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Abstract

The Clp ATPases (Hsp100) constitute a family of closely related proteins that have protein reactivating and remodelling
activities typical of molecular chaperones. In Staphylococcus aureus the ClpX chaperone is essential for virulence and for
transcription of spa encoding Protein A. The present study was undertaken to elucidate the mechanism by which ClpX
stimulates expression of Protein A. For this purpose, we prepared antibodies directed against Rot, an activator of spa
transcription, and demonstrated that cells devoid of ClpX contain three-fold less Rot than wild-type cells. By varying Rot
expression from an inducible promoter we showed that expression of Protein A requires a threshold level of Rot. In the
absence of ClpX the Rot content is reduced below this threshold level, hence, explaining the substantially reduced Protein A
expression in the clpX mutant. Experiments addressed at pinpointing the role of ClpX in Rot synthesis revealed that ClpX is
required for translation of Rot. Interestingly, translation of the spa mRNA was, like the rot mRNA, enhanced by ClpX. These
data demonstrate that ClpX performs dual roles in regulating Protein A expression, as ClpX stimulates transcription of spa
by enhancing translation of Rot, and that ClpX additionally is required for full translation of the spa mRNA. The current
findings emphasize that ClpX has a central role in fine-tuning virulence regulation in S. aureus.
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Introduction

Staphylococcus aureus is an opportunistic pathogen capable of

causing a variety of diseases in humans, ranging from localized

infections of skin and soft tissue to life-threatening systemic

infections [1]. The pathogenicity of S. aureus relies on a wide array

of surface-bound and secreted virulence factors that provide the

bacterium with the ability of tissue binding, tissue destruction, and

immune evasion [2]. These virulence factors are coordinately

produced in a growth phase dependent manner. The cell-surface

associated factors are primarily expressed during exponential

growth phase, whereas expression of the secreted factors is induced

upon transition to stationary phase. Central for this regulation is

the quorum sensing agr locus [3].

Protein A is a major surface bound virulence factor found in all

examined strains of S. aureus [4]. It is well-known for its ability to

bind the Fc-region of IgG from several mammalian species [5].

Additionally, Protein A can bind von Willebrand factor, and is

capable of inducing inflammatory responses in the host [5,6].

Accordingly, the importance of Protein A in infections has been

demonstrated in several animal models [7–9].

Expression of Protein A is regulated by growth phase and is

controlled by complex regulatory networks acting at both the

transcriptional, translational and post-translational levels [10–13].

The complex regulation of Protein A expression has been

schematically depicted in Fig. 1. At the pinnacle of this regulatory

network is the Agr quorum sensing system reviewed in [14]. The

effector molecule of the agr quorum sensing system is RNAIII, a

small regulatory RNA that is strongly induced in the post-

exponential growth phase [14]. RNAIII is 514 nucleotides long

and folds into a complex secondary structure comprising 14 distinct

stem-loops [15]. Recent evidence supports that RNAIII fulfils its

role as a global virulence regulator primarily by controlling

translation of target genes [12,16–18]. In regard to Protein A

expression, RNAIII acts both directly and indirectly to reduce

synthesis of the protein. Directly, RNAIII down regulates expression

of Protein A by binding to the spa mRNA [12]. This binding reduces

Protein A synthesis at two levels, as it both inhibits translation and

promotes degradation of the spa mRNA [12]. Indirectly, RNAIII

reduces transcription of spa by inhibiting translation of Rot [17]. As

illustrated in Fig. 1, Rot activates spa transcription directly by

binding to the spa promoter, and additionally, by enhancing

transcription of sarS, encoded directly upstream of spa [11,13].

Similar to Rot, SarS activates spa transcription through direct

interactions with the spa promoter region [10,11,13,19]. The

activator activities of Rot and SarS are counteracted by the
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repressor SarA [10,13]. Present models suggest that SarS and Rot

act synergistically to promote spa transcription, whereas the

repressor SarA and the activator SarS compete for overlapping

binding sites in the spa promoter [10,11,13].

We recently revealed an additional layer of regulation by

showing that the levels of spa transcript and Protein A were

severely reduced in mutants lacking ClpX [20,21]. Notably, we

additionally showed that the clpX gene is essential for virulence of

S. aureus [21]. The ClpX protein belongs to the family of closely

related Clp ATPases that function as molecular chaperones

[22,23]. Additionally, ClpX can interact with the unrelated ClpP

peptidase forming a proteolytic complex [24–26]. In the ClpXP

protease, ClpX serves to specifically recognize and subsequently

unfold and translocate the substrate into the ClpP proteolytic

chamber for degradation [24,26–28]. Interestingly, we found that

Protein A expression was un-affected by the absence of ClpP

[20,21]. We therefore hypothesized that it is the ClpP independent

chaperone activity of ClpX that is required for synthesis of Protein

A. Further genetic analyses indicated that ClpX stimulates spa

transcription by controlling either activity or synthesis of the

transcriptional regulator Rot (Fig. 1) [20,21]. The present study

was undertaken to elucidate the molecular mechanism by which

ClpX regulates Protein A expression. Here, we report that

expression of Protein A requires a threshold level of Rot. In the

absence of ClpX, the Rot content is below this threshold level

resulting in lack of Protein A expression. An important finding is

that ClpX enhances expression of Rot at the level of translation,

and that ClpX additionally enhances translation of the spa mRNA.

Hence, ClpX performs dual roles in regulating Protein A

expression, as ClpX stimulates transcription of spa indirectly by

enhancing translation of Rot and additionally enhances translation

of the spa mRNA.

Materials and Methods

Bacterial strains and growth conditions
Bacterial strains and plasmids are listed in Table 1. S. aureus

8325-4 and SA564 were used as wild-type strains. As primary

recipient for plasmids the restriction deficient strain S. aureus

RN4220 [29,30] was used. S. aureus strains were grown in

Tryptic Soya Broth media (TSB; Oxoid) under vigorous

agitation (200 rpm) at 37uC. Usually 20 ml of medium was

inoculated in 200 ml flasks to allow efficient aeration of the

medium. For solid medium, 1.5% agar was added to give TSA

plates. Erythromycin (5 mg ml21), chloramphenicol (5 mg ml21),

or tetracycline (5 mg ml21) was added as required. Upon receipt

of the low-passage isolate SA564 (from G. Somerville) the strain

was cultured once and stored frozen at 280uC. In all

experiments we used SA564 streaked freshly from this stock.

Escherichia coli strains Top10, Top10F’ or StrataClone Solopack

Competent Cells were used for DNA cloning and were grown in

Luria–Bertani (LB; Oxoid) broth or on LB agar plates at 37uC.

Tetracycline (10 mg ml21), kanamycin (50 mg ml21), chloram-

phenicol (35 mg ml21) or ampicillin (50 mg ml21) was added as

required.

Plasmid and strain construction
SA564DclpX. For construction of SA564DclpX, pSaDclpX

from RN4220 [21] was electroporated into competent SA564 cells

at 30uC as described in [31]. A strain containing a 655 bp in frame

deletion in the clpX gene was obtained by allelic replacement as

described in [21], except that the final plasmid-loss was performed

at 37uC. Verification of the chromosomal clpX deletion was done

as described in [21].

Restoration of the chromosomal clpX locus in 8325-
4DclpX and SA564 DclpX

As we were unable to clone an error-less clpX gene in E. coli an

alternative strategy was employed to complement the clpX deletion

in 8325-4 and SA564:

In the course of attempting to create a clpX deletion in the

strain Newman following the same procedure as described in

the present manuscript and in [21], we obtained the desired

chromosomal deletion of clpX (D. Frees, unpublished data).

However, following replacement recombination these colonies

Figure 1. Model depicting the regulatory network controlling Protein A expression. Transcription of spa is positively regulated by the
transcriptional activators Rot and SarS and negatively regulated by SarA [10,11,13,41]. Translation of spa and rot mRNAs is inhibited by RNAIII [12]. We
hypothesized that ClpX stimulates Protein A expression by stimulating either synthesis or activity of Rot (indicated by the dotted arrow). See text for
further details. Solid arrows indicate activation, while solid T-bars indicate repression. Proteins are indicated by spheres. mRNAs are indicated by wavy
lines. Promoters are indicated by bent arrows.
doi:10.1371/journal.pone.0012752.g001
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still maintained a plasmid-borne copy of the intact clpX gene (and

its promoter). This plasmid was transformed into SA564 and

8325-4, and used to restore the chromosomal clpX locus by doing

the same double cross-over procedure as initially used to create

the clpX deletion [21]. Colonies containing an intact chromo-

somal copy of the clpX gene were identified by colony PCR using

the primers SaclpX385f (59-GACGATGCAGAACAACGTG)

and SaclpX2447r (59-CCATACCCTGGAACATCCAC), and

subsequently plasmid loss was achieved by growing at the non-

permissive temperature.

Table 1. Bacterial strains and plasmids used.

S. aureus strains Relevant genotype Reference

8325-4 Reference strain [29]

RN4220 Restriction-deficient mutant of 8325-4 [30]

RN6911 8325-4, agr::tetM (TetR) [46]

HI2209 8325-4:: DclpX [21]

WA525 8325-4, rot::erm [11]

HI2433 8325-4, rot::TN917 [47]

DF2269 8325-4:: DclpX, agr::tetM (TetR) [20]

LJ93 8325-4/pLOJ132, (ErmR) This work.

LJ97 agr/pLOJ132, (ErmR) (TetR) This work.

LJ94 DclpX/pLOJ132, (ErmR) This work.

LJ135 DclpX; agr/pLOJ132, (ErmR) (TetR) This work.

LJ98 8325-4/pLOJ133, (ErmR) This work.

LJ102 agr/pLOJ133, (ErmR) (TetR) This work.

LJ99 DclpX/pLOJ133, (ErmR) This work.

LJ133 DclpX; agr/pLOJ133, (ErmR) (TetR) This work.

LJ113 8325-4/pLUG520, (ErmR) [12]

LJ117 agr/pLUG520, (ErmR) (TetR) [12]

LJ115 DclpX/pLUG520, (ErmR) This work.

LJ121 DclpX; agr/pLUG520, (ErmR) (TetR) This work.

HI2438 8325-4, hfq mutant (CamR) This work.

LJ118 WA525/pWA163. This work.

SA564 Clinical isolate [37]

HI2781 SA564:: DclpX This work.

HI2870 8325-4:: DclpX+clpX This work.

HI2871 SA564:: DclpX+clpX This work.

E. coli strains

Top10 Cloning strain Invitrogen

Top10F’ Cloning strain Invitrogen

ER2566 Protein expression strain NEB

Strataclone cells Cloning strain Stratagene

Plasmids

pET28a+ His-tag vector (KanR) Novagen

pET100/D His-tag vector (AmpR) Invitrogen

pRMC2 shuttle-vector with tet-inducible promoter (CamR) [32]

pLOJ104 pET28a+ derivative with rot -his6, (KanR) This work.

pET100clpX pET100/D-derivative with clpX-his6, (AmpR) This work

pLUG520 PrpoB:spa lacZ translational fusion, (ErmR) [12]

pLOJ132 PrpoB::rot lacZ translational fusion, (ErmR) This work

pLOJ133 PrpoB:: lacZ transcriptional fusion, (ErmR) This work

pUC19 E. coli cloning vector (AmpR) This work

pLOJ131 PrpoB:rot lacZ fusion in pUC19 (AmpR) This work

pWA163 PxylA:rot (TetR) [11]

pASrot PtetO::rot (anti-sense) (CamR) This work

doi:10.1371/journal.pone.0012752.t001
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Construction of pASrot expressing anti-sense rot from an
inducible promoter

To vary the Rot content in SA564 we used the expression vector

pRMC2 [32]. This plasmid harbors an improved copy of the tetO

promoter in pALC2073 that ensures complete repression when

non-induced and high expression when induced by anhydrote-

tracycline. The rot gene was PCR-amplified from 8325-4

chromosomal DNA using the primers KpnI-rotF (59-TTAC-

CATGGTACC ATTGGGAGATGTTTAGCATG) and SacI-

rotR (59-ACATCAGAGCTC CCAACGTAATCATGCTCCAT)

which, except for the added restriction sites (underlined), are the

same primers that J. Oscarsson used to clone rot in pWA163 [11].

The PCR-fragment was TOPO-cloned (Invitrogen), and after

confirming that the resulting plasmid contained an error-less rot-

gene, it was cloned into pRMC2 in the anti-sense orientation using

SacI and EcoRI. The plasmid was first introduced into RN4220,

purified from this strain using the Qiagen Plasmid Midi prep kit

and then introduced into SA564 by electroporation as described

by [31].

pLOJ132. A fragment containing the rpoB-promoter region,

the first part of the rpoB-leader, but leaving out the Shine-Dalgarno

and startcodon was PCR amplified using the primers Prpofwd (59-

AATGAATTCGTAAAGGAAAGTGATGC-39) and PrpoRevNy

(59-TCAGGTACCAAAAATTATGTGATCCGCTTTTAGC-

39), digested with EcoRI and KpnI and inserted into pUC19

generating pLOJ130. A fragment containing part of the rot-leader

[33] and the first 3 aa codons was PCR amplified using the

primers o-loj-rotmfwdny (59-GCGGTACCTTATGCATAAG-

TTAGCACATAC-39) and o-loj-rotmrev (59-GCGGA TCCT-

TTTTTCATGCTAAACATC-39), digested with KpnI and BamHI

and inserted into pLOJ130 generating pLOJ131. Subsequently, an

EcoRI—BamHI-fragment from pLOJ131containing the PrpoB-rot-

leader was gel purified (GFX) and ligated into pLUG520 where

the PrpoB-spa-fragment had been excised using the same enzymes.

This resulted in pLOJ132; PrpoB-rot-leader translationally fused to

lacZ in a pLUG520 derivative.

pLOJ133. A fragment containing the rpoB-promoter region,

the rpoB-leader, and the Shine-Dalgarno and startcodon was PCR

amplified using the primers Prpofwd and PrpoRev2 (59-GC-

GGATCCTGCCAAACAGATTCAC-39), digested with EcoRI

and BamHI and ligated into pLUG520 where the PrpoB-spa-

fragment had been removed using the same enzymes. This

resulted in pLOJ133; PrpoB translationally fused to lacZ in a

pLUG520 derivative.

The plasmids were introduced into S. aureus strain RN4220 by

electroporation and purified using the miniprep kit from Omega.

The plasmid isolation procedure was modified by incubating the

cell suspension in solution I containing 50 mg ml21 lysostaphin

(Sigma) for 1 h at 37uC. The purified plasmids were subsequently

introduced into other S. aureus strains by electroporation.

Transductions were performed as described by [34] using Q11.

Overexpression and purification of Rot and ClpX His-
tagged fusion proteins and generation of anti-Rot- and
anti-ClpX antibodies

A fragment containing the full-length rot gene was generated by

PCR using primers o-loj-rot-7 (59-GGATTTCCATATGAA-

AAAAGTAAATAACGACACTG-39) and o-loj-rot-10 (59-GGG-

AATTCTTACACAGCAATAATTCGGTTTAAACTATTTT-

GC-39), digested with NdeI and EcoRI and cloned in-frame with six

N-terminal histidine codons downstream of the IPTG-inducible

T7 promoter of pET28a+ (Novagen) resulting in plasmid

pLOJ104. DNA sequence analysis was performed to verify the

construction and the absence of mutations. However, we were

unable to recover error-less clones and for the purpose of antibody

production we chose to continue with a clone containing a

mutation leading to an Ala129RArg substitution.

A fragment containing the full-length clpX gene was generated

by PCR using primers ClpX100fwd (59-caccATGTTTAAATT-

CAATGAAGATGAAGAAAATTTG-39) and ClpX100rev (59-

TTA AGCTGATGTTTTACTATTATTAATTAAATTGCC-

39), TOPO-cloned into pET100D/TOPO (Invitrogen) in-frame

with six N-terminal histidine codons downstream of the IPTG-

inducible T7 promoter resulting in plasmid pET100clpX. DNA

sequence analysis was performed to verify the construction and the

absence of mutations. However, we were unable to recover error-

less clones and for the purpose of antibody production we chose to

continue with a clone containing a single amino substitution.

To induce synthesis of the His-tagged Rot and ClpX proteins in

E. coli, ER2566/pLOJ104 and ER2566/pET100clpX were grown

in 2xLB to an OD600 of 1.0 and then induced by adding IPTG to

a final concentration of 1.0 mM for 2 h. The overexpressed

proteins were purified on a Nickel NTA resin as described by the

manufacturer (Qiagen) and 200 mg of pure protein was used to

immunize a rabbit (antibodies were produced by CovalAB

Company) using standard procedures (Sambrook et al., 1989).

Overexpression and purification of Hfq protein and
generation of anti-Hfq-antibodies

For purification of Hfq, the intein system (Impact-CN; New

England Biolabs) was used. Protein purification was performed as

described previously [35]. Anti-Hfq-antibody was produced by

Charles River Laboratories by immunizing rabbits with purified

Hfq protein. The specificity of the antibody was tested by Western

blot analysis on purified Hfq protein and protein extracts.

Western blotting
S. aureus strains were grown in TSB as specified above.

Exponential cells were harvested at OD600 = 1.0 (+/20.1), and

post-exponential samples at OD600 = 2.0 (+/20.1), or OD600 = 3.0

(+/20.1), and used for isolation of intracellular proteins. One ml

aliquots were harvested and kept at 280uC until all samples were

collected. The cell pellets were thawed on ice, resuspended in

50 mM TrisHCl, Ph = 7.4 to a calculated OD600 of 10.0. PMSF,

Dnase, Rnase and lysostaphin were added to the samples, and they

were incubated at room-temperature for 15 min. Cellular debris

was removed by centrifugation and the protein concentration of

each sample was measured using the Bradford dye-binding

procedure from Bio-Rad. For immunoblotting a total of 5 mg (or

10 mg for Hfq-immunoblotting) of each sample was loaded on

NuPAGEH 4–12% Bis-Tris gels (Invitrogen) using MOPS-Buffer

(Invitrogen). The proteins were blotted onto a polyvinylidene

difluoride membrane using the XCell II blotting module

(Invitrogen). The membranes were pre-blocked with IgG. The

Rot and ClpX proteins were probed using Rabbit-anti-Rot-

antibody or Rabbit-anti-ClpX-antibody at a 1:2000 dilution.

Protein A was probed using monoclonal Mouse-anti-Protein-A-

antibodies (Sigma) at a 1:10000 dilution. The Hfq protein was

probed using anti-Hfq antibodies at a 1:2500 dilution. Bound

antibody was detected with the WesternBreeze Chemiluminescent

Anti-Rabbit kit or Anti-mouse kit (Invitrogen). All Western blots

were repeated at least three times with similar results.

RNA extraction and Northern blot analysis
Cells were grown in TSB at 37uC with shaking to the indicated

OD600. 1 ml aliquots were harvested and immediately frozen and

ClpX Stimulates Translation
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stored at -80uC. Cells were lysed mechanically using the FastPrep

system (Bio101; Q-biogene), and RNA was isolated using the

RNeasy mini kit (QIAGEN, Valencia, Calif.) according to the

manufacturer’s instructions. Total RNA was quantified by

spectrophotometric analysis (l= 260 nm), and 5 mg of RNA of

each preparation was loaded onto a 1% agarose gel and separated

in 10 mM sodium phosphate buffer as described previously [20].

RNA was transferred to a positively charged nylon membrane

(Boehringer Mannheim) by capillary blotting as described by

Sambrook et al. Hybridization was performed according to [20]

using gene-specific probes that had been labeled with [32P]dCTP

using the Ready-to-Go DNA-labeling beads from Amersham

Biosciences. Internal fragments of the rot gene (amplified with the

primers o-loj-rot-7 and o-loj-rot-10), spa (amplified with the

primers described in [20]) or the rnalll gene (amplified with the

primers 5’- GATCACAGAGATGTTATGG + 5’-CATAG-

CACTGAGTCCAAGG) were used as template in the labeling

reactions. All steps were repeated in three independent experi-

ments giving similar results.

Measurements of b-galactosidase activity
Cells were grown in TSB as described above to the indicated

OD600. 1 ml aliquots were harvested and immediately frozen and

stored at 220uC. Cell pellets were resuspended in 300 ml 0.9%

NaCl containing 5 mg/ml lysostaphin and incubated at 37uC for

15 min until the samples became clear indicating lysis was

complete. Cellular debris was removed by centrifugation and the

samples were transferred to fresh tubes. The protein concentration

of each sample was measured using the Bradford dye-binding

procedure from Bio-Rad. Expression of b-galactosidase was

quantified by adding 400 ml Z-buffer contaning 1 mg/ml ONPG

to 100 ml of each sample as described previously [36]. Samples

were incubated at 37uC until the solution had become yellow or

not longer than 180 min. The reaction was stopped by adding

500 ml 1 M NaCO3 and b-galactosidase activity was measured at

OD420 and the specific activity (1 unit = 1 nmole o-nitrophenol

produced per min per mg protein) was calculated. All steps were

repeated in three independent experiments giving similar results.

Statistical analysis. All significant values were determined

using the 2 sample t-test with unequal variances. Error bars

represent standard deviations.

Results

Cells lacking ClpX contain reduced levels of the Rot
transcriptional regulator

Similar to the transcriptional regulator Rot, ClpX is required

for transcription of the spa gene, encoding Protein A [20,21].

Based on this observation we proposed that the chaperone activity

of ClpX is required either to activate Rot, or, to control expression

of Rot [20]. To estimate the level of Rot protein in the clpX mutant

cells, we prepared polyclonal antibodies against Rot. The Rot

antibodies were used to determine the relative amount of Rot

protein in wild-type cells and in cells carrying deletions in clpX,

clpP, or agr. As translation of the rot mRNA is inhibited by RNAIII

[17], the Rot level was assayed both in exponential growth phase

(prior to induction of RNAIII) and in post-exponential growth

phase (RNAIII induced) (Fig. 2). The anti-Rot antibodies

recognized a protein of the expected 16 kDa that was absent in

protein extracts derived from the rot mutant (Fig. 2A). In wild-type

cells the Rot protein was most abundant during exponential

growth phase (Fig. 2A), which is consistent with the inhibitory role

of RNAIII on rot translation [17,18]. In post-exponential cells the

Rot level was gradually reduced, reaching 75% and 50% of the

exponential level at OD600 = 2.0 and 3.0, respectively. In

accordance with the proposed model, the down regulation of

Rot was clearly dependent on agr. Interestingly, cells lacking ClpX

contained 2–3 fold less Rot protein than wild type-cells at all

assayed time-points (Fig. 2A). As restoration of the chromosomal

clpX locus, resulted in wild-type expression of both Rot and Protein

A we conclude that ClpX indeed has a stimulatory effect on Rot

synthesis (Fig. 2B and data not shown).

Figure 2. Expression of Rot is decreased in cells lacking ClpX. Proteins from wild-type, and clpX, rot, or agr mutant cells, (A), wt, clpX mutant
cells and clpX complemented clpX mutant cells (DclpX+clpX) (B), and wild-type and clpP mutant cells (C) were extracted from exponential (OD600 = 1.0
(+/20.1)) or post-exponential cells (OD600 = 2.0 (+/20.1) and OD600 = 3.0 (+/20.1) as indicated. In each blot extracted proteins were separated by SDS-
PAGE, blotted onto a PVDF membrane and probed with Rot antibody (A, B, central panel and, C) and ClpX antibody (B, upper panel). To visualize
equal loading, signals detected from non-specific binding of the Rot antibody to an unknown cellular protein are shown. The Rot protein levels in (A)
and (C) were quantified relative to the wild-type Rot level in exponential cells (100%) using NIH imageJ 1.40. The ClpX protein, Rot protein and
loading control protein levels in (B) were quantified relative to the wt level (100%) using Gene-snap from Perkin Elmer. The Western blots were
repeated in at least 4 independent experiments giving similar results.
doi:10.1371/journal.pone.0012752.g002
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The post-exponential down regulation of Rot was still observed

in the clpX mutant, indicating that the effect of ClpX and RNAIII

on Rot expression is mediated by different pathways. Moreover,

cells lacking clpP contained wild-type levels of Rot protein at all

assayed time-points (Fig. 2C), signifying that ClpX enhances Rot

expression independently of ClpP.

Expression of spa is activated above a threshold level of
Rot

After confirming that ClpX is required for full expression of

Rot, we examined whether the 2–3 fold reduction of the Rot level

can explain the dramatically reduced Protein A level of the clpX

mutant [20]. To control the Rot-level, we employed a rot mutant

that harbours a plasmid carrying the rot gene transcribed from a

xylose inducible promoter [11]. Protein samples were derived from

exponential cultures grown with varying amounts of xylose, and

were used for Western blot detection of Rot and Protein A. As

seen in Fig. 3, upper panel, Rot expression increased with

increasing concentrations of xylose, and with 4% added xylose the

Rot level approached the wild-type level. The experiment clearly

demonstrated that Protein A synthesis was dependent on the Rot

levels (Fig. 3, central panel). Specifically, Protein A expression

remained low until the level of Rot protein constituted

approximately 75% of the wild-type level. As Rot controls Protein

A synthesis at the level of transcription, this finding indicates that a

threshold concentration of Rot must be exceeded to obtain

induction of spa transcription. Importantly, in the clpX mutant, the

Rot level was below this threshold level (the level was comparable

to the Rot level in cells grown in the presence of 0.5–1% xylose).

Hence, this experiment confirms that the reduced level of Rot in

the clpX mutant can explain the severely reduced spa transcription

in this strain [20]. Additionally, our results suggest that Protein A

expression is regulated by a threshold mechanism.

The essential roles of ClpX and Rot in Protein A
expression are conserved in a clinical strain

The increasing focus on virulence gene regulation in clinical

strains has emphasized that regulatory models established in

laboratory strains may not be representative of the regulatory

mechanisms observed in clinical isolates [37–39]. To assess if the

role of ClpX in Rot and Protein A synthesis is conserved in clinical

isolates, we made the 651 bp in-fame deletion of the clpX gene in

the low-passage isolate SA564 derived from a patient with toxic

shock syndrome [37]. Expression of Protein A and Rot in the

SA564DclpX strain and SA564 wild type strain was compared

using Western blot analysis (Fig. 4A). Strikingly, the stimulatory

role of ClpX on Rot/ProteinA synthesis appears even more

pronounced in the SA564 background, as deletion of clpX in

SA564 substantially reduced (approximately 6 fold) the cellular

level of Rot, and concomitantly decreased spa transcription and

Protein A synthesis to less than 5% of the wild-type level (Fig. 4A).

Upon complementation of the clpX locus, Protein A and the Rot

level were returned to wild-type levels (Fig. 4B). We conclude, that

the positive roles of ClpX on Rot and Protein A synthesis are

conserved in a low-passage clinical strain, suggesting that the

underlying mechanism is conserved among S. aureus strains.

The SA564 strain expresses considerably more Protein A than

8325-4, and we therefore examined if Protein A expression is

dependent on a threshold-level of Rot, as was observed for 8325-4

(Fig. 3). To reduce the cellular Rot level in SA564, the rot gene was

cloned in the anti-sense orientation under control of the tetO

promoter in the expression vector pRMC2 (see Materials and

Methods for details; 32). As can be seen in Fig. 5, we could achieve

a minor reduction (2 fold at the highest concentration of

anhydrotetracycline) in the cellular Rot concentration by inducing

transcription of the rot anti-sense mRNA. Interestingly, this modest

reduction of Rot reduced expression of Protein A as much as 10

fold. This finding supports that below a threshold level of Rot,

Protein A synthesis is greatly reduced.

rot transcription is slightly reduced in clpX and clpP
mutant cells

We next attempted to pin-point the level at which ClpX

mediates its affect on Rot synthesis. We first examined if ClpX

controls Rot synthesis at the level of transcription. To this end,

Northern blot analysis was performed to determine the level of rot

transcript in exponential and post-exponential wild-type, clpP, and

clpX mutant cells (Fig. 6). The Northern blot revealed that both

clpX and clpP mutant cells contained rot-transcript levels that were

slightly reduced compared to wild-type levels. As described above,

the Rot protein level in the clpP mutant strain was comparable to

the wild-type level, suggesting that the reduced rot transcription in

clpX and clpP mutant strains is not reflected at the protein level.

The Northern blot also revealed that in all strains transcription of

rot increased in the post-exponential growth phase, as also reported

by others [18]. The post-exponential induction of rot transcription

occurs concomitantly with the down-regulation of Rot at the

protein level emphasizing the significance of posttranscriptional

regulation in Rot expression. From this experiment, we conclude

that ClpX controls Rot synthesis mainly at the post-transcriptional

level.

ClpX does not control Rot expression by stimulating
transcription of RNAIII

Next, we addressed if ClpX controls Rot expression by

enhancing expression of RNAIII that is an inhibitor of Rot

translation [17]. To this notion, the level of RNAIII in wild-type,

Figure 3. Rot performs threshold regulation of Protein A
expression. The effect of the Rot concentration on Protein expression
A was assayed by growing a rot-mutant expressing rot from a xylose
inducible promotor in five parallel cultures supplemented with
increasing amounts of xylose. Samples were collected at OD600 = 1.0
and total protein was extracted, equal amounts of protein in each lane
was separated by SDS-PAGE, blotted onto a PVDF membrane, and
probed to Rot polyclonal antibody (upper panel) and Protein A
monoclonal antibody (lower panel). For comparisons, the Rot- and
Protein A levels were determined in wild-type cells and in cells lacking
either clpX or spa. To visualize equal loading, signals detected from non-
specific binding of the Rot antibody to an unknown cellular protein are
shown in the bottom panel. The Rot protein, Protein A, and loading
control protein levels were quantified relative to the respective wild-
type level in exponential cells (100%) using NIH imageJ 1.40. Each
experiment was performed three times with similar results.
doi:10.1371/journal.pone.0012752.g003
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agr, and clpX mutant cells in exponential and post-exponential

growth phase was determined by Northern blot analysis (Fig. 7).

The experiment demonstrated that the RNAIII level in the clpX

mutant does not deviate from the wild-type levels. Hence, we ruled

out that the reduced Rot level in the clpX mutant is accomplished

through an increase in RNAIII synthesis.

ClpX stimulates translation of rot mRNA
To investigate directly whether ClpX regulates Rot translation,

a translational fusion between the 59-rot-leader and lacZ was

constructed as depicted in Fig. 8A. This construct encompasses the

RNAIII interacting region, the ribosome binding site, and the first

three amino acid codons of the rot leader translationally fused to

lacZ [17,33]. Transcription of the fusion is driven by the

constitutive promoter PrpoB. The plasmid harbouring the rot-

translational fusion was introduced into wild-type, and agr, clpX,

clpP, and agr;clpX mutant strains, and b-galactosidase activity was

assayed in samples derived from post-exponential cultures (Fig. 8B).

The assay revealed that b-galactosidase activity was almost five

fold higher in the agr mutant than in the wild-type (Fig. 8B). This

suppressive effect of RNAIII on rot-translation is in the same range

as observed by others and, thus, validates the constructs [17].

While samples derived from clpP mutant cells expressed wild-type

levels of b-galactosidase (data not shown), b-galactosidase activity

was reduced approximately two fold compared to wild-type in

clpX mutant cells. This two-fold difference was statistically

significant (wild-type different from clpX; P-value = 0.008), indi-

cating that ClpX indeed has a positive effect on translation of rot.

Interestingly, b-galactosidase activity in the agr, clpX double

mutant was substantially reduced compared to the activity

measured in the agr single mutant strain. This suggests that even

though the inhibitory effect of RNAIII is relieved by a deletion of

the agr locus, translation of Rot still depends on ClpX. Taken

Figure 4. Protein A and Rot expression is substantially reduced in a clinical isolate carrying the clpX deletion. (A) Rot antibody and,
Protein A antibody, were used to estimate the Rot, and Protein A levels in SA564 and the clpX deletion mutant at the indicated time-points. (B) ClpX
antibody, Rot antibody, and Protein A antibody were used to estimate the ClpX, Rot, and Protein A levels in post-exponential cells (OD600 = 2.0
(+/20.1)) of SA564, the clpX deletion mutant derived from it, and the clpX complemented clpX mutant (DclpX+clpX). To visualize equal loading the
signals detected from non-specific binding of the Rot antibody to an unknown cellular protein is shown. Rot protein and Protein A levels were
quantified relative to the wild-type Rot/Protein A level in exponential cells (100%) using Gene Snap from Perkin Elmer. (C) At the same time-points
total RNA was extracted and the level of spa transcript in SA564 wild-type and clpX mutant cells was assessed by Northern blot analysis (third panel).
The spa signals were quantified relative to the wild-type SA564 spa signal in exponential cells ( = 100%) using the Cyclone Plus Phosphor imager from
PerkinElmer. To visualize equal loading, a picture of the ethidium stained agarose gel is shown in the bottom panel. Note that the middle 5 lanes
containing samples not relevant to this study have been removed from both the Northern blot and the agarose gel.
doi:10.1371/journal.pone.0012752.g004

Figure 5. Protein A expression is dependent on the Rot level in
SA564. To reduce the level of Rot in SA564, anti-sense rot mRNA was
expressed from the tetO promoter in pRMC2 in the presence of
increasing concentrations of the inducer anhydrotetracyclin. Anhydro-
tetracyclin was added at OD600 = 0.4 and proteins were extracted from
samples derived at OD600 = 2.0. Western blotting was performed with
Rot antibody (upper panel) and protein A mono-clonal antibody
(second panel). To visualize equal loading the signals detected from
non-specific binding of the Rot antibody to an unknown cellular protein
is shown. All protein levels were quantified relatively to the
corresponding signal obtained in the un-induced culture (100%) using
Gene Snap from Perkin Elmer.
doi:10.1371/journal.pone.0012752.g005
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together; these results specify that ClpX stimulates rot translation,

and that the role of ClpX in rot translation is not linked to the

RNAIII mediated inhibition of rot translation.

ClpX stimulates translation of spa mRNA but not of rpoB
mRNA

Huntzinger et al. showed that translation of spa (Protein A),

similar to translation of Rot, is inhibited by RNAIII [12]. To

examine if ClpX has a role in translation of Protein A, the plasmid,

pLUG520, carrying the PrpoB-spa-lacZ translational fusion used by

Huntzinger et al. [12] was introduced into wild-type and mutant

strains. This construct encompasses the constitutive rpoB promoter

and the first 63 nucleotides of the spa mRNA (including the sites

for RNAIII interaction) fused in frame with lacZ deleted of its

ribosomal binding site, and thus specifically measures the

translational activity of the spa-leader. In samples derived from

post-exponential cultures, b-galactosidase activity was approxi-

mately 1.5 fold higher in the agr background than in the wild-type

background, in accordance with previous results obtained by

Huntzinger et al. [12] (Fig. 8C). Importantly, the absence of ClpX

reduced b-galactosidase activity expressed from the spa-lacZ

translational fusion approximately 5 fold, both in wild-type and

in cells devoid of agr/RNAIII. We conclude that translation of spa

mRNA, similar to translation of rot mRNA, is positively affected by

ClpX and that the positive effect of ClpX on spa and rot translation

occurs independently of RNAIII.

To investigate if ClpX also contributes to translation of mRNAs

not interacting with RNAIII, we examined expression of the

house-keeping gene rpoB in the clpX mutant by using a

translational fusion between the rpoB promoter and lacZ

(pLOJ133). With this plasmid, b-galactosidase activity was similar

in samples derived from all strains demonstrating that neither

RNAIII nor ClpX regulates expression of RpoB (Fig. 8D).

Discussion

Protein A is an abundant surface protein that by its ability to

bind the Fc fragment of immunoglobulins from mammalian

species is believed to be important for immune evasion of S. aureus

[5]. Previously, we have shown that ClpX (but not ClpP), similar

to the transcriptional regulator Rot, is essential for transcription of

the spa gene encoding Protein A, and therefore we hypothesized

that the chaperone activity of ClpX is required for either synthesis

or activity of Rot [20]. In the present study we confirm that ClpX

is indeed required for full expression of Rot, as cells devoid of

ClpX contain approximately 2–3 fold less Rot protein than wild-

type cells. This finding raised the question whether the relatively

modest 2–3 fold reduction in the cellular Rot level is sufficient to

abolish spa transcription. We confirmed this by varying Rot

expression from an inducible promoter and demonstrated that a 2

fold reduction in Rot expression causes a dramatic 90% reduction

in Protein A expression in both 8325-4 and the low-passage

clinical isolate SA564 [40]. This finding emphasizes that major

changes in Protein A expression may be achieved by small

reductions in the Rot level and suggests that a threshold level of

Rot is needed for synthesis of protein A.

Rot stimulates Protein A transcription both directly, by binding

to the spa promoter, and in-directly by enhancing transcription of

Figure 6. Expression of rot transcript is slightly decreased in clpX, and clpP mutant cells. The level of rot transcript was estimated by
Northern blot analysis: Total RNA was extracted from wild-type and mutants lacking either clpP or clpX and separated on an agarose gel. Equal
amounts of RNA were loaded in each lane. The RNA was blotted onto a nitrocellulose membrane and probed with a rot specific probe. Upper panel
shows the resulting Northern blot, while ethidium stained agarose gel is shown below. The result is representative of 3 independent experiments.
doi:10.1371/journal.pone.0012752.g006

Figure 7. Expression of RNAIII is not altered in the clpX mutant.
Cells of the wild-type and the agr, and clpX mutants were grown in TSB
and at the indicated optical densities total RNA was extracted and
separated on an agarose gel. RNA was blotted onto a nitrocellulose
membrane and probed with an RNAIII specific probe. Below the blot is a
picture of the ethidium stained agarose gel. The blot presented is
representative of three independent experiments.
doi:10.1371/journal.pone.0012752.g007
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Figure 8. Translation of Rot and Protein A is decreased in the absence of ClpX. (A) Schematic drawing of the lacZ translational fusion
points in pLOJ132 and pLOJ133. pLOJ132 is a PrpoB-rot-lacZ translational fusion. Transcription is driven from the constitutive PrpoB promoter. The rot-
leader encompassing the RNAIIII interacting region from +162 to +250 (numbered with respect to the transcriptional start site) is translationally fused
to the lacZ gene. pLOJ133 is a PrpoB-lacZ translational fusion. (B) b-Galactosidase activity measured in post-exponential (OD600 = 2.0) wild-type- and,
clpX, agr, agr;clpX mutant strains harbouring pLOJ133. The specific activities are presented as a percentage of the wild-type activity (100%). P-values
were calculated using the two-sample t-test with unequal variances: wild-type different than clpX: P-value = 0.008; agr different than agr;clpX: P-
value = 0.0004. The statistical calculations were based on five independent experiments. (C) Protein A translation was measured as b-Galactosidase
activity expressed from pLUG520 in wild-type- and clpX, agr, and agr;clpX mutant cells in the post-exponential growth phase (OD600 = 2.0). Specific
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sarS, encoding another positive activator of spa transcription

[11,13,41]. Interestingly, transcription from the spa promoter was

suggested to be regulated by negative (SarA) and positive

regulators (SarS and Rot) competing for overlapping operator

sites [13]. Therefore we propose that the threshold level of Rot

(and SarS) is required to relieve the repression imposed by SarA,

and that the ClpX dependent expression of Rot is required to

exceed this threshold level. It is tempting to speculate that

additional genes of the Rot regulon are subject to a similar

regulatory mechanism.

As deletion of clpX severely decreased the Rot level (6 fold

compared to the max 3-fold in 8325-4), and accordingly abolished

expression of Protein A in the low-passage isolate SA564, we

propose that the mechanism by which ClpX controls the Rot and

Protein A level is conserved among clinical S. aureus isolates.

Attempts to pin-point the level at which ClpX mediates its effect

on Rot synthesis demonstrated that ClpX stimulates expression of

Rot both at the level of transcription and translation (Fig. 6 and 8).

Based on the finding that transcription of rot was decreased

similarly by the absence of either ClpX or ClpP, we propose that

ClpX controls rot transcription as part of the ClpXP proteolytic

complex. Notably, the clpP mutant strain contained wild-type

levels of Rot suggesting that the reduction in rot transcription

observed in clpX and clpP mutant strains is not reflected in the

cellular Rot level, and hence that the ClpP independent effect of

ClpX in controlling Rot synthesis is achieved mainly at the post-

transcriptional level. Accordingly, we were able to show that ClpX

does indeed stimulate translation of the rot mRNA, and that ClpX

additionally enhances translation of the spa mRNA. Initially this

observation prompted us to suspect that ClpX modulates the

interaction between RNAIII and its target mRNA’s. This

interaction involves base pairings between RNAIII and secondary

hair-pin structures in the target mRNA by which dual loop-loop

complexes are formed. These interactions block ribosomal access

to the Shine-Dalgarno of the respective messengers, thereby

inhibiting translation [17,18]. However, as we observed a

substantial ClpX dependent stimulation of spa and rot translation

in cells lacking RNAIII, we conclude that ClpX stimulates

translation independently of RNAIII.

Secondary structure determinations of the spa- and rot-mRNAs

reveal that the translational signals are partially obscured in the

stem-loop structures, also when not bound to RNAIII [12,17].

Consequently, it is possible that the structures of the spa and rot

transcripts required for interactions with RNAIII could hamper

interactions with the ribosomes even in the absence of RNAIII.

Hence, one way ClpX may promote translation of the rot and spa

mRNAs is by, directly or indirectly, unfolding the stem-loop

structures to facilitate interaction of these mRNAs with the

translational apparatus.

In E. coli, the abundant RNA chaperone Hfq has a central role

in translational stimulation of specific mRNAs [42]. Hfq is the only

RNA chaperone yet identified in S. aureus. Accordingly, Hfq could

be a candidate through which ClpX mediates its function in

translational stimulation. However, recently the biological signif-

icance of Hfq in S. aureus was questioned by the lack of phenotypes

of an hfq mutant and by the lack of detection of the hfq mRNA

[18,40]. Consistent with this finding we were not able to detect

Hfq in our strains when performing Western blot analysis using

anti-Hfq polyclonal antibodies (raised against Hfq purified from S.

aureus, see Materials and Methods, Supplemental Fig. S1).

Furthermore, as both expression of Protein A and Rot did not

change in strains lacking Hfq [40], it seems unlikely that the

stimulatory effect of ClpX on translation of the rot- and spa

transcripts is mediated through Hfq. Rather, S. aureus may harbour

a yet unidentified RNA chaperone that is subject to regulation by

ClpX.

An intriguing alternative possibility is that ClpX could affect

translation through direct binding to specific mRNAs. The ClpX

family of proteins contains a C4 zinc-binding domain in the N-

terminal region and this type of domain has been implicated in

nucleic acid binding in both eukaryotic and prokaryotic organisms

[43,44]. In addition, a eukaryotic relative of ClpX, the HSP101

heat shock protein of plants specifically binds to and stimulates

translation of the A-rich 59 un-translated leader of the tobacco

mosaic virus [45]. Inspection of the three-dimensional structure of

ClpX, furthermore, reveals a striking resemblance to the RNA

binding protein Hfq as both proteins form homo-hexameric ring-

structures with similar sizes of the central pores. Further

experiments are underway to determine the mechanisms of ClpX

mediated translational stimulation.

In conclusion, we have shown that ClpX has a dual role in

stimulating Protein A synthesis, as ClpX enhances both transcrip-

tion (through enhancing synthesis of Rot), and translation of spa.

Our findings emphasize that ClpX through its role in fine-tuning

the level of the central regulator Rot holds an important role in

controlling global expression of virulence factors in S. aureus.

Supporting Information

Figure S1 Hfq could not be detected in Western blot analysis.

Cells were harvested in early stationary phase or late stationary

phase. Cells were lysed as described in materials and methods and

total protein extract were separated on an SDS-gel. 10 mg protein

was loaded (0.5 mg purified S. aureus Hfq protein).and samples

were heated to 95uC for 20 min prior to loading. For comparison

of protein sizes, the PageRulerTM Plus Prestained Protein Ladder

(Fermentas) was included (not shown). The Hfq antibody

specifically recognizes the monomeric and multimeric species of

the purified Hfq protein, whereas no bands at corresponding sizes

were observed in any of the cellular protein samples tested.

Found at: doi:10.1371/journal.pone.0012752.s001 (2.49 MB TIF)
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wild-type level (100%). Each experiment was performed at least four independent times with similar results.
doi:10.1371/journal.pone.0012752.g008

ClpX Stimulates Translation

PLoS ONE | www.plosone.org 10 September 2010 | Volume 5 | Issue 9 | e12752



References

1. Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339: 520–532.

2. Novick RP (2006) Staphylococcus Pathogenesis and Pathogenicity Factors:
Genetics and Regulation. In Gram-positive pathogens. Fischetti VA, Novick RP,

Ferretti JJ, Portnoy A, Rood JI, eds. ASM Press. pp 496–516.
3. Kornblum J, Kreiswirth B, Projan SJ, Ross H, Novick RP (1990) agr: a

polycistronic locus regulating exoprotein synthesis in Staphylococcus aureus. In
Molecular Biology of the staphylococci. Novick RP, ed. VCH Publishers: New

YorkNY, . pp 373–402.

4. Foster TJ, McDevitt D (1994) Surface-associated proteins of Staphylococcus
aureus: their possible roles in virulence. FEMS Microbiol Lett 118: 199–205.

5. Foster TJ (2005) Immune evasion by staphylococci. Nat Rev Microbiol 3:
948–958.

6. Hartleib J, Kohler N, Dickinson RB, Chhatwal GS, Sixma JJ, et al. (2000)

Protein A is the von Willebrand factor binding protein on Staphylococcus
aureus. Blood 96: 2149–2156.

7. Gomez MI, Lee A, Reddy B, Muir A, Soong G, et al. (2004) Staphylococcus
aureus protein A induces airway epithelial inflammatory responses by activating

TNFR1. Nat Med 10: 842–848.

8. Palmqvist N, Foster T, Tarkowski A, Josefsson E (2002) Protein A is a virulence
factor in Staphylococcus aureus arthritis and septic death. Microb Pathog 33:

239–249.
9. Patel AH, Nowlan P, Weavers ED, Foster T (1987) Virulence of protein A-

deficient and alpha-toxin-deficient mutants of Staphylococcus aureus isolated by
allele replacement. Infect Immun 55: 3103–3110.

10. Gustafsson E, Karlsson S, Oscarsson J, Sogard P, Nilsson P, et al. (2009)

Mathematical modelling of the regulation of spa (protein A) transcription in
Staphylococcus aureus. Int J Med Microbiol 299: 65–74.

11. Oscarsson J, Harlos C, Arvidson S (2005) Regulatory role of proteins binding to
the spa (protein A) and sarS (staphylococcal accessory regulator) promoter

regions in Staphylococcus aureus NTCC 8325-4. Int J Med Microbiol 295:

253–266.
12. Huntzinger E, Boisset S, Saveanu C, Benito Y, Geissmann T, et al. (2005)

Staphylococcus aureus RNAIII and the endoribonuclease III coordinately
regulate spa gene expression. EMBO J 24: 824–835.

13. Gao J, Stewart GC (2004) Regulatory elements of the Staphylococcus aureus
protein A (Spa) promoter. J Bacteriol 186: 3738–3748.

14. Novick RP (2003) Autoinduction and signal transduction in the regulation of

staphylococcal virulence. Mol Microbiol 48: 1429–1449.
15. Benito Y, Kolb FA, Romby P, Lina G, Etienne J, et al. (2000) Probing the

structure of RNAIII, the Staphylococcus aureus agr regulatory RNA, and
identification of the RNA domain involved in repression of protein A expression.

RNA 6: 668–679.

16. Morfeldt E, Taylor D, von GA, Arvidson S (1995) Activation of alpha-toxin
translation in Staphylococcus aureus by the trans-encoded antisense RNA,

RNAIII. EMBO J 14: 4569–4577.
17. Boisset S, Geissmann T, Huntzinger E, Fechter P, Bendridi N, et al. (2007)

Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence
factors and the transcription regulator Rot by an antisense mechanism. Genes

Dev 21: 1353–1366.

18. Geisinger E, Adhikari RP, Jin R, Ross HF, Novick RP (2006) Inhibition of rot
translation by RNAIII, a key feature of agr function. Mol Microbiol 61:

1038–1048.
19. Cheung AL, Koomey JM, Butler CA, Projan SJ, Fischetti VA (1992) Regulation

of exoprotein expression in Staphylococcus aureus by a locus (sar) distinct from

agr. Proc Natl Acad Sci U S A 89: 6462–6466.
20. Frees D, Sorensen K, Ingmer H (2005) Global virulence regulation in

Staphylococcus aureus: pinpointing the roles of ClpP and ClpX in the sar/agr
regulatory network. Infect Immun 73: 8100–8108.

21. Frees D, Qazi SNA, Hill PJ, Ingmer H (2003) Alternative roles of ClpX and

ClpP in Staphylococcus aureus stress tolerance and virulence. Mol Microbiol 48:
1565–1578.

22. Zolkiewski M (2006) A camel passes through the eye of a needle: protein
unfolding activity of Clp ATPases. Mol Microbiol 61: 1094–1100.

23. Frees D, Savijoki K, Varmanen P, Ingmer H (2007) Clp ATPases and ClpP
proteolytic complexes regulate vital biological processes in low GC, Gram-

positive bacteria. Mol Microbiol 63: 1285–1295.

24. Wawrzynow A, Wojtkowiak D, Marszalek J, Banecki B, Jonsen M, et al. (1995)

The ClpX heat-shock protein of Escherichia coli, the ATP-dependent substrate
specificity component of the ClpP-ClpX protease, is a novel molecular

chaperone. EMBO J 14: 1867–1877.
25. Wojtkowiak D, Georgopoulos C, Zylicz M (1993) Isolation and characterization

of ClpX, a new ATP-dependent specificity component of the Clp protease of
Escherichia coli. J Biol Chem 268: 22609–22617.

26. Gottesman S, Clark WP, de Crecy-Lagard V, Maurizi MR (1993) ClpX, an

alternative subunit for the ATP-dependent Clp protease of Escherichia coli.
Sequence and in vivo activities. J Biol Chem 268: 22618–22626.

27. Levchenko I, Seidel M, Sauer RT, Baker TA (2000) A specificity-enhancing
factor for the ClpXP degradation machine. Science 289: 2354–2356.

28. Singh SK, Grimaud R, Hoskin JR, Wickner S, Maurizi MR (2000) Unfolding

and internalization of proteins by the ATP-dependent proteases ClpXP and
ClpAP. Proc Natl Acad Sci U S A 97: 8898–8903.

29. Novick R (1967) Properties of a cryptic high-frequency transducing phage in
Staphylococcus aureus. Virology 33: 155–166.

30. Kreiswirth BN, Lofdahl S, Betley MJ, O’Reilly M, Schlievert PM, et al. (1983)

The toxic shock syndrome exotoxin structural gene is not detectably transmitted
by a prophage. Nature 305: 709–712.

31. Schenk S, Laddaga RA (1992) Improved method for electroporation of
Staphylococcus aureus. FEMS Microbiol Lett 73: 133–138.

32. Corrigan RM, Foster TJ (2009) An improved tetracycline-inducible expression
vector for Staphylococcus aureus. Plasmid 61: 126–129.

33. Hsieh HY, Tseng CW, Stewart GC (2008) Regulation of Rot expression in

Staphylococcus aureus. J Bacteriol 190: 546–554.
34. McNamara PJ, Iandolo JJ (1998) Genetic instability of the global regulator agr

explains the phenotype of the xpr mutation in Staphylococcus aureus KSI9051.
J Bacteriol 180: 2609–2615.

35. Schumacher MA, Pearson RF, Moller T, Valentin-Hansen P, Brennan RG

(2002) Structures of the pleiotropic translational regulator Hfq and an Hfq-RNA
complex: a bacterial Sm-like protein. EMBO J 21: 3546–3556.

36. Jelsbak L, Kaiser D (2005) Regulating pilin expression reveals a threshold for S
motility in Myxococcus xanthus. J Bacteriol 187: 2105–2112.

37. Somerville GA, Beres SB, Fitzgerald JR, DeLeo FR, Cole RL, et al. (2002) In
vitro serial passage of Staphylococcus aureus: changes in physiology, virulence

factor production, and agr nucleotide sequence. J Bacteriol 184: 1430–1437.

38. Cassat J, Dunman PM, Murphy E, Projan SJ, Beenken KE, et al. (2006)
Transcriptional profiling of a Staphylococcus aureus clinical isolate and its

isogenic agr and sarA mutants reveals global differences in comparison to the
laboratory strain RN6390. Microbiology 152: 3075–3090.

39. Jelsbak L, Hemmingsen L, Donat S, Ohlsen K, Boye K, et al. (2010) Growth

phase-dependent regulation of the global virulence regulator Rot in clinical
isolates of Staphylococcus aureus. Int J Med Microbiol 300: 229–236.

40. Bohn C, Rigoulay C, Bouloc P (2007) No detectable effect of RNA-binding
protein Hfq absence in Staphylococcus aureus. BMC Microbiol 7: 10.

41. Tegmark K, Karlsson A, Arvidson S (2000) Identification and characterization
of SarH1, a new global regulator of virulence gene expression in Staphylococcus

aureus. Mol Microbiol 37: 398–409.

42. Gottesman S (2004) The small RNA regulators of Escherichia coli: roles and
mechanisms*. Annu Rev Microbiol 58: 303–328.

43. Yu GW, Allen MD, Andreeva A, Fersht AR, Bycroft M (2006) Solution
structure of the C4 zinc finger domain of HDM2. Protein Sci 15: 384–389.

44. Douillard FP, Ryan KA, Caly DL, Hinds J, Witney AA, et al. (2008)

Posttranscriptional regulation of flagellin synthesis in Helicobacter pylori by the
RpoN chaperone HP0958. J Bacteriol 190: 7975–7984.

45. Wells DR, Tanguay RL, Le H, Gallie DR (1998) HSP101 functions as a specific
translational regulatory protein whose activity is regulated by nutrient status.

Genes Dev 12: 3236–3251.

46. Novick RP, Ross HF, Projan SJ, Kornblum J, Kreiswirth B, et al. (1993)
Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA

molecule. EMBO J 12: 3967–3975.
47. McNamara PJ, Milligan-Monroe KC, Khalili S, Proctor RA (2000) Identifica-

tion, cloning, and initial characterization of rot, a locus encoding a regulator of
virulence factor expression in Staphylococcus aureus. J Bacteriol 182:

3197–3203.

ClpX Stimulates Translation

PLoS ONE | www.plosone.org 11 September 2010 | Volume 5 | Issue 9 | e12752


