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Abstract The pathogenesis of Staphylococcus aureus
from local infection to systemic dissemination involves a
range of virulence factors including structural and secreted
products. Among various control mechanisms, small
noncoding RNAs are involved in the regulation of multi-
ple pathogenicity factors in S. aureus. The sSRNA SprX
which is encoded in the pathogenicity island of methicil-
lin-susceptible S. aureus strain Newman and was shown
to influence antibiotic resistance previously, upregulated
the expression of virulence genes, especially the cell wall-
associated clumping factor B (CIfB) and delta hemolysin
(HId). Bioinformatic analysis revealed several multiple
mRNAs associated with pathogenicity as targets for SprX1,
one of the three copies of sprX. Both overexpression and
chromosomal disruption of sprX/ supported the scheme
of upregulation of clfB and hld expression. Altered expres-
sion of SprX1 altered the levels of Hld and CIfB mRNAs,
hemolysis, clumping of cells, biofilm formation by plate
adhesion studies and confocal microscopic analysis as well
as infection pathology of modified strains in mice mod-
els. CIfB and Hld mRNAs interacted directly with SprX1
in in vitro assays. Increased level of the regulatory RNA,
namely RNAIII, that comprises Hld mRNA and also regu-
lates the biofilm formation, indicates that SprX1 may also
function through RNAIII for regulating virulence factors.
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An immunodominant protein, antigen A, was downregu-
lated by SprX1 in two-dimensional electrophoresis. Taken
together, these results signify the role of SRNA SprX in the
pathogenicity of S. aureus Newman.
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Introduction

Staphylococcus aureus addresses its pathogenicity by the
production of various virulence factors which include coag-
ulase, leukocidin, hyaluronate lyase, staphylokinase, toxic
shock syndrome toxin, hemolysins, enterotoxins and micro-
bial surface components which recognize adhesive matrix
molecules to promote colonization and tissue invasion [,
2]. During infection, S. aureus utilizes various gene regu-
latory mechanisms, among which small noncoding RNAs
(sRNAs) are established as gene regulators. These sSRNAs
are generally expressed under specific stress responses or
during virulence, iron uptake, quorum sensing, biofilm for-
mation and pathogenicity. They regulate and execute their
function by binding to specific proteins or base pairing with
either cis- or trans-encoded mRNAs leading to repression
or activation of protein activity or target genes [3, 4].

Over 730 small RNAs have been identified in Staphy-
lococcus aureus [5] some of which have been studied
extensively. These include RNAIII [6], RsaE [7], SprD [8],
SprA1/SprAl,g [9], SSR42 [10], SprX [11], RsaA [12],
ArtR [13], SprG1/SprF1 [14], SprC [15], all of which are
known for their role in the pathogen physiology of this
organism. Another SRNA SSR42 in S. aureus MSSA and
MRSA strains regulates the expression of approximately 80
mRNAs of which several virulence factors are affected in a
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Table 1 Bacterial strains and plasmids used in this study

Strains or plasmids Description Reference/source
E. coli DH5a (F~ @80d lacZAM15 A(lacZYA-argF) U169  Lab stock
endAl recAl, hsdR17 (rk™, mk™")) deoR thi-1
supE44 ).~ gyrA96 relAl
E. coli DC10B dam™, dem™ hsdRMS endAl recAl [26]
S. aureus strain Newman Wild type, MSSA Timothy Foster, Trinity College Dublin, Ireland
S. aureus RN4220 S. aureus 8325-4, hsdR saulUSI [55]
pBluescriptKS+ E. coli cloning vector, Amp" Lab stock
pIMAY Temperature-sensitive shuttle vector derived [26]
from pIMCS5, Cm"
pCN40 E. coli-S. aureus shuttle vector with inducible Network on antimicrobial resistance in Staphy-
promoter PblaZ in S. aureus RN4220 strain, lococcus aureus (NARSA) (https://www.
Em" beiresources.org)
pPMNSprX pCN40 with SprX1, Em" This work
pFsprX pBSKS with flanking sequence of SprX gene  This work
cassette, Amp"
pFsprXKan pBSKS with disrupted sprX gene cassette This work
(3 kb), Amp", Km"
psprX1lkan pIMAY with disrupted sprX/ gene cassette This work
(3 kb), Cm", Km"
S. aureus Newman sprX1::kan mutant sprX1::kan This work
S. aureus Newman sprX1::kan + pMNSprX1 Complementation of SprX1 in sprX1::kan This work

mutant strain

MSSA methicillin-susceptible Staphylococcus aureus

strain-dependent manner [10]. This may be because of the
influence of SSR42 on staphylococcal accessory regulator
(Sar) homologues that control the production of virulence
factors in a strain-dependent manner [16]. Unlike in sev-
eral gram-negative organisms, Hfq is not required in target
regulation of S. aureus, notably RN6390, COL and New-
man [17], although Hfq binding is reported in RNAIII—
spa [18], ArtR—sarT/hla [13].

Staphylococcus aureus strain Newman [19] has been
extensively used in studying the staphylococcal disease in
animal models due to its virulence phenotypes. The pre-
sent study is aimed at investigating the functional role of
a small regulatory RNA, SprX, expressed from staphylo-
coccal pathogenicity island (SaPI) in the clinical isolate
methicillin-susceptible Staphylococcus aureus Newman
(MSSA) strain. SprX was recently shown to influence van-
comycin and teicoplanin antibiotic resistance in Staphylo-
coccus aureus HGOO1 strain by downregulating the spoVG
expression [11]. This work describes the overexpression
and disruption of sprXI in the clinical isolate S. aureus
Newman and the subsequent effect of its altered expres-
sion on candidate target virulent genes of clumping factor
B (CIfB), delta hemolysin (Hld), immunoglobulin binding
protein G (Sbi), staphylocoagulase (Coa), immunodomi-
nant antigen A (IsaA) by molecular, physiological assays
and their corroboration with animal infection studies.
Pathogenicity studies in an animal model of infection have
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further confirmed the influence of small noncoding RNA
in S. aureus.

Experimental procedures
Bacterial strains and growth conditions

Staphylococcus aureus strains and plasmids used in this
study are listed in Table 1. All E. coli and S. aureus strains
were grown in Luria—Bertani medium at 37 °C. Antibiotics
were supplemented at the following concentrations: eryth-
romycin and chloramphenicol each 10 ug/ml for plasmid
selection, kanamycin—15 pg/ml for chromosomal marker
in S. aureus and ampicillin 100 pg/ml for plasmid selection
in E. coli, methicillin—0.5 pg/ml for induction of PblaZ.

Bioinformatic analyses

Sequences of sRNAs which have been earlier identified
in S. aureus N315 [7, 11, 20] were used to find the homo-
logues in the clinical isolate S. aureus strain Newman. The
secondary structure of SprX1 RNA was predicted with
the program myfold, based on the algorithm of Zuker and
Stiegler [21]. Online target prediction tools TargetRNA
[22], RNA predator [23], RNAup [24] and IntaRNA [25]
programs were used to predict the mRNA targets for the
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Table 2 Primers used in this

Gene name Sequence
study

SprX1 f-5’-ATAATCTTTCTAGACGTATTCAAA-3’
1-5'-CAGGCTATATAGTTCACTCCTACT-3’

clfB f-5'-GGTGGAAGTGCTGATGGTG-3’
r-5'-ATCTGGCGTTGGTTCTGGT-3’

sbi f-5'-GGCAGCAACAATTACGTTAGC-3'
r-5-TGTTTTGAGTTGTTTGGTGCT-3’

coa f-5'-AAAATTCCACAGGGCACAA-3'
r-5-AATCGGGACCTTGAACGA-3’

hld/RNAIII f-5'-TTAATTAAGGAAGGAGTGATTTC-3’
r-5'-CCAAGGAAACTAACTCTACTAGC-3/

58 rRNA f-5'-GCAAGGAGGTCACACCTGTT-3
1-5'-GCCTGGCAACGTTCTACTCT-3'

FSprX f-5'-CGGGATCCCGGGTTTGGCAGACATTTCATAAC-3’

r-5'-GGGGTACCCCGCCATGCTCAAAAGAGGTTT-3’
Kan f-5'-TGCATGCATGCAACATGTGAGAGGCGGTTTGCGTATTG-3’
r-5'-TGCATGCATGCAACATGTCCCGAAAAGTGCCACCTG-3’

SprXegmsa

f-5'-AATTAACCCTCACTAAAGGGACACATGCATCAACTATTTACATCT-3'

r-5'-AAAAGCACCCCGTAAACTATTATAC-3'

clfBgumsa

f-5'-AGAAAACGCAAGCAAGATCA-3’

1-5'-CCCAAGCTTGGGCCATACGTCATGACCCCTTT-3’

hldGMSA

f-5'-GCATGTTTTAATATAACTAGATCAC-3’

r-5'-TTTTAGTGAATTTGTTCACTGTGT-3’

Underlined region are the restriction sites in the primer, GGATCC—BamHI, GGTACC—Kpnl, ATG-
CAT—Nssil, ACATGT—Pcil, AAGCTT—HindlIl. Bold and underlined region is the T3 promoter
sequence, GMSA gel mobility shift assay

fforward, r reverse

sRNAs. Virulent target mRNAs with potential base pairing
of 9-25 nt having significant P value <0.01 were selected.

Transformation in S. aureus

Electrocompetent cells were prepared according to manu-
facturer’s protocol (BTX Harvard apparatus) with some
modifications [26]. S. aureus cells of ODgy, 0.4 were
washed twice with 0.5 M sucrose, and 200 pl cells were
electroporated with 3-5 pg of plasmid at 2.3 kV, 50 nF,
100 ohms. The cells were then immediately suspended in
500 pl of LB containing 0.5 M sucrose with shaking for
2 h at 37 °C. The transformants were selected on respective
antibiotic-containing medium and incubated for 24-48 h at
37 °C.

Expression of SprX1 in multicopy plasmid

Recombinant DNA protocols were as described in Sam-
brook and Russel [27]. SprX1 sequence along with endoge-
nous promoter was amplified using SprX primers (Table 2)
and cloned in the E. coli-S. aureus shuttle vector pCN40
at Sall/BamHI sites and introduced into S. aureus strain

Newman after passing through intermediate host S. aureus
RN4220 by electroporation.

Construction of disruption sprX1::kan
and complementation

A 1.5-kb DNA flanking 700 and 800 bp upstream and
downstream respectively, of SprX1 gene was amplified
from S. aureus Newman using the primers FSprX (Table 2)
and cloned in pBSKS to generate pFsprX. The sprXI gene
in the above construct was inactivated by inserting the kan-
amycin gene at +10 position of SprX1 using Nsil to gen-
erate pFsprXKan. The disrupted sprX1::kan fragment was
cloned into the BamHI site of the temperature-sensitive
plasmid pIMAY to generate the disruption plasmid psprX-
lkan and was passed through E. coli DC10B strain before
electroporation into S. aureus. sprXl chromosomal gene
disruption in S. aureus Newman was achieved by homolo-
gous recombination at the flanking sequence at nonper-
missive temperature [26] and confirmed by PCR, northern
and southern analyses. Further, the disruption strain was
complemented with SprX1 overexpression plasmid for
restoration.
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Analysis of RNA expression

Total RNA (15-20 pg) extracted using acid guanidinium
thiocyanate [28] was separated on denaturing 6 % urea-
PAGE [27] and hybridized with strand-specific digoxi-
genin-labeled RNA probe as per manufacturer’s protocol
(Roche Applied science, USA). Quantitative real-time PCR
was performed with gene-specific primers using SYBR
Green Master Mix in Step One Thermal Cycler (Applied
Biosystems). 5S rRNA was used as internal control. The
primers used are listed in Table 2.

Measurement of biofilm formation

Biofilm production was assessed using a semiquantita-
tive adherence assay in 96-well microtiter plates [29] with
some modifications. Overnight grown cultures were diluted
~1:100 in LB with 2 % glucose. Diluted cells (200 ul) hav-
ing similar OD were seeded onto microtiter plates and
incubated at 37 °C for 24-48 h. Adherent cells were stained
with 1 % crystal violet for 45 min, washed with PBS and
dissolved in 200 pl of 33 % glacial acetic acid. The absorb-
ance of each well was measured at ODs;,. Each strain was
tested in four replicates.

Biofilm formation and clumping of cells were also
examined by confocal laser scanning microscope (CLSM).
Cells grown in 2 % glucose were allowed to adhere on
glass cover slide, fixed, labeled with FITC (0.001 %) and
imaged [30]. Clumping of cells was assessed by labeling
the cell suspension with FITC (0.001 %).

Assay of alpha and delta hemolysis

Delta hemolysis was assayed by spectrophotometer using
the modified protocol [31]. Culture supernatants (400 ul)
collected from the late exponential phase of S. aureus were
subjected to heat treatment at 100 °C for 45 s to inacti-
vate other hemolysins [32] and incubated with 10° human
RBCs at 37 °C for 1 h. Samples were then centrifuged
at 10,000 rpm for 5 min. The released hemoglobin in the
supernatant was measured at ODs,; with PBS as blank.
Alpha hemolysis was assayed on rabbit RBCs in PBS (pH
7.2) containing 0.1 % bovine serum albumin (Sigma) with-
out heat treatment of the enzyme source [33, 34] and meas-
ured at ODy¢.

Protein precipitation and 2D gel electrophoresis

Extracellular protein from the stationary phase culture
(ODgq 13.0) grown in Todd Hewitt broth was precipitated
using chloroform—methanol, dissolved in 6 M urea and
quantified using Folin—-Lowry method. Isoelectric focus-
ing was performed on 7-cm-long ready strips of pl 4-7

@ Springer

(Bio-Rad), with 25 ug protein samples for a total of 15 kVh
at 20 °C. Further the IPG strips were equilibrated and run
on SDS-PAGE. Protein spots were cut and analyzed using
LC—mass spectrometry (C-CAMP, Bangalore, India).

In vitro transcription and gel mobility shift assay

DNA template of SprX1 carrying T3 promoter was gen-
erated by PCR amplification from plasmid clones. The
mRNA targets HId_;5 , ;30 and CliB,gg; (, 2753 and
the nonspecific RNA gene PhrD gene were PCR-amplified
and cloned in pBSKS™. DIG-labeled sSRNA SprX1, unla-
beled mRNA HId, CIfB and PhrD transcripts were gener-
ated from the above templates using T3/T7 RNA polymer-
ase (Roche, Germany) yielded 150, 255, 231 and 182 nts,
respectively, and used for interaction studies in gel mobil-
ity shift assay. The transcripts were denatured at 65 °C for
10 min before using for binding assays. DIG-labeled sSRNA
SprX1 was incubated with increasing amounts of unla-
beled mRNAs in 1x TMN RNA binding buffer [20 mM
tris acetate (pH 7.6), 5 mM magnesium acetate, 100 mM
sodium acetate]. RNA-RNA duplex formation was allowed
at 37 °C for 30 min. Samples were run on native 6 % poly-
acrylamide gel, electroblotted and detected by anti-digox-
igenin according to manufacturer’s instructions (Roche,
Germany). Nonspecific, unrelated PhrD RNA from Pseu-
domonas aeruginosa was used for competition assays.

Animal model of infection

Groups of three female BALB/c mice of eight weeks old
were infected with different constructs of S. aureus New-
man by intravenous injection of 10” cells for sepsis model
of infection [8]. Uninfected mice, injected with phosphate-
buffered saline (PBS), served as negative controls. Mice
were killed after 7 days of infection and assessed by clini-
cal signs, measurement of body weight and biochemical
markers such as blood urea nitrogen (BUN), creatinine,
serum glutamic oxaloacetic acid transaminase (SGOT) and
serum glutamic pyruvic transaminase (SGPT). Kidneys of
the infected mice were excised, homogenized with sterile
PBS with 0.1 % Triton X-100, and bacterial loads were
enumerated by plating serial dilutions on mannitol salt
agar. The results are represented as dot blots, and statistical
analysis was done using two-way ANOVA to interpret the
data.

Microbial growth curve analysis with altered level
of SprX1

Growth rates were measured at ODy,. All experimental data
were normalized for mg/ml cell protein to account for the
difference in growth rates. 5S rRNA was used as an internal
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Fig. 1 Location, structure and
target base pairing of SprX1
RNA. a Schematic representa-

a 154 nt 154 nt 156 nt
363398-363552 1980513 -1980666 2091545-2091700
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tion of the genetic organiza-
tion of sprX loci in S. aureus
Newman. The size, orientation, b
ORF genes flanking the SRNA
and its respective coordinates
are indicated in bold. HP1 and
HP?2 are different hypothetical
proteins, PA phage amidase,
TA truncated amidase and sak
Staphylokinase. b Secondary
structure of SprX1 using mfold
program. Individual stem loops
are marked. ¢ Potential base
pairings of target mRNAs with
SprX1

361736 -363191

stem loop 2

-~

stem loop 1 {/
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control in real-time PCRs. Growth curves for all construct
strains are shown in the supplementary file Fig. S3.

Results
In silico characterization of SprX

The sRNA SprX, originally identified in methicillin-resist-
ant Staphylococcus aureus N315 strain [7] is conserved
among several staphylococcal strains and phages. The
SprX in most of the strains varies in length (149-157 nt)
with 1-2 copies, except S. aureus Newman which con-
tains three chromosomal copies [11]. Comparative multi-
ple sequence alignment of SprX in Newman with other S.
aureus strains is given in the supplementary file (Fig. S1A).
The 156 nt long SprX1 in Newman differs from the 154
nt SprX2 and SprX3 by 6 nt (Fig. S1B). SprX1 is flanked
by genes encoding staphylokinase and truncated amidase,
while both SprX2 and SprX3 show 100 % similarity and
are flanked by phage amidase and hypothetical protein
(Fig. 1a). The secondary structure of SprX1 is character-
ized by four stems and U-rich loops. Prediction by Tar-
getRNA and RNA predator programs revealed possible
interaction at stem loop 2 (Fig. 1b) with multiple mRNA
targets (Fig. 1c). A list of putative targets of SprX1 is given
in the supplementary file (Table S1). The targets selected
for further analysis in this study include delta hemolysin
(HId), clumping factor B (CIfB), immunoglobulin binding
protein (Sbi) and staphylocoagulase (Coa).

364326- 365152
-
K“E
.
? %

stem loop 3

1979699 -1979861 1980874 - 1982329 2091215 -2091470 2091997 -2092489
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Fig. 2 Expression analysis of SprX. a Overexpression of SprX1 in
S. aureus Newman in northern blot hybridized with strand-specific
DIG-labeled SprX RNA probe. pMNSprX, pCN40: overexpression
and control vector. —/+ indicates uninduced and induced with 0.5 pg/
ml of methicillin. b sprXI::kan, Newman: disruption and wild-type
strain. Loading control shown are 23S and 16S rRNA

SprX1 overexpression and disruption

SprX1 in S. aureus Newman was cloned along with its
endogenous promoter and overexpressed in a multicopy
vector bearing a methicillin-inducible PblaZ [35]. How-
ever, poor expression was seen from PblaZ promoter under
methicillin induction and maximum expression of SprXl1
was detected as a 146 nt RNA from the endogenous pro-
moter in stationary phase cultures (Fig. 2a). Weak expres-
sion from PblaZ was seen as a 415-nt transcript. Strain
bearing vector pCN40 served as the control.
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Fig. 3 Expression of predicted targets under altered levels of SprX1
in S. aureus Newman. a qRT-PCR analysis of expression of target
genes in control (pCN40), SprX1 overexpression (pMNSprX) and
disruption (sprX1::kan) expression. clfB—clumping factor B, hld—
delta hemolysin, coa—staphylocoagulase and sbi—immunoglobu-
lin binding protein. Asterisks represent significant statistical differ-
ences determined for each of the genes compared with the vector
control by using two-way ANOVA ***(P < 0.001), *(P < 0.05) and
**(P < 0.01). b Spectrophotometric assay of delta hemolysis from

Chromosomal sprX1 was disrupted by introducing kana-
mycin-resistant gene close to the promoter (as in materials
and methods) and subsequent homologous recombination.
Southern blot and PCR analysis confirmed the disruption
in the few mutants selected, by an increase in 1.4 kb in the
sprX1 (Fig. S2A and S2B). The absence of sprX1 expres-
sion was confirmed in northern blot analysis, although both
the wild-type and disruption strains expressed an additional
100-nt transcript which could have arisen from the addi-
tional gene copies of sprX (Fig. 2b).

SprX1 influences increased production of hemolysins
and biofilm

In silico analysis indicated that SprX1 interacts with 26
nucleotides in the 5 untranslated region (UTR), Shine-Dal-
garno (SD) sequence and AUG codon of the mRNA encod-
ing delta hemolysin and a 14-nucleotide stretch within the
3’ coding region of clumping factor B mRNA (Fig. 1c).
Delta hemolysin, an extracellular cytotoxin produced at the
late exponential phase [36], is transcribed within another
regulatory small RNA, RNAIII serving as a marker for its
activity [37].

Overexpression of SprX1 resulted in a 1.5-fold increase
in Hld mRNA in real-time PCRs, whereas it was downreg-
ulated in the disruption strain (Fig. 3a). The increase in Hld
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culture supernatants on human RBCs. ¢ Spectrophotometric assay
of alpha hemolysis from culture supernatants on rabbit RBCs. Aster-
isks represent the significant statistical differences of P < 0.0001
and P < 0.0014, respectively, for b and ¢ when each construct was
compared with the vector control as determined by one-way ANOVA.
pCN40, pMNSprX, sprXI::kan, sprXI::kan + pMNSprX:, control
vector, overexpression, disruption and the complemented sprX/ con-
structs

transcripts was also paralleled by a 72 % increase in hemol-
ysis of human RBCs (Fig. 3b). A primer pair corresponding
to HId mRNA and 3’ end of RNAIII (Table 2) was used for
their simultaneous and coupled detection. This increase in
RNAIII was also reflected by a 32 % increase in the activ-
ity of alpha hemolysin (Fig. 3c) which is one of its well-
studied targets [38]. The increased alpha hemolysis on rab-
bit RBCs is an indirect evidence for the stability of RNAIII
transcripts in the presence of SprX1. Complementation of
overexpression plasmid pMNSprX in the sprX/ disrup-
tion mutant strain resulted in restoration of delta and alpha
hemolysis activities (Fig. 3b, c).

Several functionally diverse proteins such as CIfB, glu-
cosaminidase, IsdA, IsaA, SACOLO0688 and nuclease have
been detected in biofilms of S. aureus strains [39]. Clump-
ing factor B (CIfB) mRNA which was predicted as one
of the targets of SprXl in this study exhibited 2.24-fold
increased levels under the overexpression of SprX1 while
it was 0.7-fold of the control when the chromosomal sprX1
was disrupted, as quantified by real-time PCR (Fig. 3a).
Further, the increase in clumping factor B was in co-rela-
tion by a 40 % enhancement in the levels of biofilm forma-
tion by microtiter plate assay (Fig. 4). Complementation by
SprX1 partly restored the biofilm in the sprXI disruption
strain. This relative increase in CIfB which is required in
the early phase of staphylococcal dissemination in the host
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Fig. 4 Influence of SprX1 on biofilm formation. Microtiter plate
assay of biofilm formation in S. aureus Newman bearing dif-
ferent constructs of SprX: control (pCN40), SprX1 overexpres-
sion (pMNSprX), disruption (sprXl::kan) and complemented
sprX1 (sprXl::kan + pMNSprX) constructs. Statistical difference
*(P < 0.0001) between the constructs was determined by using one-
way ANOVA in comparison with the vector control

Fig. 5 Confocal laser scanning microscope (CLSM) images of bio-
films and clumped cells. Series 1 in upper panels show the biofilm
formation on the cover glass slip. Series 2 in lower panels illustrate

[40, 41] suggests that SprX1 may support colonization of S.
aureus during infection.

The cells overexpressing SprX1 also exhibited an
increased adherence resulting in a dramatic increase in the
biofilm formation, when tested on the glass cover slip, in
comparison with the non homogenous film formed by the
control strain (Fig. 5al, bl, cl). Further, confocal micros-
copy of planktonic culture grown in 2 % glucose demon-
strated aggregates of each 4-8 cells as compared to the
strain bearing disruption or the control, both of which had
uniformly dispersed single cells (Fig. 5a2, b2, c2). Collec-
tively, these results indicate that increased dose of SprXl1
contributes the cell to cell interaction leading to intercel-
lular aggregation and biofilm phenotype.

In vitro interactions of SprX1 and target mRNAs

The interaction of computationally predicted specific tar-
get sequences in Hld and CIfB mRNAs with SprX1 was
tested by in vitro gel mobility shift experiments. Target
RNA sequences corresponding to the interaction region

o . . % - .
. o

the clumping of cells in culture suspension of different constructs a
control (pCN40), b SprX1 overexpression (pMNSprX) and ¢ disrup-
tion (sprX1::kan) of S. aureus Newman, respectively
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were produced by in vitro transcription using T3/T7 poly-
merase from cloned and amplified genes. Higher molecular
weight complex was observed, with DIG-labeled 0.5 pmol
of SprX1 and unlabeled mRNAs in the range of 0.5-
2.5 pmol. With the 5 UTR and initial stretch of the cod-
ing sequence of the Hld mRNA interaction was best at the
maximum concentration of 2.5 pmol tested (Fig. 6a), which
is in agreement with the bioinformatic analysis. However,
weak interaction with CIfB was observed at the molar ratio
of 1:3 pmol (Fig. 6b). The addition of excess of unlabeled
nonspecific competitor PhrD RNA of Pseudomonas origin
did not affect the duplex formation of either SprX1/Hld or
SprX1/CIfB mRNA pairs in mobility shift assays.

SprX1 downregulates the expression
of immunodominant antigen A

Altered regulation of SprX1 resulted in differential expres-
sion of several proteins in 2D electrophoresis. Out of more
than 10 differentially regulated proteins, spots marked 1-7
in Fig. 7 were found to be upregulated and spots number
8-12 were downregulated in strains overexpressing SprX1.
The downregulated protein spots 8—11 were identified by
nano-LC-MS/MS as pl variant isomers (pl 4.5, 4.8, 5.12
and 5.7) of immunodominant antigen A (IsaA), an extracel-
lular protein of 29 kDa.

1 2 3 4 5

al a2 —
= AEATA | H H
05 10 15 20 25
1 2 3 4 5 6

b1 b2 —

SprX1 enhances the virulence of S. aureus in mice
model of infection

SprX1 enhanced the virulence of S. aureus in mice model
of infection. When mice were challenged with strains
expressing altered SprX1 levels, the overexpression strain
was found to be more pathogenic in comparison with the
strains bearing control pCN40 or the disruption. Animals
infected with overexpression strain exhibited multiple
abscesses and discoloration in the kidneys, lungs, heart,
liver and spleen (Fig. 8) and also showed increased lev-
els of BUN (Fig. 9a), creatinine kinase (Fig. 9b), SGOT
(Fig. 9¢), SGPT (Fig. 9d) which serve as pathophysiologi-
cal markers. Bacterial load was markedly high in the kid-
ney of mice infected with the overexpression than any other
strains (Fig. 9e). These results indicate that SprX1 is essen-
tial for the virulence of S. aureus Newman.

Discussion

The small RNAs SprD [8], SprAl/SprAl,g (antisense of
SprAl) [9], SprG/F [14] and SprC [15] which are expressed
from the pathogenicity island of S. aureus have significant
impact on virulence by modulating the expression level of
target mRNAs through various networks. The sSRNA SprX
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Fig. 6 Interaction of SprX1 with HId/CIfB mRNAs. In vitro-tran-
scribed DIG-labeled SprX1 (0.5 pmol) incubated with unlabeled Hld/
CIfB RNA at 37 °C for 30 min. al Unlabeled SprX1 and Hld run on
6 % native PAGE gel, a2 lanes 1-5 complex formation of SprX1 with
increasing concentrations of Hld mRNA: 0.5, 1.0, 1.5, 2.0, 2.5 pmol,
respectively, lane 6 SprX1 alone, a3 Hld (2.0, 2.5 pmol) and SprX1
(0.5 pmol) interaction under ten fold excess of nonspecific unlabeled
competitor PhrD RNA with no reduction in complex formation. b1
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Unlabeled SprX and CIfB run on 6 % native PAGE, b2 lane 1 SprX1
alone, lanes 2—6 complex formation of SprX1 with increasing con-
centrations of CIfB mRNA: 0.5, 1.0, 1.5, 2.0, 2.5 pmol, respectively,
b3 CIfB (1.5, 2.0 pmol) and SprX1 (0.5 pmol) interaction under
tenfold excess of nonspecific unlabeled competitor PhrD RNA with
no reduction in complex formation. —/+ indicates the presence and
absence of PhrD
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a

Fig. 7 Two-dimensional gel electrophoresis of proteins from S.
aureus Newman strains with altered expression of SprX1. a SprX1
overexpression (pMNSprX) and b control (pCN40). Spots 1-7 and
8-12 indicate the upregulated and downregulated proteins respec-

Kidney

Fig. 8 Morphological features of infected organs of mice with
altered strains of S. aureus Newman. Organs of mice infected with
overexpression of SprX1 shows multiple abscess formation in kidney

which is also encoded in the pathogenicity island of S. aureus
Newman was characterized in this work for its functional sig-
nificance. Previously, SprX has been reported to affect the

e

tively, under SprX1 overexpression. The downregulated protein spots
8-11 were identified as pl variant isomers (pl 4.5, 4.8, 5.12 and 5.7)
of 29-kDa immunodominant antigen A (IsaA)

Spleen

and discoloration of lungs, liver, heart and spleen. a Uninfected, b
vector control (pCN40), ¢ SprX1 overexpression (pMNSprX), d dis-
ruption (sprX1::kan)

expression of DNA binding protein spoVG that regulates bac-
terial resistance in the strain S. aureus HGOO1 [11]. The evi-
dence presented in this work is the first direct demonstration
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Fig. 9 Virulence studies in mice model of infection of S. aureus
Newman with altered levels of SprX1. Biochemical parameters: a
blood urea nitrogen (BUN), b creatinine kinase, ¢ serum glutamic
oxaloacetic acid transaminase (SGOT) and d serum glutamic pyru-
vic acid transaminase (SGPT). e bacterial counts from kidneys. Mice

of its involvement in the regulation of pathogenicity factors as
targets in the clinical isolate S. aureus Newman.

The poor expression of SprX1 from blaZ promoter in
the overexpression construct was not anticipated. However,
high expression of the intact RNA from the endogenous
promoter in the multi-copy clone resulted in sufficient fold
increase to make comparisons.

The identification of clumping factor B and delta hemo-
lysin as new targets and the subsequent observation of their
upregulation by SprX1 in real-time PCRs and physiological
assays leading to increased pathogenicity have ascertained
the functional significance of this RNA. The presence of
hld gene within the other regulatory RNA, RNAIII makes it
serve as a biomarker of RNAIII [37], which contributes to
regulation of bacterial adhesion and invasion of epithelial
cells [42]. SprX1 may exert its effect in influencing both
HId and RNAIII levels. It is reported that intramolecular
base pairing of 5’ and 3’ end of RNAIII blocks the ribo-
somal binding site of Hld mRNA [43]. The interaction of
SprX1 with the RNAIII in this region possibly may release

@ Springer

were infected with S. aureus Newman strain bearing vector control
(pCN40), overexpression (pMNSprX) and disruption (sprXI::kan).
Asterisks represent significant statistical differences determined for
each of the parameters compared with the vector control by using
two-way ANOVA ***(P < 0.001), **(P < 0.01) and *(P < 0.05)

this intramolecular base pairing leading to changes in the
secondary structure and allowing the ribosome to bind for
effective translation.

One of the major defense mechanism of Staphylococcus
aureus is the capacity to form biofilms. Staphylococcal bio-
film formation often occurs on medical implants [44] which
are in direct contact with blood. SprX1 reported here is the
third SRNA to be involved in biofilm formation in addition
to RsaA [12] and RNAIII [45-47] in S. aureus. Clumping
factor B is one of the biofilm-associated genes required
for the early stage of biofilm formation [39, 48, 49]. The
marked increase in biofilm formation under the overexpres-
sion of SprX1 could be partly attributed to increased levels
of CIfB. In addition, SprX might mediate its effect on bio-
film by increasing the stability of RNAIII which has been
reported to influence biofilm structuring and dissemination
[46, 47]. Several small RNAs such as OmrA/B, Qrrl-4,
ArcZ and PhrS have been reported to be involved in bio-
film formation and mediating the switching of planktonic
cells to surface-mediated growth in other bacteria such as
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E. coli, Vibrio cholera, Salmonella typhimurium, Pseu-
domonas aeruginosa, respectively [45]. Biofilm formation
is known to help the bacterium to circumvent host immune
response and protect it from phagocytosis [50]. It is really
interesting to look how SprX influences the regulation of
another noncoding RNA such as RNAIII which is involved
in the expression of several virulent targets.

The differential expression of several proteins was
observed in two-dimensional gel electrophoresis which indi-
cates that SprX1 may also function as an indirect regulator.
One among them is the immunodominant antigen A (IsaA),
which was found to be downregulated under the overexpres-
sion of SprX1. IsaA is highly antigenic and act as a better vac-
cine against disease [51, 52]. It also has lytic trans-glycosylase
activity which promotes autolysis and regulates clumping
of cells, thereby playing an important role in staphylococcal
growth and survival. IsaA reduces the biofilm formation [53].
It is also reported that inactivation of isaA resulted in increased
colonization of S. aureus [52, 54]. Thus, the downregulation of
immunodominant antigen A by SprX1 reinforces the involve-
ment in clumping and colonization of S. aureus.

Further, the reduced expression of virulent targets as
well as the decreased virulence in mice was observed in
the single sprX1 disruption mutant. Variation of SprX2 and
SprX3 from SprX1 in six nucleotides resulted in poor inter-
action with the same targets in bioinformatic analysis (Fig.
S4), thereby signifying the role of SprX1 among the three
copies in regulating the pathogenicity. Although the immu-
noglobulin binding protein (Sbi) and staphylocoagulase
(Coa) were among the bioinformatically predicted targets,
there was no correlation in their expression with respect
to SprX1 levels. The RNA interaction studies reinforce
delta hemolysin and clumping factor B as direct targets of
SprX1. Taken together all these results, SRNA SprX1 in our
study appears to be of great importance in maintaining the
virulence of S. aureus Newman.
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