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Characterization of SSR42, a Novel Virulence Factor Regulatory RNA
That Contributes to the Pathogenesis of a Staphylococcus aureus
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Staphylococcus aureus is a major human pathogen that is capable of producing an expansive repertoire of cell surface-associated
and extracellular virulence factors. Herein we describe an S. aureus regulatory RNA, SSR42, which modulates the expression of
approximately 80 mRNA species, including several virulence factors, in S. aureus strains UAMS-1 and USA300 (LAC) during sta-
tionary-phase growth. Mutagenesis studies revealed that SSR42 codes for an 891-nucleotide RNA molecule and that the mole-
cule’s regulatory effects are mediated by the full-length transcript. Western blotting and functional assays indicated that the reg-
ulatory effects of SSR42 correlate with biologically significant changes in corresponding protein abundances. Further, in S.
aureus strain LAC, SSR42 is required for wild-type levels of erythrocyte lysis, resistance to human polymorphonuclear leukocyte
killing, and pathogenesis in a murine model of skin and soft tissue infection. Taken together, our results indicate that SSR42 is a
novel S. aureus regulatory RNA molecule that contributes to the organism’s ability to cause disease.

Methicﬂlin-resistant Staphylococcus aureus (MRSA) is a lead-
ing cause of nosocomial and community-acquired infec-
tions, both of which range in severity from superficial skin infec-
tions to conditions with high morbidity such as endocarditis (19).
Most United States hospital-acquired MRSA infections are caused
by the pulsed-field type (PFT) USA100 and USA200 lineages,
whereas community-acquired MRSA (CA-MRSA) infections can
be attributed predominantly to strains belonging to the USA300
PFT. Strains of the USA300 PFT are generally regarded as hyper-
virulent and are a leading cause of illness in otherwise healthy
individuals (14, 15, 61).

The ability of S. aureus to cause infection is due, in large part, to
its ability to adapt to host and environmental stresses and to the
coordinated expression of a vast repertoire of virulence factors.
Most S. aureus virulence factors can be broadly divided into cell
surface-associated and extracellular factors and are generally reg-
ulated in a growth phase-dependent manner under laboratory
culture conditions (11, 47). Cell surface virulence factors, includ-
ing adhesion and immune avoidance molecules, are expressed
predominantly during exponential-phase growth, whereas their
expression decreases as cells transition to stationary-phase growth
(23). Conversely, extracellular virulence factors, such as tissue-
degrading and immunomodulatory proteins, are generally ex-
pressed at low levels during exponential-phase growth and are
subsequently induced as populations reach late-exponential/
early-stationary-phase growth (23). Ostensibly, this growth
phase-dependent transition in the expression of S. aureus cell sur-
face and extracellular virulence factors is thought to recapitulate
what occurs upon the infection of a human host, allowing an
increased opportunity for cell surface factor-mediated attachment
and subsequent colonization of host tissue(s), followed by the
expression of extracellular virulence factors that limit host de-
fenses and allow the organism to disseminate to secondary sites of
infection.

Coordinated expression of virulence factors has been histori-
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cally attributed to transcriptional regulation and is modulated by
at least 17 two-component regulatory systems (TCRS), the DNA-
binding protein SarA, and the SarA family of homologs (11, 33,
47). Of these, the one best characterized to date is the accessory
gene regulator (Agr) TCRS. The agrlocus produces two divergent
transcripts, RNAII and RNAIII, during late-exponential-phase
growth. RNAII encodes four proteins, AgrB, AgrD, AgrC, and
AgrA (48). Of these, AgrD is presumably processed to the mature/
functional form, known as the autoinducing peptide (AIP), and
shuttled to the extracellular environment via AgrB. Once AIP
reaches an extracellular threshold, it activates the AgrC signal re-
ceptor which, in turn, activates the AgrA response regulator,
which consequently induces RNAII and RNAIII transcription
(30). RNAIII contains the open reading frame (ORF) for 8-hemo-
lysin (hld; 26 amino acids), yet the RNA molecule, as opposed to
the HId protein, represses cell surface virulence factor expression
and stimulates the expression of many of the organism’s extracel-
lular virulence determinants (49).

Until recently, the mechanism(s) by which RNAIII governs S.
aureus virulence factor expression has been poorly understood. In
a series of studies, it was found that RNAIII can base pair with the
mRNA species that it regulates, consequently affecting the stability
and translation properties of the target transcripts (10, 17, 26, 29,
45). For instance, RNAIII binding to protein A mRNA (spa; cell
surface virulence factor) creates a substrate for RNase III-medi-
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ated spa mRNA degradation and decreased protein A production
(29). Conversely, RNAIII binding to the a-hemolysin transcript
(hla; extracellular virulence factor) liberates the transcript’s
Shine-Dalgarno box, allowing increased Hla production (45).
Thus, S. aureus RNAIII is a regulatory RNA molecule that binds
and affects the stability and consequently the translation of target
mRNA species.

Several subsequent studies have revealed that additional regu-
latory RNA molecules do, or are likely to, exist within S. aureus
(reviewed in reference 24). Chabelskaya and colleagues recently
identified a small pathogenicity island RNA, SprD, which, like
RNAIII, base pairs and subsequently affects the expression prop-
erties of IgG-binding protein (Sbi; virulence factor) transcripts
(13). Further, RNA sequencing and bioinformatic approaches
have suggested that S. aureus produces an array of noncoding
RNA molecules, any one of which may play important regulatory
roles (27, 37). Likewise, our laboratory has identified a subset of
RNA molecules with no discernible ORF that are specifically pro-
duced and/or stabilized in response to growth phase, SOS, strin-
gent, heat shock, alkaline, acidic, or cold shock inducing condi-
tions (3, 4, 50, 52). These molecules have collectively been termed
small stable RNAs (SSRs) to distinguish them from the plethora of
nonstable putative noncoding RNAs that have been identified in
the organism. It has been hypothesized that SSRs represent regu-
latory molecules that participate in the organism’s ability to adapt
to otherwise deleterious conditions (3, 4, 50). Herein we describe
the regulatory effects of one of these molecules, SSR42, which is
produced and stabilized predominantly during stationary-phase
growth. We show that SSR42 is indeed a regulatory RNA molecule
that regulates the expression of approximately 80 mRNA species
in two genetically divergent S. aureus strains, UAMS-1 (methicil-
lin-susceptible S. aureus; USA200) and LAC (CA-MRSA;
USA300). We also show that SSR42 regulates the expression of
several virulence factors, including protein A, capsule, a-hemoly-
sin, and Panton-Valentine leukocidin (PVL), but that the specific
genes that it affects are strain dependent. Further, consistent with
the molecule’s predicted regulatory effects, we demonstrate that
SSR42 contributes to LAC’s abilities to lyse erythrocytes and sur-
vive the antimicrobial effects of primary human polymorphonu-
clear cells and the bacterial burden in a murine model of skin and
soft tissue infection.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. All strains were grown in
Luria-Bertani broth (BD, Sparks, MD) or tryptic soy broth (TSB; BD).
Where indicated, the medium was supplemented with erythromycin (10
pgml™ I Fisher Scientific, Fair Lawn, NJ), chloramphenicol (10 g ml™ L
Sigma-Aldrich, St. Louis, MO), or ampicillin (50 g ml ™ !; Fisher Scien-
tific). For S. aureus growth phase experiments, overnight cultures of cells
were diluted 1:100 in 25 ml of fresh TSB medium with a flask volume ratio
of 5:1 and grown to an optical density at 600 nm (ODy,) of 0.250 (expo-
nential phase) or incubated for 16 h (stationary phase) at 37°C at 225 rpm.
For RNA studies, 5-ml aliquots of cells were removed, added to an equal
volume of ice-cold 1:1 acetone-ethanol, and stored at —80°C. RNA turn-
over studies were performed as previously described (3, 52). Rifampin
(200 pg ml™'; Sigma-Aldrich) was added to exponential- or stationary-
phase cultures, and aliquots of cells were removed and added to an equal
volume of ice-cold 1:1 acetone-ethanol at various time points after tran-
scriptional arrest.
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RNA isolation. RNA isolation from S. aureus cells was performed as
previously described (3, 52). Briefly, 5-ml cell suspension samples con-
taining 1 X 10° CFU ml™" in 1:1 acetone-ethanol were pelleted by cen-
trifugation at 3,000 rpm at 4°C. Cell pellets were washed twice in TE buffer
(10 mM Tris, 1 mM EDTA, pH 7.6) and resuspended in 500 .l of TE
buffer (exponential-phase cells) or RLT buffer (Qiagen) plus 1% (vol/vol)
2-mercaptoethanol (stationary-phase cells). Cell suspensions were then
transferred to BIO 101 Lysing Matrix B tubes (MP Biomedical, Pasadena,
CA) and processed for 20 s eachat5.0ms ™~ 'and 4.5ms ' in a FastPrep24
machine (MP Biomedical). The cell debris was collected by centrifugation
at 13,000 rpm for 15 min at 4°C, and the supernatants were used for RNA
purification with a Qiagen RNeasy Mini kit in accordance with the man-
ufacturer’s recommendations (Qiagen, Valencia, CA). RNA concentra-
tions were determined spectrophotometrically (an OD,, of 1.0 equals 40
pg ml~'). RNA used for real-time PCR (RT-PCR) or quantitative RT-
PCR (qRT-PCR) was then treated with 10 U of RNase-free DNase I (Am-
bion, Austin, TX) at 37°C for 1 h and repurified using a Qiagen RNeasy
Mini kit in accordance with the manufacturer’s recommendation for
RNA cleanup.

Generation of SSR42 deletion-containing strain. SSR42 was deleted
from the S. aureus UAMS-1 and LAC chromosomes by using the pKOR1
allelic replacement vector as previously described (5). Briefly, 500-bp re-
gions upstream and downstream of the SSR42 transcriptional unit were
amplified with primers EWM110/EWM111 and EWM112/EWM113 (Ta-
ble 1) harboring either 3" SaclI restriction sites or 5 att phage lambda
attachment sites. Following PCR amplification, the products were gel pu-
rified and digested with the SaclI restriction enzyme (New England Bio-
Labs, Ipswich, MA) and then ligated using T4 DNA ligase (Invitrogen).
The ligated products containing a deletion of SSR42 were then inserted
into the pKORI vector using in vitro recombination via BP Clonase (In-
vitrogen), propagated in Escherichia coli strain DH5q, and purified using
Plasmid Miniprep kits (Qiagen, Valencia, CA). The resultant pKORI::
SSR42 knockout vector was then electroporated into competent, restric-
tion-deficient S. aureus RN4220 (1.8 kV, 500 (2, 10 wF), and transfor-
mants were selected for on TSB agar plates in the presence of
chloramphenicol (10 wg ml™") at 30°C. The pKORI1::SSR42 vector was
subsequently transferred to S. aureus strain UAMS-1 or LAC via ¢11-
mediated transduction. To promote recombination-mediated integra-
tion of the plasmid into the bacterial chromosome, transductants were
propagated at 43°C (nonpermissive temperature for the pKOR1 vector)
under the selection of chloramphenicol to select for homologous single
recombination events. Individual colonies were then inoculated into fresh
TSB supplemented with anhydrotetracycline to counterselect for double-
recombination events. Transformants were screened for successful dele-
tion of SSR42 via PCR amplification of the chromosomal regions up-
stream and downstream of SSR42 using primers EWM110 and EWM113.

Complementation of SSR42. Complementation was performed using
the pCN51 and pCN38 E. coli-S. aureus shuttle vectors for S. aureus strains
UAMS-1 and LAG, respectively (16). Briefly, SSR42 and 500 bp upstream
and downstream of the transcriptional unit were amplified with primers
EWM147/EWM148 and gel purified as described above. Next, the puri-
fied insert and pCN51 or pCN38 plasmids were each digested with the
Kpnland EcoRI enzymes and gel purified. Ligated plasmid pCN51::SSR42
(PEWM20) or pCN38::SSR42 (pJMM1) was electroporated into S. aureus
RN4220, which was grown on TSB agar under selection with chloram-
phenicol (10 wg ml ™). The plasmids were then electroporated into S.
aureus RN4220 and then transferred to S. aureus strain EWM14 (UAMS-
1:ASSR42) via @11 phage-mediated transduction (pEWM20) or to strain
LAC:ASSR42 via electroporation (pJMM1I).

Construction of SSR42.mut plasmid. Plasmids pJMM2 and pJ]MM3
are pCN38 and pCN51 derivatives, respectively, containing a mutated
SSR42 locus; the transcript’s putative ORF has been eliminated by site-
specific mutagenesis. To create pJMM2 and pJMM3, the SSR42 locus
including 500 bp upstream of the transcriptional unit (corresponding to
nucleotides [nt]2540179 to 2538789; S. aureus MRSA252, GenBank) was
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid

Relevant genotype and/or characteristic(s)

Source or reference(s)

S. aureus strains

UAMS-1 Methicillin-susceptible osteomyelitis isolate (USA200) 12,28
LAC Community-associated methicillin-resistant isolate (USA300) 43
RN4220 Restriction-deficient derivative of RN450 18
U151 UAMS-1 containing pCN51 This study
EWM14 UAMS-1 ASSR42 This study
EWM15 UAMS-1 ASSR42 containing pCN51 This study
EWMI16 UAMS-1 ASSR42 containing pCN51::SSR42 This study
EWM22 UAMS-1 containing pPEWM21 This study
EWM24 EWM14 containing pPEWM21 This study
EWM25 UAMS-1 containing pPEWM22 This study
EWM28 EWM14 containing pPEWM22 This study
JMM1 LAC ASSR42 This study
JMM2 LAC ASSR42 containing pJMM1 (SSR42+) This study
JMM3 LAC ASSR42 containing pJMM2 (SSR42.mut+) This study
TMM4 LAC ASSR42 containing pJMM4 (SSR42.1+) This study
JMM5 LAC ASSR42 containing pJMM5 (SSR42.2+) This study
KLA1l6 UAMS-1 Aspa 34
VJT26.90 LAC containing pXen-P,,;,-lux This study
VJT26.91 LAC containing pXen-P,,-lux This study
VJT26.92 LAC containing pXen-P,,,c5-lux This study
E. coli strains
DH5a Invitrogen
INVa Invitrogen
Plasmids
pCN51 Shuttle vector 16
pCN38 Shuttle vector 16
pEWM20 pCNS51 containing SSR42 This study
pCRII Shuttle vector Invitrogen
pIMM1 pCN38 containing SSR42 This study
pIMM2 pCN38 containing SSR42 with T-to-A transversion This study
pJIMM3 pCN51 containing SSR42 with T-to-A transversion This study
pIMM4 pCN38 containing nt 1-445 of SSR42 This study
pIMM5 pCN38 containing nt 446—891 of SSR42 This study
pKOR1 Allelic replacement vector 5
pXen-1 Luciferase reporter plasmid Xenogen
pXen-P,,,-lux hla promoter fused to lux operon This study
pXen-P,, -lux pvl promoter fused to lux operon This study
pXen-P,,cp-lux hlgCB promoter fused to lux operon This study

commercially synthesized with a T-to-A transversion at nt 2539166 and
placed into the multicloning site of pUC57 (GenScript USA Inc., Piscat-
away, NJ). The T — A change created a stop codon at the first amino acid
of the putative SSR42 ORF (SSR42.mut). pUC57::SSR42.mut was trans-
formed into E. coli DH5a for propagation. Following plasmid purifica-
tion, the SSR42.mut insert was liberated via restriction digestion with
Kpnl and EcoRI. The 1,391-bp insert was gel purified and ligated into
Kpnl/EcoRI-digested pCN38 or pCN51 (16) to create pJMM2 and
pIMM3, respectively. The plasmids were then electroporated into S. au-
reus RN4220 and then transferred to S. aureus strain EWM14 (UAMS-1:
ASSR42) via P11 phage-mediated transduction (pJMM2) or to strain
JMM1 (LAC:ASSR42) via electroporation (pJMM3).

Construction of plasmids containing mutagenized SSR42 transcrip-
tional units. Plasmids pJMM4 and pJMM5 are pCN38 derivatives con-
taining the first (SSR42.1) and second (SSR42.2) halves of the SSR42 tran-
scriptional unit, respectively. To synthesize pJMM4, nt 1 to 445 of SSR42
and the 500 bp upstream of the transcriptional unit were amplified using
primers JMM4/JMM35, and the 500 bp downstream of SSR42 were ampli-
fied with primers JMM6/JMM7 containing 5" and 3" SaclI restriction
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sites, respectively. The resulting fragments were purified and digested with
Sacll, and the ligated products were subsequently digested with Kpnl/
EcoRI and inserted into digested plasmid pCN38. Ligated plasmid
pCN38::SSR42.1 (pJ]MM4) was propagated in E. coli DH5a cells, electro-
porated into S. aureus RN4220, and then transferred to S. aureus LAC:
ASSR42 cells as described above. Plasmid pJMMS5 was constructed using
an identical approach utilizing primers JIMM4/JMM8 and J]MM7/JMM9
to link the 500-bp region upstream to the SSR42 transcriptional unit with
nt 446 to 891 of SSR42 and 500 bp downstream of the unit.

Microarray studies. Ten micrograms of total bacterial RNA from each
sample was labeled and hybridized to S. aureus GeneChip arrays by fol-
lowing the manufacturer’s recommendations for antisense prokaryotic
arrays (Affymetrix, Santa Clara, CA). Average GeneChip signal intensities
for biological replicates (two or more) for each condition were obtained
from values normalized to the total GeneChip values. Differentially ex-
pressed genes exhibiting a 2-fold difference in expression (Student’s ¢ test;
P <0.05) in LAC wild-type and pSSR42 ™" cells in comparison with that in
ASSR42 cells were determined using GeneSpring 7.2 software (Agilent
Technologies, Redwood City, CA) as previously described (3, 4, 6, 52).
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TABLE 2 Primers used in this study

Novel S. aureus Virulence-Regulatory RNA SSR42

Primer Nucleotide sequence (5" —3")¢ Targetb

EWM-01 GGATCCCTATTTTTTAATAAAACCTCAGCACATTATG spa promoter (F)
EWM-05 GCTAGCCATATGACCTAGTTTACGAATTGAATAAATGTTTTTCTTTTTC spa promoter (R)
EWM-03 CCGCGGTTGCAACACTCTATTATCATTTTAT SSR42 complement (F)
EWM-04 CCGCGGGGTAATAGTGAAAAATAAAAGAAAT SSR42 complement (R)
EWM-52 GCTTTATAAGCAAGGGGTGGTCAAC pCN51 (F)
EWM-53 GAAAATAAATCTCGAAAATAATAGAGGG pCN51 (R)
EWM-11 GGGGACCACTTTGTACAAGAAAGCTGGGTTTGCAACACTCTATTATCATTTTAT SSR42 upstream (F)
EWM-111 GTTTCACCGCGGATCTATCTCTTTCTTTTTGTGTTTA SSR42 upstream (R)
EWM-112 TAAACGCCGCGGGCTTTATTTTTTAGTAGATTGTTTA SSR42 downstream (F)
EWM-113 GGGGACAAGTTTGTACAAAAAAGCAGGCTGGTAATAGTGAAAAATAAAAGAAAT SSR42 downstream (R)
EWM-147 GGTACCTTGCAACACTCTATTATCATTTTAT SSR42 (F)
EWM-148 GAATTCGGTAATAGTGAAAAATAAAAGAAAT SSR42 (R)
EWM-179 CCTCAGTTTATGGCGCAAGAGGTTC cap5A (F)
EWM-180 GTGCGACTTTAACTGCTGTACCGTC cap5A (R)
EWM-221 GCAGAAGCTAAAAAGCTAAATGATG spa (F)

EWM-222 GCTCACTGAAGGATCGTCTTTAAGG spa (R)

16S-L TAACCTACCTATAAGACTGGGATAA 16S (F)

16S-R GCTTTCACATCAGACTTAAAA 16S (R)

JMM-1 GTGCATTGGACAACGAAATTCACCATCAA SSR42 (F)

JMM-2 CGCATCTCTTGATGTAAAATCTAAGATGTTTATG SSR42 (R)

JMM-3 GGGGAGTAATTTTAAGTAATATCTTGTTGCTGCT SSR42 (R)

JMM-4 GCTAACACCTAACATCAAAGAATATTCATCAA SSR42 (F)

JMM-5 GGGAGTAATTTTAAGTAATATCTTGTTGCT SSR42 (R)

JMM-6 GAATTCGGTAATAGTGAAAAATAAAAGAAAT SSR42 (F)

JMM-7 GTTTCACCGCGGATGCCTGTCTTGATGAAGTTATCTATGAT SSR42 (R)

JMM-8 TAAACGCCGCGGTTTGTGTTTAAAACACGACTTTGTAGT SSR42 (F)

JMM-9 GGTACCATTAACATTAATTATCGGAGGTAATTTTATG SSR42 (R)

JMM-10 GTTTCACCGCGGCTTTATTTTTTAGTAGATTGTTTAAAATTTCTTAGT SSR42 (R)

JMM-11 TAAACGCCGCGGCCACATCTAAGAAACTCATCTAGAA SSR42 (F)

JMM-12 GAGCACTTTATCACCAGCAGCATTAG aur (F)

JMM-13 CGGATTTAGGCAATTCTTTTAATGCTTTGA aur (R)

JMM-14 GGGCACACTGATTGGAGTAACAGTT isaB (F)

JMM-15 CCAGAATAAAATTAGCATTATTACCAATATAACCATT isaB (R)

JMM-16 GGTTATTGGTGGTGCATTCACGGTA sraP (F)

JMM-17 CCGAACTACTATTTTTCGTTACACTTGTGGAAT sraP (R)

JMM-18 CACCTGTAAGTGAGAAAAAGGTTGATGAT lukF-PV (F)
JMM-19 GCCAGAATAAATGTTTCCAGCAGCTTT lukF-PV (R)
JMM-22 CCGGTACTACAGATATTGGAAGCAATA hla (F)

JMM-23 CCAGCAATGGTACCTTTCGTTCTAATAA hla (R)

JMM-24 GGGGCGTGACTCAAAATATTCAATTTGA hlgC (F)

JMM-25 GGCCATCGCATAGCTTTAACATGATTA higC (R)

“ Nucleotides in italics indicate attB sites, and underlined nucleotides represent indicated restriction sites.

b F, forward; R, reverse.

qRT-PCR. qRT-PCR was performed with a MyiQ RT-PCR detection
system (Bio-Rad, Hercules, CA). Briefly, 250 ng of total bacterial RNA was
reverse transcribed using iScript reverse transcriptase and iScript reaction
mix in accordance with the manufacturer’s protocol. qRT-PCR amplifi-
cation of the cDNA was then performed with iQ SYBR green Supermix
and 1 pmol of the primers listed in Table 2 in accordance with the man-
ufacturer’s reccommendations. Amplification was performed with an ini-
tial denaturation of 95°C for 10 min and 40 cycles of 95°C for 30 s, 57°C for
30 s, and 72°C for 30 s. Threshold cycles were calculated using the iQ5
Optical System Software 2.1 (Bio-Rad). Experimental cycle threshold val-
ues were normalized to those of 16S rRNA and are presented as n-fold
changes in the expression of the gene of interest.

Northern blotting. Northern blotting was performed using a Roche
digoxigenin (DIG)-labeled cDNA probe complementary to a 543-bp re-
gion of SSR42. To synthesize the probe, UAMS-1 chromosomal template
DNA was PCR amplified using primers JMM1 and JMM3, reamplified,
and labeled with DIG using the Roche DIG DNA Labeling kit in accor-
dance with the manufacturer’s reccommendations (Roche Diagnostics, In-
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dianapolis, IN). The probe was boiled for 5 min, placed immediately on
ice, and resuspended in 10 ml of DIG Easy Hyb buffer (Roche). Northern
blotting was performed by separating 5 g of total bacterial RNA by gel
electrophoresis in a 1.2% agarose gel in 1X FA buffer (20 mM morpho-
linepropanesulfonic acid [MOPS], 5 mM sodium acetate, | mM EDTA,
2% [vol/vol] 37% formaldehyde). Next, the RNA gel was washed twice for
15 min in 20X SSC buffer (3 M NaCl, 300 mM trisodium citrate dehy-
drate, pH 7.0) and then transferred to a positively charged nylon mem-
brane (Roche) overnight. The RNA was then UV cross-linked to the
membrane in the presence of 2 X SSC buffer and prehybridized in 10 ml of
DIG Easy Hyb buffer at 50°C for 8 h. The expended buffer was then
decanted, and 10 ml of the SSR42-DIG probe was added to the membrane
and hybridized at 50°C overnight. The probe was again decanted, and the
membrane was washed twice for 5 min in 2X SSC containing 0.1% SDS at
room temperature and yet another two times for 15 min in 0.1X SSC
buffer containing 0.1% SDS at 50°C. The membrane was then washed for
2 min in washing buffer (0.1 M maleic acid, 0.15 M NaCl, 0.3% [vol/vol]
Tween 20, pH 7.5) and then blocked for 30 min in 1X Blocking Reagent
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(Roche). Next, the membrane was washed for 1 h with antibody solution
(a 1:10,000 dilution of anti-DIG-alkaline phosphatase Fab fragments
[Roche] in 1X Blocking Buffer). The membrane was then incubated with
CSPD reagent (Roche), and SSR42 products were detected by autoradiog-
raphy.

Protein A Western blotting. Western blotting was used to measure
the protein A (Spa) levels of S. aureus strains U151 (UAMS-1 pCN51),
EWM15 (ASSR42 pCN51), and EWM16 (ASSR42 pEWM?20) as previ-
ously described (42). Briefly, each strain was grown as described above,
5-ml samples of cell suspensions were normalized to equal cell numbers
and pelleted by centrifugation, and cell pellets were washed twice in sterile
phosphate-buffered saline (PBS) solution and resuspended in 100 .l ster-
ile PBS containing 26% raffinose (Sigma-Aldrich). To liberate protein A
from the cell surface, cell suspensions were incubated with 20 M lyso-
staphin at 37°C for 2 h with shaking. Cellular debris was removed by
centrifugation at 20,000 X g for 30 min, centrifugation was repeated, and
the final protein concentration was determined using a Bradford assay.
Next, 750 ng total protein was separated by 10% SDS-PAGE and trans-
ferred to a polyvinylidene fluoride membrane. The membrane was
blocked using Tris-buffered saline with 1% Tween 20 (TBST) containing
5% milk—5% bovine serum albumin (Thermo Fisher) for 1 h at room
temperature. Membranes were blotted with peroxidase-conjugated Affin-
ity-Pure rabbit anti-sheep IgG (1:20,000 dilution; Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA) and washed six times with
TBST for 5 min each, and Spa protein levels were visualized using the
enhanced-chemiluminescence Western blotting system (GE Healthcare).

Exoprotein profiles. Exoproteins were produced and processed as de-
scribed before (8). Briefly, S. aureus strains were grown in TSB overnight
at 37°C with shaking at 225 rpm. The overnight cultures were then diluted
1:100 into a new 10-ml culture in a 50-ml flask. Cultures were grown to
stationary phase and then normalized to the same OD,,. Bacterial cells
were collected by centrifugation at 400 X g for 15 min, and the proteins in
the supernatant were precipitated using 10% (vol/vol) trichloroacetic acid
at 4°C overnight. The precipitated proteins were sedimented by centrifu-
gation, washed, dried, resuspended in 1X SDS loading buffer, and boiled
for 10 min. Proteins were separated by 15% (wt/vol) SDS-PAGE and
stained with Coomassie blue.

Immunoblotting. Immunoblot assays were performed as described
previously (8, 22). Briefly, S. aureus cultures were grown and supernatants
were prepared as described for the exoprotein profile protocol. For cyto-
plasmic extracts, cell pellets were treated with lysostaphin and the result-
ing protoplasts were disrupted using a FastPrep Tissue and Cell Homog-
enizer (MP Biomedicals, Solon, OH). Proteins were resolved by 10 or 15%
SDS-PAGE, transferred to nitrocellulose membranes, and probed with
the indicated primary antibody. An Alexa Fluor 680-conjugated anti-rab-
bit antibody was used as a secondary antibody. Membranes were then
scanned using an Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE).

Generation of luciferase reporter plasmids and reporter assay. The
promoterless vector pXen-1, which contains the Photorhabdus lumine-
scens luxABCDE operon, was obtained from Xenogen (25). The promoter
regions of hla, lukSF-PV, and hlgCB were cloned into pXen-1 to make the
transcriptional reporter plasmids. Plasmids were subsequently trans-
formed into strain USA300-LAC (LAC) and grown as indicated above,
and luminescence was recorded with a Perkin-Elmer Envision 2103 Mul-
tilabel Reader.

Quantification of hemolysis activity. Quantification of hemolysis
was performed as previously described but with slight modifications (9).
Briefly, supernatants from overnight cultures were collected, standardized
according to culture densities, and filter sterilized with a 0.45-pwm-pore-
size filter. Filtered supernatants were then combined with 2% rabbit blood
(BD Diagnostic Systems, Hunt Valley, MD) in 0.9% NaCl supplemented
with 10 mM Tris-HCI (pH 7.5). The supernatant-rabbit blood suspension
was then incubated for 15 min at 37°C, and unlysed cells were removed via
centrifugation. The amount of hemolysis activity was determined by spec-
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trophotometrically measuring the OD (A,s) of the supernatant fluid, and
all samples were normalized to wild-type densities.

Ex vivo infection assays. Blood samples were obtained from anony-
mous healthy donors as buffy coats (New York Blood Center). The New
York Blood Center obtained written informed consent from all of the
participants involved in this study. Because all of the samples were sent as
anonymous, the Institutional Review Board at the New York University
School of Medicine determined that our study was exempt from further
ethics approval requirement. Primary human polymorphonuclear leuko-
cytes (PMNs) were purified as described previously (22, 57). PMN-depen-
dentkilling of S. aureus was examined as described previously (22, 57, 58).
Briefly, S. aureus was cultured to stationary-phase growth as described
above. The bacteria were then washed with 1X PBS and added to approx-
imately 1 X 10° pooled primary PMNs from three healthy donors at a
multiplicity of infection (MOI) of 10 and seeded into individual wells of a
96-well flat-bottom tissue culture-treated plate. Cells were cultured in
RPMI supplemented with 10% fetal bovine serum and incubated at 37°C
with 5% CO, for 3 h. Neutrophils were then lysed with 0.1% saponin, and
the viability of S. aureus cells was determined by serial dilution onto fresh
agar plates and counting of CFU.

Mouse model of skin and soft tissue infection. Overnight cultures of
S. aureus strains in TSB were diluted 1:100 and grown at 37°C with gyra-
tory shaking until mid-exponential phase. Bacteria were washed 3X and
adjusted to the desired inocula by OD in PBS. Murine skin infections were
carried out as previously described (60). Eight-week-old female Swiss
Webster mice were injected subcutaneously with 1 X 107 CFU of S. aureus
LAC, ASSR42, or SSR42-complemented cells (n = 5 per strain). At 5 days
postinfection, the mice were imaged for documentation of the pathology
caused by the different strains. Following that, the mice were euthanized
and abscesses were harvested for bacterial enumeration.

RESULTS

S. aureus SSRs. As part of a comprehensive RNA profiling study,
142 SSRs were identified as a class of unique RNA molecules with
relatively short sequences (average of 390 nt in length) in compar-
ison with mRNAs. They are stabilized only under certain growth
and/or environmental stress conditions and do not contain an
obvious ORF (3, 4, 50, 52). Of these SSRs, six are expressed and
stabilized primarily during stationary-phase growth, correspond-
ing to a period during which the organism’s virulence factors un-
dergo dramatic changes in expression (50). We hypothesized that
one or more of these six stationary-phase SSRs may play a role in
modulating growth phase-dependent virulence factor expression.

To prioritize SSRs for further evaluation of the ability to regu-
late virulence factors, the sequence of each stationary-phase SSR
transcriptional unit was determined by 5" and 3’ rapid amplifica-
tion of cDNA ends (RACE) (50). Each SSR transcriptional unit
was subsequently compared with S. aureus strains in the National
Center for Biotechnology Information database (NCBIL http:
/Iwww.ncbi.nlm.nih.gov/genomes/lproks.cgi) using the Basic Lo-
cal Alignment Search Tool (BLAST) to determine their overall
sequence conservation across S. aureus strains (2). SSR42 was
found to be the most highly conserved (98% sequence identity;
data not shown), suggesting that it might represent an important
genetic locus.

SSR42 affects S. aureus virulence factor expression. The ex-
pression and stability of SSR42 were verified by growing S. aureus
strain UAMS-1 (USA200 PFT) to exponential or stationary phase
and measuring the transcript’s titers following transcriptional ar-
rest. As expected, Northern blotting and qRT-PCR revealed that
SSR42 was expressed and stabilized predominantly during sta-
tionary-phase growth (Fig. 1A and B). The transcript exhibited a
half-life of <5 min during exponential phase but was stabilized
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FIG 1 SSR42 expression and stability. (A) Northern blotting measurements of
SSR42 transcript abundances of RNA extracted from exponential- and station-
ary-phase wild-type S. aureus at 0, 30, or 60 min after transcriptional arrest. (B)
qRT-PCR-based measurements of SSR42 transcript titers at 0, 5, 10, 15, 30,
and 60 min after transcriptional arrest during the indicated growth phase.
Error bars represent 1 standard deviation from the mean.

during stationary-phase growth with a half-life of >30 min, which
directly correlated with previous results. To empirically determine
whether S. aureus SSR42 exhibits any regulatory effects, the SSR42
locus of S. aureus strain UAMS-1 was deleted. The resulting strain,
EWM14 (ASSR42), was subsequently used to generate two addi-
tional strains, EWM15 (UAMS-1ASSR42 harboring the shuttle
vector pCN51) and complementation strain EWM16 (UAMS-
1ASSR42 harboring pEWM20 [pCN51 containing a wild-type
copy of SSR42]). Using microarrays, the transcriptional profiles of
these strains were compared to that of wild-type cells (harboring
vector pCN51) during both exponential- and stationary-phase
growth.

Microarray analyses revealed that SSR42 did not exhibit any
regulatory effects during exponential-phase growth (data not
shown), but that the molecule affected the expression of 82 mRNA
species during stationary-phase growth. More specifically, two
RNA species were upregulated (=2-fold; Student’s ¢ test; P =
0.05) in an SSR42-dependent manner during stationary-phase
growth. As expected, SSR42 was one of those two transcripts; the
molecule was undetectable in ASSR42 cells but was detectable at
nearly equal amounts in wild-type and SSR42-complemented
cells, verifying that the three strains represent an appropriate
strain set to evaluate what, if any, regulatory effects the SSR42
locus may elicit in S. aureus cells. The second transcript was cap5B,
a member of the capsule biosynthesis operon (cap). Although
other members of the cap operon were not significantly differen-
tially expressed, reduction of the stringency of the test statistic to
P = 0.1 identified two additional SSR42-regulated genes, cap5D
and cap50, both of which are members of the capsule operon. As
shown in Fig. 2, qQRT-PCR and qualitative RT-PCR verified that
the transcript titers of capsule cap5A correlated with the presence
of SSR42, suggesting that the molecule may be required for wild-
type levels of capsule expression.

While SSR42 induced the expression of only two stationary-
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FIG 2 Effects of SSR42 on spa and cap5A transcript titers. Shown are qRT-
PCR and qualitative RT-PCR results for wild-type (U151/pCN51), SSR42 de-
letion (EWM15; ASSR42/pCN51), and SSR42-complemented (EWM16;
ASSR42/pEWM20) cells. Qualitative RT-PCR was used to measure spa (A)
and cap5A (B) mRNA levels. Panel C shows qRT-PCR-based measurements of
SSR42, spa, and cap5A; all values were normalized to 16S rRNA and are ex-
pressed as relative to wild-type (U151) levels, which were set to 1.0. Error bars
represent standard deviations (n = 3). The asterisk indicates a statistically
significant difference (Student’s ¢ test; P < 0.001).

phase mRNA species, the molecule repressed the expression of 80
stationary-phase transcripts; each exhibited higher titers (=2-
fold; Student’s t test; P = 0.05) in stationary-phase cells lacking
SSR42 than in wild-type or SSR42-complemented cells (see Table
S3 in the supplemental material). Among these were transcripts
coding for several known or putative S. aureus cell surface-associ-
ated virulence factors, including protein A (spa; 8.5-fold repres-
sion), IgG-binding protein (sbi; 4-fold repression), and the cell
wall-associated protein (SA0119; 7-fold repression). As shown in
Fig. 2, the effects of SSR42 on spa transcript titers were experimen-
tally verified by qRT-PCR and qualitative RT-PCR. Western blot-
ting revealed that the SSR42 deletion-containing strain exhibited
an approximately 10-fold increase in protein A production in
comparison with both wild-type and SSR42-complemented cells
(Fig. 3), indicating that SSR42’s regulatory effects result in a bio-
logically significant change in protein production. Taken to-
gether, these results suggest that SSR42 is an S. aureus strain
UAMS-1 regulatory RNA that predominantly represses the ex-
pression of many genes, including several cell surface virulence
factors, during stationary-phase growth.

SSR42 is expressed and stabilized predominantly during sta-
tionary-phase growth in a CA-MRSA strain. To determine
whether SSR42’s regulatory effects are conserved across S. aureus
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FIG 3 Effect of SSR42 on protein A production. (A) Liberated cell surface
proteins from stationary-phase (UAMS-1 pCN51), EWMI15 (ASSR42
pCN51), EWM16 (ASSR42 pEWM?20), and KLA16 (UAMS-1 Aspa) cells were
separated by SDS-PAGE and stained with Coomassie blue for assessment for
equally loaded amounts of protein. (B) Western blotting-based detection of
Spa levels of stationary-phase U151. Commercially available Spa protein was
used as a positive control.

strains, we expanded our studies to strain LAC, a representative of
the USA300 PFT that is the leading etiologic agent of CA-MRSA
infections in the United States (32, 41, 43, 44). As a first step, we
evaluated whether the molecule’s expression and RNA turnover
properties mimic those of S. aureus strain UAMS-1. Accordingly,
S. aureus strain LAC was grown to early exponential or stationary
phase and the transcript titers were measured following transcrip-
tional arrest by qRT-PCR. As was observed for strain UAMS-1,
SSR42 was found to be expressed and stabilized predominantly
during stationary-phase growth within S. aureus strain LAC.
SSR42’s half-life was determined to be between 5 and 10 min
during exponential-phase growth, whereas the molecule’s half-life
increased to =30 min during stationary-phase growth (Fig. 4).
These results suggest that the expression and RNA turnover prop-
erties of SSR42 are conserved across two genetically distinct, clin-
ically relevant S. aureus backgrounds.

SSR42 affects S. aureus virulence factor transcript titers in a
strain of CA-MRSA. Based on the conservation of SSR42 expres-
sion across both strains, we next evaluated whether SSR42’s regu-
latory effects are also conserved. Accordingly, the SSR42 locus was
deleted from S. aureus strain LAC and microarrays were used to
compare the expression properties of wild-type, ASSR42, and
SSR42-complemented cells during both the exponential and sta-
tionary phases of growth.

Consistent with what was observed with S. aureus strain
UAMS-1, microarray results revealed that SSR42 acts predomi-
nantly as a repressor of gene expression within S. aureus strain
LAC during stationary-phase growth. Indeed, only 12 exponen-
tial-phase transcripts were regulated in an SSR42-dependent
manner, whereas 90 transcripts were regulated by SSR42 during
stationary-phase growth. Among the stationary-phase SSR42-reg-
ulated transcripts, 79 (88%) were repressed by the molecule; their
transcript titers decreased in wild-type and complemented cells
(P < 0.05) in comparison with ASSR42 cells (see Table S4 in the
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FIG 4 Expression profile of SSR42 in S. aureus strain LAC. Detection of SSR42
titers using qualitative RT-PCR (A) and qRT-PCR (B) at various time points
after transcriptional arrest during the indicated growth phase. Error bars rep-
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Stationary

supplemental material). Included among this list of transcripts
were three known virulence factors, sraP (encodes a serine-rich
cell surface protein), aur (encodes aureolysin), and isaB (encodes
immunodominant surface antigen B), which were increased 6.1-,
6.8-, and 4.3-fold, respectively, in ASSR42 cells in comparison
with wild-type cells and were restored to wild-type levels in com-
plemented cells (53, 54). As shown in Fig. 5A, these results were
confirmed by qRT-PCR.

Although the molecule functioned predominantly as a repres-
sor of stationary-phase transcripts in both strain backgrounds,
SSR42 also modestly induced the expression of 11 genes (=1.5-
fold; Student’s f test; P < 0.05) during the stationary-phase growth
of strain LAC (see Table S5 in the supplemental material). Of
interest, many of these genes have been associated with the organ-
ism’s ability to cause disease and have been hypothesized to con-
tribute to USA300 hypervirulence, suggesting that SSR42 may
contribute to the lineage’s increased ability to cause disease. More
specifically, the mRNA titers for two extracellular virulence fac-
tors were upregulated in the presence of SSR42; hla (a-hemolysin)
and hlgA (y-hemolysin) titers increased 1.6- and 1.8-fold, respec-
tively, in wild-type and complemented cells compared to those in
ASSR42 cells. As shown in Fig. 5B, qRT-PCR confirmed that
SSR42 induces the expression of a-hemolysin and y-hemolysin
approximately 4.1-fold. Because SSR42 appeared to affect the ex-
pression of extracellular factors and two known USA300 extracel-
lular virulence factors are not represented on the commercially
available microarray used in this study (lukA and PVL), qRT-PCR
studies were expanded to evaluate whether these genes were also
regulated in an SSR42-dependent manner. Results revealed that
SSR42 did not affect lukA expression (data not shown) but that
leukotoxin lukF-PV expression was regulated in an SSR42-depen-
dent manner (Fig. 5B). Western blotting confirmed that SSR42’s
regulatory effects correlated with changes in a-hemolysin, y-he-
molysin, and LukFS/PVL protein production (Fig. 6A).

Despite the similarities in SSR42 sequence (100% identity),
expression/stability characteristics, and regulatory phenotypes,
SSR42 affected the expression of substantially different sets of
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FIG 5 SSR42 affects the expression of several virulence factors in S. aureus
strain LAC during stationary-phase growth. Virulence factor mRNA titers
were determined by qRT-PCR for genes found to exhibit increased (A) or
decreased (B) expression levels in ASSR42 cells using GeneChips. Results are
presented as a n-fold changes in ASSR42 (white) and SSR42* (gray) mRNA
titers with respect to LAC (black) levels, which were set to 1.0. An asterisk
represents statistical significance (P < 0.05) determined by multiple compar-
isons of means using the Bonferroni-Holm correction. Error bars represent 1
standard deviation from the mean of each sample.

genes within S. aureus strains UAMS-1 and LAC. Indeed, only
three genes exhibited conserved SSR42 regulatory effects in both
backgrounds (all were repressed by SSR42 during stationary
phase): SAR2290/SAUSA300_2159 (aldo-ketose reductase fam-
ily), SAR2468/SAUSA300_2326 (hypothetical transcriptional
regulator belonging to the AraC family), and SAR2535/
SAUSA300_2390 (glycine betaine/carinitine/choline transporter).
Growth curve analyses did not reveal any overt differences between
the growth characteristics of the two strains or their derivatives (see
Fig. S1 in the supplemental material). Thus, the limited overlap be-
tween sets of SSR42-regulated genes of the two strains suggests that
the molecule’s regulatory capacity is dependent on the genetic back-
ground in which it resides, as has been observed for numerous other
S. aureus regulatory loci, such as RNAIIL. Nonetheless, taken to-
gether, these results indicate that SSR42 is a regulatory RNA that
pleiotropically affects the expression of many S. aureus genes, includ-
ing several well-established virulence factors.

SSR42 affects S. aureus hemolysis. Given the importance of
the S. aureus USA300 lineage from a health care perspective and that
the molecular mechanisms by which this background elicits a hyper-
virulent phenotype are poorly understood, we set out to further char-
acterize the effects of SSR42 on LAC’s pathogenic potential. Accord-
ingly, the observation that SSR42 induces a- and vy-hemolysin
production in strain LAC (Fig. 6A) prompted us to investigate
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FIG 6 SSR42 affects extracellular virulence factor expression and pathogene-
sis phenotypes. (A) Stationary-phase culture supernatants from LAC, ASSR42,
and SSR42™ cells were separated using SDS-PAGE and stained with Coomassie
blue for assessment for equally loaded amounts of protein. The supernatants
were subsequently probed for LukF-PV, Hla, and HIgC. (B) Hemolytic capa-
bilities of stationary-phase culture supernatants from LAC, ASSR42, and
SSR42™" were quantified as measurements of A5 due to heme liberated from
lysed rabbit erythrocytes. Error bars represent 1 standard deviation from the
mean (n = 5). (C) S. aureus neutrophil survival assay assessed the abilities of
LAC, ASSR42, and SSR42™ cells to survive in the presence of primary human
PMNSs. Bacterial cells were cultured in the presence of PMNs (MOI = 10) for
3 h, and viable S. aureus cells were determined by serial plating and CFU
counting. Error bars represent the standard error of the mean (n = 3). In
panels B and C, asterisks represent statistical significance (P < 0.05) deter-
mined by multiple comparisons of means with a Bonferroni-Holm correction.
Error bars represent 1 standard deviation from the mean for each sample. The
values to the left of panel A are molecular sizes in kilodaltons.

whether the molecule affects the organism’s ability to lyse erythro-
cytes, a function thought to contribute to the invasiveness of USA300
isolates (40). In comparison with wild-type and SSR42-comple-
mented cells, the LACASSR42 strain exhibited diminished zones of
clearance when grown on rabbit blood agar, indicating that the mol-
ecule is required for wild-type levels of hemolysin production (data
not shown). To quantify the levels of hemolysis of each strain, filtered
supernatants from stationary-phase cultures of wild-type, ASSR42,
and SSR42-complemented cells were incubated in the presence of 2%
rabbit blood and then erythrocyte lysis was measured spectrophoto-
metrically as a function of heme liberation (A,ys) as previously de-
scribed (9). As shown in Fig. 6B, ASSR42 supernatants exhibited a
significant decrease (P < 0.05) in hemolysis in comparison with the
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FIG 7 SSR42 is required for full virulence in a murine skin infection model. The effect of SSR42 in a murine skin infection model was examined by subcutaneous
injection of female Swiss Webster mice (n = 5 for each strain) with 1 X 10” CFU of S. aureus LAC, ASSR42, or SSR42-complemented (SSR42™") cells. (A) At 5
days postinfection, photographs of the caudal regions of the mice were used to examine the gross pathology of mice infected with each strain. (B) Abscesses were
homogenized, and bacterial burdens per abscess were determined by serial plating. Error bars represent the standard error of the mean for each strain.

supernatants of wild-type cells. Moreover, supernatants from SSR42-
complemented cells, which slightly overexpress SSR42 (Fig. 5B), ex-
hibited an approximately 2.5-fold increase in hemolysis (P < 0.05)
compared to that of wild-type cells. Taken together, these data suggest
that SSR42 affects S. aureus strain LAC’s potential to lyse erythrocytes.

SSR42 affects S. aureus PMN survival. Leukotoxins have been
shown to target and kill PMNs and are thought to mediate S.
aureus survival in the presence of these cells (1, 22, 38, 39, 56).
Accordingly, we hypothesized that because SSR42 affects y-hemo-
lysin and PVL expression, it may also affect S. aureus strain LAC’s
ability to survive in the presence of primary human PMNs. To test
this possibility, human primary PMNs were infected with wild-
type, ASSR42, or SSR42-complemented cells at an MOI of 10:1
and bacterial survival was measured after 3 h by plating for CFU
counts. As shown in Fig. 6C, the results revealed that the ASSR42
strain exhibited an approximately 50% reduction (P < 0.05) in
comparison with both wild-type and SSR42-complemented cells,
suggesting that the molecule is required for wild-type levels of
resistance to primary neutrophils.

SSR42 effects S. aureus pathogenesis in a murine model of skin
and soft tissue infection. The ability of S. aureus USA300 to initiate
invasive infection via the formation of skin and soft tissue infections is
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well recognized and is hypothesized to be mediated by the lineage’s
expression of extracellular virulence factors (31, 35, 57). Thus, we
investigated whether SSR42 affects strain LAC’s ability to cause skin
abscesses. Mice were examined 5 days after intradermal infection
with 107 CFU of each strain tested. Upon gross examination of the
caudal region of the mice, animals infected with the SSR42-comple-
mented strain exhibited increased signs of pathology in comparison
with both the LAC (wild-type) and ASSR42 strains (Fig. 7A). This
observation was not surprising, given that SSR42 was complemented
on a high-copy-number plasmid, which resulted in increased expres-
sion of SSR42 by the complement strain compared to that by the wild
type. These observations are consistent with the increased production
of virulence factors by this strain. While the pathology due to the
wild-type strain was not as striking, quantification of the bacterial
burden in each abscess revealed that the strain with SSR42 deleted was
attenuated in comparison with the wild-type and SSR42-comple-
mented strains (~5-fold lower bacterial burden; P < 0.05; Fig. 7B).
Taken together, these data imply a pathogenic role for SSR42 in an
infection setting.

Characterization of SSR42’s mechanism of action. Because
SSR42 appeared to be an important regulator within strain LAC,
we initiated a preliminary assessment of the mechanism(s) by
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FIG 8 Locus profile of SSR42. (A) Chromosomal architecture of the SSR42 locus of S. aureus strain USA300_FPR3757 (contains only 11 single nucleotide
polymorphisms with respect to strain LAC [32]). (B) SSR42 transcript sequence as determined by 5" and 3" RACE. Underlined is the putative 29-amino-acid ORF
beginning with the alternative start codon TTG (at position 527). (C) SSR42 deletion-containing LAC cells were transformed with a plasmid-borne copy of SSR42
containing a T-to-A transversion at the first codon of the transcript’s putative 29-amino-acid ORF to create a stop codon at this site. Consequently, the
production of any putative amino acid product was eliminated. Transcriptional analysis revealed that SSR42 deletion-containing cells complemented with either
a wild-type copy (SSR42™") or the mutated copy (SSR42.mut ™) were capable of complementing the regulatory effects of the RNA molecule.

which it regulates the strain’s virulence factor expression. As
shown in Fig. 8A, SSR42 is an 891-nt RNA molecule that maps to
an S. aureus intergenic region. Although the SSR42 transcriptional
unit is annotated as an intergenic region, detailed analysis indi-
cated that it does contain a small (29-amino-acid) putative ORF,
beginning with the alternative start codon TTG at position 524
and ending with a stop codon at position 614 (Fig. 8B). BLAST
analysis of the putative amino acid product indicated that it did
not code for a protein with any discernible function or significant
homology to a known protein. To distinguish whether the SSR42
transcript and/or putative protein product accounted for the
aforementioned regulatory effects, we created plasmid pJMM3,
which harbors the SSR42 promoter region and the SSR42 tran-
scriptional unit containing a T — A transversion in the second
position of the start codon, thereby resulting in a stop codon and
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eliminating the putative ORF. pJMM3 was transferred to
LACASSR42, and the regulatory effect of the mutated SSR42 tran-
script (SSR42.mut) was measured using microarrays. As shown in
Fig. 8C, the transcriptional profile of cells expressing SSR42.mut
was virtually identical to that of cells expressing wild-type copies
of the transcript. Further, as elaborated below, ASSR42 cells ex-
pressing the second half of SSR42, which includes the putative
29-amino-acid sequence, did not exhibit regulatory effects. Taken
together, these results established that the RNA molecule, as op-
posed to a putative SSR42-encoded protein, was responsible for
the transcript’s regulatory effects.

Many regulatory RNAs, including RNAIIL, modulate gene ex-
pression by directly binding to the transcripts that they regulate
and affecting the target molecule’s stability and/or translation po-
tential. However, gel mobility shift assays and RNA turnover stud-
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FIG 9 SSR42 is required for full activity of extracellular virulence factor pro-
moters. The indirect effects of SSR42 on virulence factor expression were ex-
amined by using transcriptional fusions of virulence factor promoters to a
luciferase bioluminescence reporter as described in Materials and Methods.
Luminescence resulting from each fusion construct was measured in LAC
(circle) and ASSR42 (square) cells over a period of 24 h. Data points represent
the average of three samples, and error bars represent 1 standard deviation
from the mean.

ies indicated that SSR42 does not directly bind to the virulence
factor transcripts that it regulates nor does the molecule affect
their RNA degradation properties (data not shown). Thus, it is
likely that the molecule affects the expression and/or activities of
an upstream regulatory molecule which, in turn, regulates viru-
lence factor gene expression. As a first test of that hypothesis,
transcriptional reporter assays were performed to establish
whether SSR42 affects the transcript synthesis of S. aureus viru-
lence factors. The endogenous promoter regions of hla, hlg, and
IukSF were fused to a promoterless luciferase operon of P. lumi-
nescens and subsequently transformed into wild-type LAC and
LACASSR42 cells; the promoter activity of each gene was then
measured as a function of bioluminescence. In comparison with
the promoter activities of hla, hlgCB, and [ukSF in wild-type cells,
those in ASSR42 cells were significantly reduced during station-
ary-phase growth, supporting the prediction that SSR42 indirectly
affects the expression of these toxins (Fig. 9).

Full-length SSR42 is required for regulatory activity. In pre-
liminary efforts to identify the SSR42 sequences and/or structural
elements that modulate the molecule’s stability and regulatory
functions, we measured the RNA turnover properties and regula-
tory capacity of fragments of SSR42. We individually linked plas-
mids containing bases 1 to 445 (SSR42.1) or 446 to 891 (SSR42.2),
corresponding to the first and second halves of SSR42, respec-
tively, to the predicted SSR42 endogenous promoter (500 bp up-
stream of the transcriptional unit) and transformed them into
LACASSRA42 cells, creating strains JMM4 (ASSR42 SSR42.1") and
JMMS5 (ASSR42 SSR42.27).

To determine the expression characteristics of each fragment,
strains JMM4 and JMM5 were grown to exponential or stationary
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phase and qRT-PCR was used to measure the transcript levels and
RNA turnover properties of each SSR42 fragment as described
above. Results revealed that during exponential-phase growth,
both halves of the transcript mimicked full-length SSR42 and were
rapidly degraded (half-life, =5 min; data not shown). Conversely,
while the first half of the transcript was rapidly degraded (half-life,
=5 min) during stationary-phase growth, the second half of the
transcript (SSR42.2) was stabilized (half-life, =30 min), suggest-
ing that nt 446 to 891 are required for the stationary-phase-spe-
cific stabilization of full-length SSR42 (Fig. 10A). It should also be
noted that SSR42.1 exhibited significantly (approximately 100-
fold) decreased titers in comparison with those of ASSR42 cells
complemented with full-length SSR42 or SSR42.2 but was still
above the detection limit of the system and present at 1,000-fold
greater levels than the measured background signal of the SSR42
deletion-containing strain (Fig. 10B). Sequencing of the promoter
region within the complementation vector pJMM4 did not iden-
tify mutations that may have contributed to the difference in ex-
pression between SSR42.1 and SSR42.2. Thus, it is likely that the
decreased stability of SSR42.1 accounts for the significantly lower
titers of the RNA molecule.

We next evaluated the regulatory effects of SSR42.1 and
SSR42.2 by using qRT-PCR to determine whether each half of
SSR42 could complement the expression properties of JMM1
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(LACASSR42) cells. As described earlier, SSR42 deletion results in
increased expression of aur and sraP and decreased expression of
hla, higC, and IukF within strain LAC during stationary-phase
growth (Fig. 5). While the expression of each of these genes could
be restored to wild-type levels via complementation with full-
length SSR42, neither half of the molecule exhibited a similar phe-
notype, suggesting that the entire SSR42 transcript is required for
its regulatory functions (Fig. 11). The only exception was isaB,
which was not complemented by SSR42.17 -expressing cells but
was complemented by SSR42.2" expression (P < 0.05), indicating
that the second half of SSR42 may harbor a direct or indirect
regulatory capacity for controlling isaB gene expression. Taken
together, although the second half of the transcript appears to
mediate the regulatory RNA’s stationary-phase stability, the full-
length molecule is likely to be required for SSR42 regulatory ef-
fects.

DISCUSSION

Regulatory RNAs are a newly described class of regulatory mole-
cules that have been shown to have pleiotropic effects and have
been associated with the modulation of bacterial adaptation to
changing environmental conditions, plasmid maintenance, bac-
teriophage resistance, and pathogenesis (reviewed in references 55
and 59). Most bacterial regulatory RNAs can be classified on the
basis of their molecular characteristics as cis-encoded (antisense),
trans-encoded, or protein-modulatory RNAs.

cis-encoded antisense RNAs are produced adjacent to and in an
antisense orientation with respect to the transcripts that they reg-
ulate, typically affecting the expression of one or, in polycistronic
instances, a few genes. As the name implies, they exhibit consid-
erable sequence complementarity (often 75 nt or more) with tar-
get transcripts; binding can promote degradation and/or repress
translation. trans-encoded RNAs also act primarily by base pair-
ing to target transcripts, but in comparison with cis-encoded
RNAs, there is little correlation between the chromosomal loca-
tions of the regulatory RNA and its target mRNA. frans-encoded
regulatory RNAs tend to have limited complementarity to their
target transcripts and consequently bind to—and affect the stabil-
ity and/or translation of—a broader number of mRNA molecules.
Protein-modulatory RNAs have been shown to interact with—
and affect the function of—bacterial transcription factors or the
RNA synthesis machinery and consequently regulate gene expres-
sion.

A combination of in silico RNA sequencing and global DNA
microarray studies has indicated that S. aureus is likely to produce
an expansive repertoire of regulatory RNAs (3, 4, 24, 50, 52). The
first of those studies was conducted by Pichon and Felden, who
found, using a custom microarray to measure the expression
properties of GC-rich intergenic regions, that the organism pro-
duces at least 12 putative regulatory RNAs, 5 of which were chro-
mosomally encoded whereas 7 were localized to putative patho-
genicity islands (51). The latter were termed small pathogenicity
island RNAs (Spr), and subsequent work revealed that one of
these, SprD, is a trans-encoded regulatory RNA that binds to the 5
untranslated region of the Sbi immune evasion molecule tran-
scripts. This, in turn, limits sbi mRNA translation and reduces S.
aureus pathogenesis (13). A similar mechanism of regulation has
been described for RNAIIL, an RNA molecule that is well known to
play a major role in S. aureus virulence but for which a regulatory
mechanism was lacking until recently. Like SprD, RNAIII is a
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trans-encoded regulatory molecule that binds to and affects the

stability and translation of target transcripts (7, 10, 17, 26, 29).
We previously used a microarray-based approach to demon-

strate that S. aureus produces at least 142 extremely stable RNA
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species that are produced predominantly in a growth phase-de-
pendent manner or in response to environmental stresses and
map to the organism’s intergenic regions (3, 4, 50, 52). While most
S. aureus mRNA species exhibit a half-life of less than 2.5 min,
these molecules are considerably stable, with measurable half-lives
of =30 min, which is a hallmark of many regulatory RNAs. Ac-
cordingly, we have termed these 142 molecules SSRs to distinguish
them from the plethora of the organism’s nonstable RNAs that
map to intergenic regions. Of direct relevance to this report, we
hypothesized that SSRs are regulatory RNAs. As a preliminary test
of that prediction, the regulatory effects of SSR42, which is de-
tected and stabilized predominantly during stationary-phase
growth, were examined. The reason we focused on this particular
molecule is that its expression characteristics correspond to time
points that correlate with massive changes in S. aureus physiology
and, in particular, the expression properties of virulence factors.
This means the expression and stabilization of SSR42 during sta-
tionary-phase growth correlates with the downregulation of many
of the S. aureus cell surface virulence factors and upregulation of
extracellular virulence determinants occurs (23). Thus, we con-
sidered that SSR42 may play a role in the regulation of S. aureus
virulence factors.

To evaluate the potential of SSR42 as a novel regulatory mole-
cule, we generated and characterized two genetically divergent
deletion-containing strains of S. aureus lacking the SSR42 tran-
scriptional unit. The first strain tested, UAMS-1, is a well-studied
musculoskeletal isolate of the USA200 PFT (12, 28). The second
strain, LAC, is a representative of the USA300 PFT as the leading
etiologic agent responsible for CA-MRSA infections (31, 44). The
expression properties of SSR42 were similar in UAMS-1 and LAG;
during exponential phase, the half-life of the molecule is ~5 min,
whereas during stationary-phase growth, the half-life is increased
to =30 min. The mechanism(s) responsible for the growth phase-
dependent alterations in SSR42 stabilization are unknown.

Microarray analyses of UAMS-1 and LAC and their corre-
sponding isogenic ASSR42 and complementation derivatives re-
vealed that SSR42 pleiotropically represses approximately 80
genes in either strain background. Further, the effects of SSR42 on
gene expression were largely confined to stationary-phase growth.
These data strongly suggest that SSR42 is a regulatory RNA that
predominantly represses gene expression irrespective of the ge-
netic background. However, the results indicated that the identi-
ties of the specific transcripts that it regulated were largely strain
specific. The limited overlap between SSR42 regulons is presum-
ably due to inherent differences in the genomic composition and
corresponding gene expression properties of each strain. Indeed,
it is recognized that significant differences in RNAIII production
exist between the USA300 PFT and other S. aureus lineages (20,
21,36). We also observed that SSR42 titers are elevated in the LAC
strain in comparison with those in UAMS-1, which may partially
account for the difference in SSR42 regulatory effects within these
two strains (data not shown). In addition to the molecule’s repres-
sor activities, SSR42 also induced the expression of 11 transcripts
within strain LAC during stationary-phase growth, and many of
these mRNA species code for extracellular virulence factors, in-
cluding a-hemolysin (hla), y-hemolysin (hlgC), and PVL (IukF-
PV). Although the transcript titers of these factors were only
mildly affected by SSR42, Western blotting and functional assays
confirmed that these changes were biologically significant and that
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the molecule contributes to LAC’s ability to cause disease in a
murine model of skin and soft tissue infection.

The data presented here also establish that SSR42’s regulatory
capacity is due to the RNA molecule itself, as opposed to putative
peptides encoded within the transcriptional unit. Indeed, elimi-
nation of a small (29-amino-acid) putative ORF within the SSR42
transcript sequence did not alter the molecule’s regulatory capac-
ity. Likewise, overexpression of the second half of the molecule
harboring a wild-type copy of this putative ORF, which would
presumably allow the protein’s expression, did not elicit a regula-
tory effect.

Because SSR42 appears to modulate the expression of an ex-
pansive repertoire of genes, we predict that it behaves as a trans-
encoded— or protein-modulatory—regulator, as opposed to an
antisense regulatory RNA. Consistent with that prediction, SSR42
does not exhibit significant complementarity to other S. aureus
genomic sequences within the NCBI genomic database. Accord-
ingly, we hypothesized that SSR42 functions by directly interact-
ing with mRNA and/or protein targets, as has been described for
other bacterial regulatory RNAs (46, 59, 62). Electrophoretic mo-
bility shift assays, mRNA turnover studies, and promoter activity
measurements indicated that SSR42 does not directly bind to or
modulate the mRNA turnover properties of virulence factor tran-
scripts that are under its control within strain LAC. Rather, the
molecule appears to affect the promoter activities of hla, higCB,
and [ukSF. Thus, it is likely that SSR42 influences S. aureus toxin
expression by affecting the expression and/or activity of a tran-
scriptional regulator or RNA polymerase. Likewise, assays assess-
ing the spa promoter activity in the S. aureus strain UAMS-1 back-
ground revealed that SSR42 activated transcription at the spa
promoter (data not shown). Studies are under way to characterize
the SSR42 regulatory network.

As a preliminary effort to characterize the molecular mecha-
nism by which SSR42 modulates S. aureus gene expression, we
began an assessment of regions of the molecule that mediate its
stationary-phase-associated stability and regulatory features. The
approach we took was based, in part, on the observation that the
interactions between RNAIII and its target mRNAs are not neces-
sarily dependent on the presence of the full-length RNA molecule;
Benito and colleagues demonstrated that a 3" fragment of RNAIII
is sufficient for the molecule’s regulation of spa translation (7).
This, in turn, facilitated characterization of the mechanism by
which RNAIII affects spa expression. Accordingly, fragments of
SSR42 consisting of bases 1 to 445 and 446 to 891 were linked to
the transcript’s endogenous promoter and examined for the re-
spective ability to complement the alterations of gene expression
in SSR42 deletion-containing cells. The results revealed that while
full-length SSR42 is an extremely stable molecule (half-life, =30
min) during stationary-phase growth, bases 1 to 445 are relatively
unstable (half-life, <5 min). In comparison, bases 446 to 891 are
stable in ASSR42 cells and have a half-life of =30 min. It is un-
known whether this stability is due to a stable secondary structure
that is formed or a frans-acting factor (such as an RNA-binding
protein) that stabilizes the factor through direct interaction with
the molecule. Asthe 5’ end of SSR42 was unstable and expressed at
lower levels than the full-length molecule, we hypothesized that
bases 1 to 445 would exhibit little or no ability to regulate gene
expression. Indeed, the 5 end was unable to complement the gene
expression profile of ASSR42 cells, suggesting that either the 3’
end is required for regulation or an unstable molecule cannot
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sufficiently modulate gene expression. However, the inability of
bases 446 to 891 to restore SSR42-dependent control over the
virulence factors examined here (isaB is the only exception) is
evidence against the former. One possibility is that the first half of
SSR42 mediates the molecule’s regulatory effects but does so only
when present at a high concentration, which is achieved by stabi-
lization involving the second half of the molecule. Regardless, the
results of these studies indicate that full-length SSR42 is required
for full regulatory functionality within S. aureus.

Taken together, the results presented here indicate that SSR42
is a novel regulatory RNA within S. aureus that modulates the
expression of many genes, including several virulence factors, pre-
dominantly during stationary-phase growth. The molecule’s ef-
fects on virulence factor expression correlate with biologically sig-
nificant changes in the expression of those proteins and in the case
of USA300 strain LAC contribute to the organism’s ability to cause
disease. This and future studies delineating the mechanisms by
which SSR42 and other SSR regulatory molecules function in S.
aureus will provide a better understanding of the complex regula-
tory network that appears vital for the success of CA-MRSA in
establishing infection rates of epidemic proportions.
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