation shock. The ¢80
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phages prepared from RN4220 were then used to trans-
duce plasmids in HGO0O03 strains. pMADArnalll::tag004
is a pMAD derivative containing the PCR-amplified
rnalll upstream, tag004 and rnalll downstream sequences
cloned by Gibson assembly (using primers RNAIII UpF,
RNAIIT UpR, RNAIII DwF, RNAIII DwR for rnalll
adjacent sequences) as described . pIMsprY2::tagll2 is
a pIMAY derivative containing the PCR-amplified sprY
upstream, tag004 and sprY downstream sequences cloned
by Gibson assembly (using primers pIMAY-Up-SprY2-
F, pIMAY-Up-SprY2-R, pIMAY-Down-SprY2-F and
pIMAY-Down-SprY2-R for sprY adjacent sequences) as
described (23).

Proteins extraction and Western blots

Staphylococcus aureus strains were grown until exponential
phase (ODgop = 0.8) or stationary phase (ODgy = 10.1) in
BHI at 37°C, with agitation at 160 rpm, and the cells were
then pelleted for 10 min at 4°C (8000 x g). The total proteins
extractions were prepared according to (25). Rot expression
was visualized by anti-Rot antibodies (Benson, 2012, JB)
and anti-rabbit IgG secondary antibodies (Jackson). West-
ern blots were revealed using the Amersham ECL Plus de-
tection Kit. Signals were visualized using LAS 4000 (GE
Healthcare).

In vitro transcription, RNA labeling and Gel-shift assays

All RNAs were transcribed from PCR-generated DNA us-
ing MEGAscript T7 kit (Ambion). The template for tran-
scription was amplified using HG003 genomic DNA and
forward primers containing T7 promoter sequences (Sup-
plementary Table S1). RNAs were labeled at 5'-end us-
ing [y-3>P] ATP (Amersham Biosciences) and T4 polynu-
cleotide kinase (Invitrogen). Labeled and unlabeled RNAs
were purified on a 5% acrylamide urea gel, eluted in Elu-
tion buffer (20 mM Tris-HCI pH 7.5, 250 mM NaCl, 1
mM EDTA, 1% SDS) at 37°C, eluted, ethanol precipitated,
quantified by Qubit (Thermo Fisher Scientific) and stored
at -80°C.

Gel-shift assays were performed as described in (26).
RNAs were denaturated in 50 mM Tris/HEPES pH 7-
7.5, 50 mM Nacl for 2 min at 80°C, followed by refolding
for 10 min at 25°C after adding MgCl, at final concentra-
tion of 5 mM. The binding reactions were performed in 50
mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM MgCl, for
20 min at 25°C. About 0.025 pmoles of labeled SprY or
SprY mutants were incubated with various concentrations
of RNAIII. The samples were supplemented with 10% glyc-
erol and were loaded on a native 4% polyacrylamide gel con-
taining 5% glycerol. The gels were dried and visualized by
Typhoon FLA 9500 scanner (GE Healthcare).

RNA extractions, northern blots, RNA half-life determina-
tion and qPCR assay

The cells were collected at exponential and at stationary
phases of growth, pelleted for 10 min at 4°C (4500 x g)
and resuspended in RNA lysis buffer (0.5% SDS, 20 mM
acetate of sodium, 1 mM EDTA, pH 5.5). Total RNA
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was extracted as previously described (7). The Northern
blot assays were carried out as previously described (9).
The membranes were hybridized with specific **P-labeled
probes (Supplementary Table S2) in ExpressHyb solution
(Clontech) and were washed according manufacture rec-
ommendations. The membranes were then exposed and
scanned with Typhoon FLA 9500 scanner (GE Healthcare).
The images quantifications were realized with ImageQuant
Tool 7.0.

For sRNA half-life determination, rifampicin was used
as the most common treatment to stop the transcription
(27). Staphylococcus aureus HG003 strain and its derivatives
were cultured overnight, diluted to 1/100, grown for 5 h at
37°C, and incubated with 20 mg/ml rifampicin. About 8 ml
of each strain was collected before and at 2, 5, 10, 20, 30, 40,
60 and 90 min after adding rifampicin. These samples were
centrifuged, the pellets were frozen in liquid nitrogen then
stored at -80°C. Total RNA was extracted. For the quantita-
tive real-time PCR (qRT-PCR), total RNA extraction sam-
ples were treated with DNasel Amplification grade Kit (In-
vitrogen). cDNAs preparations and qRT-PCR experiments
were performed as previously described (24). The gyrB gene
was used for normalization. As for absolute quantification
by qPCR, instead of using gyrB, we prepared a calibration
range with respective PCR products at concentrations of
10107.8/.6/:4/:2/ 0/ 2 copies/ul. Identification of TSS of sprY
was performed as performed as described (28). For this re-
verse transcription (RT) was done on 5 pg of total RNA of
HGO003 strain with labeled primer 2.

Preparation of the MS2-affinity column

To prepare the 6His-MBP-MS2 protein, we used the
pHMN plasmid (29) containing the 6His tag at the N-
terminal and the MS2 tag at the C-terminal. The induction
of protein production and bacterial lysis was performed as
described by (30). The 6His tag allows a first purification on
nickel resin, using an AKTA (GE healthcare). After being
washed with water, the pumps and the column were equili-
brated with lysis buffer (50 mM NaH2PO4, 300 mM NacCl,
0.5% Tween 20, 10 mM Imidazole 10% glycerol). The bac-
terial lysate was added into the column and various frac-
tions were recovered using the elution buffer (lysis buffer +
250 mM of imidazole). The fractions of interest were passed
through a desalting column to remove traces of the elu-
tion buffer. A second purification was carried out using an
amylose column washed and then equilibrated with buffer
2 (20 mM Tris-HCIL, 0.2 mM NacCl, 0.5 mM EDTA). The
fractions of interest were passed through the column and
then eluted using a second elution buffer (buffer 2 + 10 mM
maltose buffer). The fractions were also passed through a
desalting column to remove all traces of maltose. For the
preparation of the MS2-affinity column, 100 wl of amy-
lose resin (NEB # E8021S) was added in a Bio-spin dis-
posable chromatography column (Biorad # 732-6008). The
column was then washed three times with 1 ml of buffer
A (20 mM Tris-HCI pH 8, 150 mM KCI, 1 mM MgCl,,
1 mM DTT, 1| mM PSMF). A solution of 100 pmoles
of 6His-MBP-MS2 protein was added to the column and
was incubated for 5 min, and washed twice with 1 ml of
buffer A.

Purification of bacterial lysates, RNA sequencing and Bioin-
formatic analysis

Staphylococcus aureus strains were grown until exponential
phase (ODgpo = 0.8) or stationary phase (ODgy = 10.1)
in 50 ml of BHI (Oxoid). Then expressions of ms2-sprY
and ms2 were induced with 1 wM of anhydrotetracycline
for 10 min. The bacteria were placed in ice for 10 min and
centrifuged for 5 min at 4000 x g. The pellets were then
washed with 1 ml of buffer A, centrifuged for 1 min at 16
000 x g and stored at -80°C. Frozen pellets were thawed
on ice and resuspended in 2 ml of buffer A. Mechanical ly-
sis with Fastprep (Fastprep, MP Biomedicals) in the pres-
ence of 250 wl of glass beads was carried out for 3 x 30
s at 6500 x g. The samples were centrifuged for 10 min
at 4°C at 16 000 x g. The bacterial lysates obtained were
passed through an affinity column. Columns were washed
5 times with 1 ml of buffer A and then eluted with 1 ml of
buffer A + 15 mM maltose. In order to carry out checks, we
extracted the RNAs at different points in the experiment.
We obtained four RNA extracts corresponding to the total
RNAs taken before passage through the amylose column
(input), RNA passed through a column (Flow-Through),
RNA recovered after the last washing of the column (W)
(Supplementary data). The RNAs from the fractions eluted
from the columns are extracted with chloroform phenol
as previously described (10). For MS2 and MS2-SprY, the
northern blots were carried out using 5 g of RNA accord-
ing to the protocol as previously described (9). The primers
used are listed in Supplementary Table S2. A bio-analyzer
(2100-Agilent bio-analyzer) was used to quantify and verify
the purity of the samples before being sequenced (following
the manufacturer’s instructions [Agilent]). RNA sequenc-
ing was carried out as previously described (31). The cDNA
libraries were prepared with the NEBNext(®) Ultra™ II Di-
rectional RNA Library Prep Kit for Illumina®), and then
sequenced as paired-end reads (2 x 75 bp) using an [llumina
MiSeq platform and the MiSeq reagent kit version 3. The
reads were mapped against the genomic sequence of S. au-
reus HGO0O03 strain (Genbank accession no. CP000253) and
then counted using the CLC Genomics Workbench soft-
ware v8.1 (Qiagen). Statistical analysis was performed using
the DESeq2 R package (32). Raw and processed data gener-
ated in this study have been submitted to the Gene Expres-
sion Omnibus (GEO) repository at the National Center for
Biotechnology Information (NCBI) and are available under
accession no. GSE166499.

Hemolysis assays

Staphylococcus aureus strains grown overnight were diluted
to ODgpp = 0.1 in BHI. The supernatants were taken at 2 h
of bacterial growth, filtered with 0.45-pum filter and stored
at -20°C. For blood sample preparation, 1 ml of human or
mouse blood was centrifuged for 10 min at 4000 x g at 25°C,
followed by multiple washes with PBS 1X (gsp 1 ml) to elim-
inate the plasma and lysed red blood cells and re-suspended
in 10 ml of PBS 1x. The prepared blood sample and the su-
pernatants (diluted in 1/10) were added at a ratio 50:50 in 96
pointy wells plates to a final volume of 150 .l per well. After
an incubation of 1 h at 37°C, the plate was centrifuged for
10 min at 4000 x g at 25°C and 100 wl of the supernatants



were collected into a new 96 flat well plates and read at OD
540 nm. The mix of blood sample with PBS 1 x or with 0.1%
Triton were used respectively as negative and positive con-
trols of hemolytic activity.

Animal infection model

HGO003, HGO03AsprY and complemented strains were
used to study the virulence level in a murine intravenous
sepsis model. All experimental protocols were approved by
the Adaptive Therapeutics Animal Care and Use Commit-
tee (APAFIS#2123-2015100214568502v4). For the sepsis
model, we used female Swiss mice (Janvier Labs), 6-8 weeks
old and weighing ~30 g. Groups of five female mice were
inoculated i.v. with 200 wl of bacterial suspensions contain-
ing 2 x 108 S. aureus cells in 0.9% NaCl. The survival of the
mice was monitored for 12 days, and the statistical signifi-
cance of differences between groups was evaluated by com-
paring Kaplan—Meier survival curves with the Mantel-Cox
test. A P-value of 0.05 was considered significant.

RESULTS
SprY, a novel SRNA expressed from S. aureus srna cluster

A small staphylococcal RNA expressed from prophage
@12 (33) in NCTC8325 derivatives was initially described
as a putative SUTR of a small open reading frame
SAOUHSC_A401455 of 60 amino acids, and called S629
(34). However, based on in-depth analysis of the HG003
strain genome, we designated S629 as a bona fide SRNA
(5). Because the gene S629 is adjacent to the sprX2 sRNA
gene (7,9), we renamed this SRNA SprY (Figure 1A and
Supplementary Figure S1_A). Spr is an acronym coined for
small pathogenicity island sSRNA (35). The SprY 5-end
determined by reverse transcription (RT) (Supplementary
Figure S1_B) corresponds to nucleotide position 1464380
of the NCTCS8325 genome sequence (Supplementary Fig-
ure S1_A). Detection of SprY by northern blot (Figure 1B)
and in silico identification of a Rho-independent transcrip-
tional terminator upstream of SAOUHSC_A01455 (using
ARNold; (36)) indicate that SprY is a bona fide SRNA of
about 125 nucleotides. It is found in several S. aureus iso-
lates with 95% sequence identity but is not present in other
Staphylococcaceae (5). SprY is present only in strains con-
taining the ¢12 prophage; accordingly, it was detected by
northern blot in Newman and HGO003 strains but not in
USA300 and N315 (Figure 1B).

SprY amounts are highest in pre-stationary phase and
slowly decrease during stationary phase (Figure 2A). SprY
half-life is 23.3 £ 1.45 min in pre-stationary phase (Figure
2B), implying that SprY is stable RNA, compared to most
mRNAs with half-life of 2-4 min (37,38). Since sprY and
sprX2 are adjacent SRNA genes, we considered that their
expression could be inter-dependent. For this purpose, we
analyzed the amounts of both, SprY and SprX2 sRNAs
in HGO003 (39) and its derivatives deleted for either sprY
(AsprY) or sprX2 (AsprX2). Despite their proximity, dele-
tion of one sSRNA gene did not affect the expression of
the other (Figure 2C). In addition, overexpression of sprX2
(pICS3-sprX2) or sprY (pICS3-sprY) did not affect the ex-
pression level of the other sSRNA (Figure 2C). We concluded
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that sprY and sprX2 are expressed independently from each
other. Despite the close proximity of these genes, their ex-
pression patterns are different, since SprX2 accumulates
during exponential phase while SprY accumulates in pre-
stationary phase (Supplementary Figure S2, (9)).

The SprY structure predicted by RNAfold (40,41) and
LocaRNA softwares (42-44) revealed three stem loops, the
last one being a Rho-independent transcriptional termi-
nator (Supplementary Figure S3). The activity of several
staphylococcal sSRNAs involves single-stranded C-rich re-
gions (8,45). However, this feature is not present in SprY,
suggesting that it may not target G-rich regions associated
with Shine-Dalgarno sequences but other sequences.

SprY interacts directly with RNAIII, a major regulator of
virulence factors of S. aureus

Most sRNAs act by base-pairing to RNA targets. To
identify potential direct targets of SprY, we performed in
vivo MS2-RNA affinity purification coupled with RNA
sequencing (MAPS) (46). For this purpose, an MS2 tagged
version of SprY was expressed under the control of an in-
ducible promoter in HG003 (Supplementary Figure S4_A
and B). After 2 and 6 h of growth, each followed by 5 min of
induction, RNAs in complex with MS2-SprY were isolated
by MS2 affinity chromatography, eluted, and identified by
RNAseq. RNAIIL, rpmGI mRNA and SAOUHSC_1342a
mRNA were enriched 7.24-, 11.11- and 7.59-fold, respec-
tively, with MS2-SprY compared to MS2 alone (Supple-
mentary Figure S4_C and Supplementary Table S3). This
significant enrichment suggests that these three RNAs are
SprY targets. However, no base-pairing with a significant
energy between SprY and rpmGl mRNA was predicted
by in silico analysis suggesting that rpmGI mRNA enrich-
ment with MS2 tagged SprY could be due to an indirect
interaction. In contrast, IntaRNA software (47,48) indi-
cated potential base-pairings of SprY with the 5 UTR of
SAOUHSC_1342a (Supplementary Figure S4_D) and with
RNAII (Figure 3A), supporting the MAPS results. As
RNAIII is the major virulence regulator and effector of
quorum sensing in S. aureus, we focus our study on the in-
teraction between SprY and RNAIIL.

IntaRNA analysis indicates potential base-pairing be-
tween RNAIII and SprY involving the 1st hairpin of SprY
(4th to 46th nucleotide) and the 13rd hairpin of RNAIII
(Figure 3A and B). The predicted interaction between SprY
and RNAIII was tested in vitro by EMSA using synthetic
RNAs. A complex between SprY and RNAIII was ob-
served (Figure 3C). Its specificity was challenged by SprY
allele bearing point mutations in the 1st hairpin (SprYmA),
which corresponds to the predicted RNAIII binding se-
quence (Figure 3A). Expectedly, SprYmA lost the ability
to bind RNAIII (Figure 3C), implying that the 1st SprY
hairpin is required for pairing. To bring further evidence to
support the predicted pairing, an RNAIII derivative with
compensatory mutations (RNAIIImA) restoring the pair-
ing with SprYmA (Supplementary Figure S5_C) was syn-
thesized and tested by EMSA. A gel retardation was ob-
served between SprYmA and RNAIIImA but not between
SprYmA and RNAIII (Figure 3C). In addition, RNAIII
mutated in the 13th loop, which corresponds to a part of the
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Figure 2. SprY expression in HG003 strain. Expression of sprY was determined by northern blot analysis using labeled DNA probes for SprY. As loading
controls, the blots were also probed for tmRNA. (A) SprY expression profile during a 24 h growth of Staphylococcus aureus HG003 strain (WT). The
growth curve of WT strain is presented by line, with the quantification of SprY expression level relative to the amount of tmRNA from the same RNA
extraction in black chart (a.u., arbitrary units). (B) Stability of SprY. HG003 (WT) was grown until 6 h ( = 0) and the RNA extraction was performed at 2,
5, 10, 20, 40, 60 and 90 min after adding Rifampicin. The quantification of SprY stability, in semi-log plot, was performed by ImageQuant Tools 7.0. The
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of HG003 wild-type strain (WT), strains deleted for sprX2 or sprY (AsprX2; AsprY) and HG003 overexpressing sprX2 or sprY (pICS3-sprX2, pICS3-sprY)
by northern blots, using labeled DNA probes for SprY and SprX2. As loading control, the blots were also probing for tmRNA.

predicted SprY binding region, noticeably lost the capacity
to bind SprY (Supplementary Figure S5_A and B). Alto-
gether, our in vivo (MAPS), in silico and in vitro (EMSA)
experiments revealed an interaction between the 1st SprY
hairpin and the 13th RNAIII loop.

In many cases, base-pairing with SRNAs affects RNA
target stability. We therefore tested if binding of SprY would
affect the stability of RNAIII. The stability of RNAIII was
compared in HGO003 harboring the plasmids pICS3-sprY,
pICS3-spr YmA and the control vector pICS3 (Figure 3D).
No significant difference was observed in RNAIII stability,
whether SprY or SprYmA were overexpressed (Figure 3E).
This result prompted us to further analyze the role of SprY
toward RNATII.

SprY affects expression of RNAIII targets

RNALIII is the effector of quorum sensing and a major reg-
ulator of a plethora of virulence factors. Interestingly, the
13th RNAIII stem-loop is involved in the repression of sev-
eral among its numerous mRNA targets. By binding to the
5’ leader region of rot mRNA (for repressor of toxins),
RNALIII, via the 13th stem-loop, negatively regulates the ex-
pression of this target at the translational level (49) and in
consequence obstructs the expression of toxins (20,21). An-
other well-studied target of the 13th RNAIII stem-loop is
ecb (for extracellular complement binding protein) (19,24),
which is involved in blocking bacterial recognition by the
host immune system (18).
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Figure 3. SprY interacts with RNAIIL. (A) Interaction between SprY and RNAIII was predicted by IntaRNA software (47). Mutant of SprY and com-
pensatory mutant RNAIII were constructed (SprYmA and RNAIIImA). The nucleotides underlined and bolded correspond to the mutations in the sprY
and rnalll sequences. (B) Schematic presentation of RNAIII secondary structure and the region of RNAIII that interacts with SprY (shown by line). (C)
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SprY and SprYmA (SprY* and SprYmA¥*) were performed with increasing concentrations of RNAIII and RNAIIImA (0.25, 0.5 and 1.25 wM). (D) Ver-
ification of sprY expression in HG003 strain containing empty plasmid (pICS3) or over-expressing sprY (pICS3-sprY) or muted sprY (pCIS3-spr YmA) by
northern blot using labeled DNA probes for SprY and tmRNA as control. (E) RNAIII stability was studied by northern blot using RNA total extraction
in HG003 pICS3, HG003 pCIS3-sprY and HG003 pCIS3-spr YmA, at exponential growth phase (OD = 0.8). Time (min) corresponds to the time after
adding Rifampicin. The RNAIII expression levels of in each sample were is normalized with the control gene (1mRNA). The data represent the mean of
three different experiments + standard error for RNAIII stability. The maximum value of rnalll expression at time 0 is normalized to 100% and the time
at which the sSRNA reaches 50% of its original level is indicated with dotted line. All statistical analyses were performed using two-way ANOVA test and

Bonferroni comparison test.

We therefore questioned if the SprY binding to the 13th
RNAIII stem-loop could affect the activity of RNAIII
against specific targets. Surprisingly, sprY overexpression
showed no significant impact on ror mRNA levels (Figure
4A). We hypothesized that SprY could affect rot transla-
tional initiation rather than rot mRNA quantity. We con-
structed a rot-gfp translational gene fusion under the con-
trol of the constitutive P,y promoter in pCN33 resulting
in pCN33-P,,4-rot-gfp. HG003 and HGO003Arnalll con-
taining empty pICS3 or pICS3-sprY were transformed with
pCN33-P,,4-rot-gfp. In addition, a strain overexpressing
rnalll under constitutive promotor amiA (plCS3-Pi4-
rnalll) was used as a control. As expected, SprY overpro-
duction significantly increased rot translation only in the
presence of RNAIII (Figure 4B). Furthermore, the overex-
pression of SprYmA had no effect over the fluorescence of
Rot-GFP fusion (Figure 4B), which implies that the regula-
tion of rot expression by SprY involved the interaction be-
tween SprY Ist hairpin and RNAIIIL. In addition, deletion
of spr Y resulted in a small but significant decrease in fluores-
cence intensity of the Rot-GFP fusion, while strains overex-
pressing sprY showed increased fluorescence (Supplemen-
tary Figure S6). We also confirmed the effect of SprY on
endogenous rot expression in an rnalll dependent manner

by Western blot (Figure 4C). Overexpression of SprY in-
creases Rot level in the HG003 wild-type strain but not in
the absence of RNAIIIL.

The effect of SprY was also tested on the expression of
ech, another target regulated by the 13th RNAIII stem-
loop. Overexpression of SprY induced an increase in ech
mRNA levels (Figure 4D). As in the case for rot, SprY
overproduction significantly increased ech translation only
in the presence of RNAIII (Figure 4E). Moreover, like for
rot regulation, the overexpression of spr¥YmA had no ef-
fect on the fluorescence of Ecb-GFP (Figure 4E), which
implies that the regulation of ech expression by SprY re-
quires the interaction between SprY and RNAIIIL In ad-
dition, as in the case for rot, the absence of sprY resulted
in decreased fluorescence of the Ecb-GFP fusion (Supple-
mentary Figure S6). Bacterial growth of all strains used
for this experiment was essentially equivalent (Supplemen-
tary Figure S7). As with Rot, we observed a significant
decrease in fluorescence intensity of Ecb-GFP in the ab-
sence of SprY, and an increase of fluorescence of strains
overexpressing sprY (Figure 4). Taken together, our re-
sults indicate that SprY affects the expression of RNAIII
targets likely by titrating the regulation mediated by its
13th loop.
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Figure 4. SprY affects the expression of RNAIII targets. Analysis of rof (A) and ech (D) transcript levels in HG003 strain containing empty plasmid (pICS3)
or overexpressing spr'Y (pICS3-sprY) by qPCR, using RNA extraction of those strains at early exponential growth phase. The mRNA expression level of
rot and ech in qPCR is normalized with the control gene (gyrB) and is calculated with 2~ 22Ct relative quantification. (C) Analysis of Rot protein level in
HGO003 strains (WT and Arnalll) containing empty plasmid (pICS3) or over-expressing sprY (pICS3-sprY) by western blot using polyclonal antibodies
against Rot. The translational initiation level of ror (B) and ech (E) under SprY regulation were studied by using gfp gene reporter. Staphylococcus aureus
strains (WT and Arnalll) containing the pCN33-PtufA-rot-gfp or pCN33-PtufA-ecb-gfp fusion plasmids co-transformed with pICS3, pICS3-sprY, pICS3-
sprYmA or plCS3-PamiA-rnalll. The fluorescent intensity was measured every 10 min over 20 h in a Biotek microplate reader. Bacteria growth in different
HGO03 strains and GFP fluorescence intensity are shown respectively in the left panel at OD 600 and in right panel quantified by Biotek. All statistical
analyses were performed using Student’s 7 test. The error bars correspond to the average values from three independent experiments. Statistical significance
is indicated by bars and asterisks as follows: **, P < 0.01; *** P < 0.005; **** P < 0.001.

Abundance of RNAIII and SprY depends on growth condi-
tions

As the regulatory activity of RNAIII controlled by SprY
is based on RNAIII/SprY direct binding, the endogenous
ratio of each partner likely controls the biological func-
tions of this interaction. In rich medium, both SprY and
RNAIII accumulate during growth and diminish in late sta-
tionary phase (Figure 5A). The expression profiles in differ-
ent media were similar for both sSRNAs (Figure 5B), even

when bacterial growth rates were different (Supplementary
Figure S8_A). Quantities of SprY and RNAIII were de-
termined in different media in exponential (2 h) and sta-
tionary (6 h) phases by RT-qPCR (Supplementary Figure
S8_B). Compared to RNAIII, the SprY copy number was
2-fold higher in BHI and RPMI, and 4-fold higher in TSB
at 2 h of growth; however, it was significantly lower than
RNAIII in NZM at 2 h (0.1-fold) (Figure 5C). The RNAIII
copy number is far greater than that of SprY in all media
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Figure 5. SprY and RNAIII ratio in different media. (A) HG003 wild-type
strain was grown in BHI at 37°C. RNA was extracted at different times
of growth. sprY and rnalll expression profiles were analyzed by north-
ern blot. (B) Analysis of sprY and rnalll expressions in different media.
HGO003 wild-type strain was grown in different media (BHI, TSB, NZM
and RPMI). Total RNA was extracted at 2, 6 and 10 h of growth and stud-
ied by northern blot using labeled DNA probes for SprY and RNAIII, and
tmRNA as loading control. (C) The quantification of SprY and RNAIII
by qPCR absolute. The RNA samples were prepared from the pellet of
HGO003 wild-type strain in BHI, TSB, NZM and RPMI at 2 and 6 h of
growth. The chart represents the ratio SprY/RNAIII in these media. The
error bars correspond to the average values from three independent exper-
iments.

at 6 h (RNAIIIL: SprY ratios are 5, 3, 1000, and 5 in BHI,
TSB, NZM and RPMI, respectively). These results suggest
that RNAIII regulation by SprY will likely be controlled by
growth conditions.

SprY limits hemolytic activity and decreases virulence of S.
aureus in a mouse infection model

We showed above that SprY regulates the virulence factor
Ecb as well as Rot through its effect on RNAIIL. More-
over, Rot is known to repress toxins production (20). Since
staphylococcal toxins are involved in hemolysis, the effect
of SprY on S. aureus hemolytic activity was tested on
mouse and human blood samples with HG003, HGO003
AsprY, HGO003 Arnalll strains harboring either pICS3
or pICS3-sprY overexpressing sprY (Figure 6A and B).
The accumulation of SprY led to a significant decrease in
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the S. aureus hemolytic activity in all strains except for
HGO003 Arnalll, indicating that RNAIII is required for
SprY-mediated hemolysis.

Since SprY restricted hemolysis in mouse blood, we con-
sidered mice as a suitable model to test the role of sprY dur-
ing staphylococcal infection. A murine intra-venous sep-
sis model was used with an inoculum of 2 x 10® bacte-
ria per mouse. The survival rate of mice infected with ei-
ther HG003 or HG003 AsprY was not statistically differ-
ent (Figure 6C). We also tested the HG003 AsprY contain-
ing either the pICS3 (control plasmid) or overexpressing
sprY (pICS3-sprY). The virulence of HG003 AsprY overex-
pressing sprY was drastically reduced compared to control
the strain (pICS3) (Figure 6D). Taken together, our results
show that SprY reduces S. aureus virulence likely by de-
creasing expression of virulence factors including RNAIII-
activated hemolysin.

DISCUSSION

We report the function of SprY alias S629 (34), a re-
cently identified bona fide SRNA (5), expressed from HG003
prophage ¢12 (also known as bacteriophage Sa2 or ¢Sa2)
(33). Here, we identified SprY as an sSRNA tuning the so-
phisticated RNAIII regulation network. Co-purification of
in vivo RNAs associated to SprY revealed that SprY binds
RNALIII. RNAIII is the key effector of the accessory gene
regulator (agr) system and the major ribonucleic staphy-
lococcal regulator of virulence, which controls translation
and stability of several mRNA targets by antisense base-
pairing involving its various stem-loop structures (17,19)
(Figure 7A and Supplementary Figure S9). We demon-
strated that the 5 region of SprY binds to the 13th stem-
loop of RNAIII. RNAIII sequence pairing with SprY is
also the binding site for targets such as rot, spa, coa, lytM,
ech, SA2093 and SA42353 mRNAs (Supplementary Figure
S9). SprY binding does not affect RNAIII stability but al-
ters its function. We propose that SprY sterically prevents
the formation of complexes between RINAIII and its targets,
therefore affecting their expression. Indeed, SprY overpro-
duction increases rot mRNA translation only when the in-
teraction between SprY and RNAIII takes place. Moreover,
SprY stimulates expression of the staphylococcal extracel-
lular complement binding protein, Ecb (50) in an RNAIII-
dependent manner. In accordance with positive regulation
of rot, whose regulon includes genes encoding proteins with
hemolytic activity such as hla, psma and hlgACB (22,51),
SprY reduces the hemolytic activity of S. aureus on human
and mouse blood dependently from RNAIII presence.

The interactions we uncovered between SprY and
RNALIII prompt us to hypothesize that SprY acts as an
RNA sponge for RNAIII to prevent RNAIII-dependent
regulations. The competition between mRNA targets and
the mimicry of targeted RNA by other RNAs are essen-
tial mechanisms to adjust the action of regulatory sSRNAs
(reviewed in (52)). RNAs with sponge-like activity were re-
cently described in different bacterial species such as E.
coli, Bacillus subtilis and Pseudomonas aeruginosa (53-55)
and reviewed in (52,56). These sponge-like RNAs use dif-
ferent mechanisms to control sSRNA regulators. Their bind-
ing can induce the cleavage and/or destruction of SRNA, as
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Figure 6. Impact of SprY to hemolytic activity in Staphylococcus aureus in different models of infection. (A and B) The supernatants of different strains of
HGO003 (WT, AsprY, Arnalll) containing empty plasmid (pICS3) or overexpressing sprY (pICS3-sprY) were collected after 6 h of growth in BHI at 37°C.
Hemolysis was performed by incubating cell culture supernatants with mouse and human blood samples at a ratio 50:50 at 37°C for 1 h. The hemolytic
activity was observed in a flat-bottom 96-well microtiter plate at OD 540 nm. The blood samples prepared in PBS1X represent as negative control and in
Triton 0.1% as 100% hemolysis. (C and D) Survival of mice infected with S. aureus wild-type strain (WT), deleted strain for spr Y (AsprY) and complemented
strains for sprY (AsprY pICS3-sprY). Groups of 5 eight-week-old Swiss female mice were inoculated i.v. with 2 x 108 bacteria and monitored daily for 3
weeks. All statistical analyses were performed using Student’s ¢ test. The error bars correspond to the average values from three independent experiments.
Statistical significance is indicated by bars and asterisks as follows: **, P < 0.01; **** P < (0.001.

reported for ¢hb-ChiX (57). In addition, since degradation
is not an obligate outcome of duplex formation, a sponge
RNA can act by titrating a regulatory sSRNA and by com-
peting with their true targets, as occurs between the tRNA
spacer sequence with RybB or RyhB sRNAs (31). Until
now, only few cases of base pairings between two SRNAs
were identified in S. aureus; however, no ‘sponge-like’ func-
tion was shown for these interactions (58,59). Thereby, the
findings presented here identify a SRNA with an original
sponge activity in pathogenic bacteria.

To detectably adjust RNAIII function, SprY has to accu-
mulate in amounts likely comparable to those of RNAIII.
SprY and RNALIII expression varies according to growth
conditions. The differences in sSRNA stoichiometry could
push the balance to different outcomes according to the
growth environments. In rich media, SprY abundance is
comparable to that of RNAIII during growth at low cell

density. However, in late exponential growth phase, the ra-
tio between SprY and RNAIII reverses and amounts of
RNAIII vastly dominate those of SprY. This result sug-
gests that SprY actively interferes with RNAIII function
at low cell density resulting in ablating RNAIII function
and consequently allowing the production of surface pro-
teins and inhibiting the production of extracellular tox-
ins (Figure 7B). Early growth phase presumably represents
the early stages of infection (reviewed in 60); therefore, the
action of SprY is likely to be important during the be-
ginning of infections, allowing S. aureus to colonize var-
ious niches without causing severe consequences for the
host.

Recently, another SRNA, SprX, was also shown to modu-
late the pathogenicity of S. aureus through binding RNAIII.
In contrast to SprY, SprX binds the RNAIII 5-end near
the hemolysin //d coding sequence (58). Although the
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(in purple line). (B) Model for SprY sponge function in RNAIII/ mRNA targets regulation. At low cell density (upper panel), SprY presents in a higher
number of copies than RNAIII and bind to all RNAIII molecules produced. This interaction prevents RNAIII from binding to rof and ech mRNA and
favors the translation of Rot and Ecb proteins. At high cell density (bottom panel), RNAIII is produced in higher level than SprY and suppresses the
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significance of this pairing is unclear, the authors proposed
that it might release the intramolecular base pairing be-
tween the RNAIII 5" and 3’ ends, changing the secondary
structure of RNAIII and facilitating the ribosomal bind-
ing for Ald translation, resulting in an increase of Hld pro-
duction and consequently a rise of hemolysis. Interestingly,
SprY is expressed in immediate proximity to sprX2 (alias
rsaOR), one of the two copies of sprX in HG003 (7), but the
effect of SprY on hemolysis is opposite to SprX2. SprY and
SprX2 also have opposite effects on the expression of ech
(24). Interestingly, the adjacent sprY and sprX2 genes show
inverse expression profiles during growth, which might ex-
plain the contributions of sSRNAs in controlling RNAIIIL
expression and function in different points of S. aureus
growth. Organization of genes in clusters is characteristic
for genes expressing macromolecules with shared functions.
In addition to protein gene clusters (61,62), sSRNAs are also
comprised in such clusters. For example, in S. aureus, an
unusual condensed cluster was recently shown to contain
several SRNA genes (63). Despite the discoveries of SRNAs
in gene clusters, whether they possess similar or unrelated
biological roles remains unclear (64). Although additional
studies are needed to understand the collaboration between
SprY and SprX, the current data suggest a functional rela-
tionship between these two sSRNAsS.

Prophages are known to have important roles in the
pathogenicity of S. aureus either by encoding toxins and

other accessory virulence factors or by interrupting chro-
mosomal virulence genes such as for B-hemolysin (4/b) (re-
viewed in (65)). However, in some cases, phages not only
carry virulence genes but also affect their expression. In-
duction of prophage was shown to also stimulate expres-
sion of some virulence determinants (66). Moreover, the
presence of lysogenic phage deregulates expression of mul-
tiple genes (67). In this work, we report an example of
phage encoded sSRNA, acting through a novel mechanism
to block an RNAIII regulatory domain. Although ¢12
is present in different S. aureus strains such as HG003,
MW2, MSSA476 and MRSA252, USA300, and RF122;
however, the sprY gene is found in ¢Sa2 phage of MSSA476,
MRSA252, HG003 and Newman strains but not found nei-
ther in USA300 nor in MW2 (68-71). It is possible, that
the acquisition of ¢12 phage carrying sprY would fine tune
RNAIII function and give the selective advantage to certain
bacterial strains in some infection conditions. This SRNA-
based regulation is one of the numerous pathways acquired
by S. aureus to modulate RNAIII activity. In the absence
of @12-encoded sprY, this bacterium possesses alternative
mechanisms to adjust expression and function of agr and its
effector molecule, RNAIII, such as protein-based controls
like SarA or CcpA (72-75), and RNA regulators like PSM-
mec and SprX (58,76,77). Our work deciphers another layer
in the multifaceted regulation of virulence factors during
S. aureus infection and also raises a number of important
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evolutionary questions regarding regulatory control pro-
vided by the prophage.
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