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Staphylococcus aureus causes infections ranging from superficial wound infections to life-threatening sys-
temic infections. Essential for S. aureus pathogenicity are a number of cell-wall-associated and secreted
proteins that are controlled by a complex regulatory network involving the quorum-sensing agr locus and a
large set of transcription factors belonging to the Sar family. Recently, we revealed a new layer of regulation
by showing that mutants lacking the ClpXP protease produce reduced amounts of several extracellular
virulence factors and that, independently of ClpP, ClpX is required for transcription of spa, encoding Protein
A. Here we find that the independent effect of ClpX is not general for other cell wall proteins, as expression of
fibronectin- and fibrinogen-binding proteins was increased in the absence of either ClpX or ClpP. To assess the
roles of ClpX and ClpP within the sar/agr regulatory network, deletions in clpX and clpP were combined with
mutations in these genes. Interestingly, the derepression of spa transcription normally observed in an agr-
negative strain was abolished in cells devoid of ClpX, and apparently ClpX modulates both SarS-dependent
and SarS-independent control of spa expression, perhaps through the Sar family member Rot. Examination of
expression of a single secreted protein, the SspA serine protease, revealed that ClpXP, similar to agr, is
required for growth phase-dependent transcriptional induction of sspa. Intriguingly, induction was restored by
the concomitant inactivation of Rot. We hypothesize that RNAIII accumulating in the postexponential phase

may target Rot for degradation by ClpXP, leading to derepression of sspA.
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Staphylococcus aureus is a member of the normal skin and
nasal flora in at least 25 to 30% of healthy humans but is also
a major opportunistic pathogen capable of causing a wide
spectrum of infections, ranging from superficial wound infec-
tions to life-threatening deep infections such as septicemia,
endocarditis, and toxic shock syndrome. Hospitalized patients
are at particular risk, and S. aureus is one of the major causes
of hospital-acquired infections. Essential for S. aureus patho-
genicity are a large number of cell-surface-associated proteins
and secreted proteins. The surface-associated proteins allow S.
aureus to bind to host fibrinogen, fibronectin, collagen, and von
Willebrand factor, thus enabling the bacteria to colonize and
establish a focus of infection (15, 32, 33). The secreted proteins
include tissue-degrading enzymes and toxins (hemolysins, en-
terotoxins, proteases, lipases, and coagulases) (28). The se-
creted and cell surface proteins are produced coordinately in a
growth-phase-dependent manner so that the cell surface-an-
chored proteins are synthesized mainly in the beginning of
infection, whereas the toxins and tissue-degrading enzymes are
preferentially synthesized when infection is well established
(26, 35). Essential for this coordinated regulation is the agr
locus carrying two divergently transcribed transcripts, RNAII
and RNAIII (22). The RNAII transcript encodes a two-com-
ponent signal transduction system which responds to the ex-
tracellular concentration of a secreted octapeptide also en-
coded by RNAII (19, 30). Induction of this quorum-sensing
mechanism results in production of the 514-nucleotide
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RNAIII transcript that is the actual effector of virulence gene
expression (18, 31). RNAIII acts primarily on target gene tran-
scription; however, the molecular details of how RNAIII stim-
ulates transcription of exoproteins such as a-toxin and re-
presses transcription of surface proteins like Protein A remain
obscure (reviewed in reference 29). Another global regulator,
the DNA binding protein SarA, is required for maximal ex-
pression of RNAIII (7, 14). Furthermore, SarA independently
of agr regulates transcription of selected target genes by a
mechanism that apparently involves direct binding of SarA to
the promoter region (10, 39, 44). Genes encoding extracellular
proteases are generally repressed by SarA and positively reg-
ulated by agr, while Protein A (encoded by spa) is an example
of a cell-wall-anchored protein whose synthesis is negatively
regulated independently by both agr and SarA. Genome se-
quencing has revealed that the S. aureus genome encodes at
least 13 proteins that have homology to SarA, and presently a
regulatory role in virulence gene expression has been verified
for 7 of these (SarS, SarT, SarU, SarV, Rot, MgrA, and TcaR)
(reviewed in reference 9). Current knowledge supports that
these regulators can control expression of target genes either
directly (by binding to the promoter sequence of target genes)
or indirectly (by modulating the level of other regulatory pro-
teins), thereby forming a complicated regulatory network (8,
17, 25, 38, 39). As an example, SarS was identified as a direct
activator of spa transcription, and it was verified that the strong
induction of spa transcription, observed in the absence of the
agr locus, was partly due to enhanced transcription of sarS (8,
39). The agr-mediated down-regulation of sarS transcription
involves another Sar homologue, namely SarT. Apparently
SarT functions as a positive activator of sarS transcription by
directly binding to the sarS promoter, thereby stimulating tran-
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TABLE 1. Bacterial strains used in this study

Strain Relevant characteristic(s) Strain background Source or reference

8325-4 Wild-type strain (rsbU mutant) 8325-4 27

8325-4 AclpP The entire clpP gene deleted 8325-4 11

8325-4 AclpX 651 in-frame deletion in c/pX 8325-4 11
RN6911 agr::AtetM (Tc") RN6390 31
DF2268 AclpP agr::AtetM (Tc") 8325-4 This study
DF2269 AclpX agr::AtetM (Tc") 8325-4 This study
PC1839 sarA::km (Km") 8325-4 5

DF2271 AclpP sarA::km (Km") 8325-4 This study
DF2308 agr::AtetM (Tc") sarA::km (Tc" Km") 8325-4 This study
KT201 sarHI::pKT200 (Em") 8325-4 39
DF2296 AclpP sarHI::pKT200 (Em") 8325-4 This study
DF2297 AclpX sarHI::pKT200 (Em") 8325-4 This study
KT202 agr::AtetM sarHI::pKT200 (Tc" Em") 8325-4 39
DF2298 AclpP agr::AtetM sarHI::pKT200 (Tc" Em") 8325-4 This study
DF2299 AclpX agr::AtetM sarHI::pKT200 (Tc" Em") 8325-4 This study
PM614 agr null; rot::TN917 RN6390 25
DF2332 AclpP rot::TN917 8325-4 This study
DF2333 AclpX rot::TN917 8325-4 This study
DF2405 rot::TN917 sarA::km (Km") 8325-4 This study
DF2432 rot:"TN917 agr::AtetM (Tc") RN6390 This study

scription (38). Additionally, Rot, originally identified in a
transposon mutagenesis search as a repressor of toxins, was
shown to be a positive regulator of spa transcription (25, 36).
Preliminary data, moreover, showed that Rot was required for
transcription of sarS, indicating that the positive effect of Rot
on spa transcription is also mediated through SarS (36). Fi-
nally, the complexity of the regulatory circuit controlling spa
transcription was strengthened by the recent finding that
MgrA, yet another Sar homologue, impacts negatively on spa
transcription by independently of SarT, controlling SarS ex-
pression (17).

Energy-dependent proteolysis plays an important role in the
general turnover of damaged protein and in regulated degra-
dation of short-lived regulatory proteins in both prokaryotic
and eukaryotic cells (13). In the past decade extensive research
has focused on the well-conserved ClpP proteolytic complexes
that bear structural resemblance to the eukaryotic 26S protea-
some (21, 41). Two heptameric rings of the ClpP peptidase
form a central proteolytic barrel, and an attached Clp ATPase
determines access to this proteolytic chamber. Independently
of ClpP, the Clp ATPase subunit has protein reactivation and
remodeling activities characteristic of molecular chaperones
(42, 43). Recent work in our laboratory has demonstrated that
inactivation of clpP or clpX, encoding a Clp ATPase that in
Escherichia coli and Bacillus subtilis combines with ClpP (12,
42), severely reduced virulence of S. aureus when tested in a
murine skin abscess model (11). Furthermore, our data showed
that the activity of a-hemolysin and extracellular proteases was
greatly reduced in the mutants, and that at least for a-hemo-
lysin, the reduction occurred at the transcriptional level. The
finding that both transcription of RNAIII and the activity of
the autoinducing peptide were reduced in the clp mutants led
us to propose that ClpXP regulates synthesis of virulence genes
through agr (11). Additionally, we observed that while tran-
scription of spa, encoding Protein A, was only slightly reduced
in the clpP mutant strain, it was nearly abolished in the clpX
mutant, suggesting that ClpX independently of ClpP is re-
quired for spa transcription.

In the present study we aimed to assess the roles of ClpX
and ClpP within the Sar/agr regulatory network by combining
the clpX and clpP deletions with mutations in agr, sar4, and
other relevant genes encoding Sar homologues and looking at
expression of the cell-wall-associated protein Protein A and an
extracellular protein, SspA. Moreover, we have examined
whether ClpP or ClpX influences expression of other adhesion
proteins.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains used in this study are listed
in Table 1. S. aureus strains were maintained in tryptic soy broth (TSB) medium
(Oxoid). For solid medium, 1.5% agar was added to give tryptic soy agar (TSA)
plates. To select for antibiotic-resistant S. aureus strains, tetracycline (5 pg
ml™"), erythromycin (5 pg ml™"), lincomycin (25 pg ml™1), or kanamycin (50 pg
ml~") was added as required.

RNA extraction and Northern blot analysis. Cultures were grown at 37°C with
vigorous shaking and at an optical density at 600 nm (ODgq) of 0.8 = 0.1, and
at an ODg of 2.0 = 0.1 samples were withdrawn for the isolation of RNA. Cells
were quickly cooled on a ethanol-dry ice bath and frozen at —80°C until extrac-
tion of RNA. Cells were lysed mechanically using the FastPrep machine (Bio101;
Q-biogene), and RNA was isolated by the RNeasy mini kit (QIAGEN, Valencia,
Calif.) according to the manufacturer’s instructions. Total RNA was quantified
by spectrophotometric analysis (A = 260 nm), and 5 pg of RNA of each prep-
aration was loaded onto a 1% agarose gel and separated in 10 mM sodium
phosphate buffer as described previously (34). RNA was transferred to a posi-
tively charged nylon membrane (Boehringer Mannheim) by capillary blotting as
described by Sambrook et al. (37). Hybridization was performed according to
Arnau et al. (1) using gene-specific probes that had been labeled with [*?P]dCTP
using the Ready-to-Go DNA-labeling beads from Amersham Biosciences. Inter-
nal fragments of the genes below (amplified with the primers given in parenthe-
sis) were used as templates in the labeling reactions: fnbA4 (5'-CACAATCTCA
AGACAATAGCG and 5'-CGTATTTGCATATACACTC), clfB (5'-GAGTCG
CTGTCTGAATCTG and 5'-GGTGTAGATACAGCTTCAG), spa (5'-GGTG
TAGGTATTGGATCTG and 5'-GCTCCTGAAGGATCGTC), and sspA (5'-C
ACTTGTGAGTTCTCCAGC and 5'-CCCAATGAATTCCGATCAG). All
steps were repeated in two (c/fB and fnbA) or three (spa and sspA) independent
experiments giving similar results.

Preparation and analysis of extracellular and cell surface proteins. Western
blotting for detection of Protein A, CIfA, and CIfB. The strains were streaked on
TSA plates containing appropriate antibiotics and were incubated overnight at
37°C. The next day a streak of small colonies was used to inoculate 25 ml of
prewarmed TSB in a 250-ml Erlenmeyer flask (no antibiotics added) to an OD,
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of <0.05. The cultures were incubated with vigorous shaking at 37°C overnight
(~17 h). The next morning the ODy, of the cultures was measured, and 15 ml
of culture was centrifuged to precipitate the cells. The supernatant was trans-
ferred to a 50-ml blue cap bottle (placed in an ice-water bath), and the extra-
cellular proteins were precipitated by adding 1 volume of ice-cold 96% ethanol
and left in the refrigerator overnight for proteins to precipitate. Precipitated
proteins were collected by centrifugation (15,000 X g; 30 min; 0°C). Protein
pellets were suspended in a volume of 50 mM Tris-HCI adjusted to the original
ODy of the overnight culture so that 15 ml of overnight culture with an OD,
of 5.0 was suspended in 0.8 ml of 50 mM Tris-HCI. Fifteen microliters of the
protein extracts was analyzed on NuPAGE Bis-Tris gels (Invitrogen) using the X
Cell SureLock Mini-Cell system (Invitrogen) as recommended by the supplier.
To visualize the proteins the gels were Coomassie stained using Safestain (In-
vitrogen).

Cell-wall-associated proteins were extracted from 25 ml of culture (ODgyyy =
1 £ 0.1) as previously described (6). The proteins were separated on NuPAGE
Bis-Tris gels (Invitrogen). To immunologically detect selected proteins, the cell-
wall-associated proteins were blotted onto polyvinylidene difluoride membranes
(Invitrogen) using the XCell II Blot Module (Invitrogen) as recommended by the
supplier. Protein A was probed using rabbit anti-staphylococcal Protein A anti-
body (Sigma) at a 1:10,000 dilution. CIfA and CIfB was detected using specific
rabbit antibodies recognizing the A domains of each protein at a 1:5,000 dilution
(a generous gift from Timothy J. Foster, Triniti College, Dublin, Ireland). Bound
antibody was detected with the WesternBreeze Chemiluminescent Anti-Rabbit
kit (Invitrogen). All Western blots were repeated three times with similar results.

RESULTS

ClpX is required to relieve the negative regulatory effect of
agr on spa transcription. Previously we showed that transcrip-
tion of spa, encoding Protein A, was severely reduced in cells
lacking the Clp ATPase ClpX but was largely unaffected in
cells lacking the proteolytic component ClpP (11). To examine
where in the regulatory cascade ClpX mediates its function,
mutations in regulatory genes (agr, sarS, and rot) known to
affect expression of spa were transduced into the c/pX and clpP
deletion strains. In a similar way, we attempted to transduce
the sarA mutation from PC1839 (5) into the c/pX mutant;
however, despite several attempts we did not obtain a clpX
sarA double mutant. In contrast, the sarA mutation was suc-
cessfully transduced into the clpP mutant strain and into
RN6911, but growth of these double mutants was markedly
reduced (data not shown).

spa transcription was examined by Northern blot analysis,
and RNA was extracted from cells either in mid-exponential
growth phase (ODy, = 0.8 = 0.1) or from cells in transition to
stationary phase (ODg,, = 2.0 £ 0.1). The Northern blot
revealed that the level of spa transcript was similar in the clpP
mutant and wild-type cells (Fig. 1A, lanes 1 and 2) and con-
firmed that the level was very low in cells lacking ClpX (Fig.
1A, lane 3). As expected, spa transcription was induced in agr
and sarA mutant cells, confirming that both agr and SarA act as
negative regulators of spa transcription. Remarkably, the spa
transcript was barely detectable in the agr clpX double mutant
(Fig. 1A, compare lane 1 to lanes 4 and 6). Thus, the strong
derepression of spa transcription, normally observed in cells
with impaired agr, is abolished in the absence of ClpX. There-
fore, we conclude that ClpX is required to relieve the negative
regulatory effect of agr on spa transcription.

SarS was recently found to be a positive regulator of spa
transcription, and it was shown that part of the agr-controlled
repression of spa transcription occurs indirectly by repression
of sar§ transcription (8, 39). In accordance with previous find-
ings, we saw that inactivation of agr still increased spa tran-

INFECT. IMMUN.

wt P X A PA XA Sa PSa Ss PSs XSs ASsPASs XASs

ok

1 2 3 4 5 6 7 8 9 10 11 12 13 14

wi B X A PA XA

AR PR XR Ss XSs  ASs XASs
9 10 11 12 13 14 15 16

FIG. 1. ClpX s required to relieve the negative regulatory effect of
agr on spa transcription. A) Northern blot detection of the spa tran-
script. RNA was isolated from cells in the transition to stationary phase
(ODgyy = 2.0 = 0.1). Lane 1 (wt), 8325-4 (wild-type); lane 2 (P),
8325-4 AclpP; lane 3 (X)), 8325-4 AclpX; lane 4 (A), RN6911 (Aagr);
lane 5 (AP), DF2268 (AclpP Aagr); lane 6 (AX), DF2269 (AclpX Aagr);
lane 7 (Sa), PC1839 (sarA); lane 8 (PSa), (AclpP sarA); lane 9 (Ss),
KT201 (sarS); lane 10 (PSs), DF2296 (AclpP sarS); lane 11 (XSx),
DF2297 (AclpX sarS); lane 12 (ASs), KT202 (Aagr sarS); lane 13
(PASs), DF2298 (AclpP Aagr sarS); lane 14 (XASs), DF2299 (AclpX
Aagr sarS). The arrows indicate the migration of the 16S and 23S
rRNA. B) Protein A levels measured by Western blot analysis. Cell
wall proteins were extracted from an equal number of cells in late-
exponential growth phase (ODgyy, = 1.0 = 0.1). Extracted proteins
were analyzed by SDS-PAGE, blotted onto a polyvinylidene difluoride
membrane, and probed with anti-Protein A antibody. The two gels
were analyzed in parallel. Lane 1, 8325-4 (wild type); lane 2, 8325-4
AclpP; lane 3, 8325-4 AclpX; lane 4, RN6911 (Aagr); lane 5, DF2268
(AclpP Aagr); lane 6, DF2269 (AclpX Aagr); lane 7, PC1839 (sarA); lane
8, DF2271 (AclpP sarA); lane 9 (AR), DF2432 (Aagr Arot); lane 10,
protein size marker; lane 11 (PR), DF2332 (AclpP Arot); lane 12 (XR),
DF2333 (AclpX Arot); lane 13, KT201 (sarS); lane 14, DF2297 (AclpX
sarS); lane 15, KT202 (Aagr sarS); lane 16, 2299 (AclpX Aagr sarS).

scription significantly in the absence of SarS (Fig. 1A, compare
lanes 9 and 12), demonstrating that agr-mediated derepression
of spa transcription also occurs in a SarS-independent manner
(8, 39). Notably, this additional induction was abolished in the
sarS clpX double mutant (lane 14). Thus, our results suggest
that ClpX modulates the SarS-independent pathway of agr-
mediated induction of spa transcription, although we cannot
exclude that ClpX may also affect the SarS-dependent path-
way. In the clpP sarS mutant, spa mRNA levels equaled the
levels observed in the sarS mutant, in accordance with the
notion that ClpP does not impact on spa transcription.
Another Sar homologue, Rot, was recently shown to be a
positive regulator of spa transcription (36). In accordance with
this finding, we did not see induction of spa transcription in the
rot agr double mutant, showing that Rot, like ClpX, is abso-
lutely required to alleviate the repression of spa transcription
by agr (data not shown). Furthermore, the additional inactiva-
tion of rot in the clpP mutant strain, which in this context
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resembles a wild-type strain, reduced the amount of spa tran-
script to a nondetectable level, emphasizing that Rot is re-
quired for spa transcription also in an agr-positive background
(data not shown).

To substantiate our findings, we additionally monitored Pro-
tein A expression by Western blot analysis and observed that
the level of cell-wall-associated Protein A reflected the level of
spa transcript (Fig. 1B). The Western blot confirmed that Pro-
tein A was absent in cells devoid of ClpX both in a wild-type
background (lane 3) and in the agr clpX double mutant (lane
6). The level of Protein A produced by cells lacking ClpX was
even lower than in cells lacking SarS, the activator of spa
transcription (compare lanes 3 and 6 to lane 13). Moreover,
the concomitant inactivation of c/pX and sarsS reduced the level
of Protein A below the level of detection, suggesting that the
effects of ClpX and SarS are additive (compare lanes 13 and 14
and also 15 and 16). Protein A appeared as a very faint band in
all strains having the rot disruption, supporting that Rot is
more essential for expression of Protein A than is SarS. Inter-
estingly, the Protein A levels in the agr rot and agr clpX double
mutants were comparably low. Moreover, the level of Protein
A was similar in clpP rot and clpX rot mutant cells, indicating
that the effects of Rot and ClpX on Protein A expression are
not additive.

In cells lacking SarA, the Protein A-specific antibody recog-
nized several smaller proteins (Fig. 1B, lane 7). Since it is well
documented that the significant up-regulation of extracellular
proteases in the sar4 mutant results in increased degradation
of Protein A, these proteins presumably represent Protein A
degradation products (20, 39). Interestingly, Protein A is ob-
served only as the full-length protein in the sarA clpP double
mutant (lane 8), indicating that in the absence of ClpP pro-
teolytic degradation of Protein A is abolished in the sar4
mutant.

ClpX and ClpP do not affect expression of cell wall proteins
uniformly. To examine if the control of spa expression by ClpX
is representative of other cell-wall-associated proteins, we ex-
tracted total cell wall proteins from various mutant strains.
When the proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the overall
protein profiles appeared similar (data not shown). Instead, we
specifically monitored expression of selected cell wall proteins
(fibronectin binding protein A and clumping factors A and B)
by Western and/or Northern blot analysis. The anti-CIfA an-
tibodies reacted with two proteins of 170 and 130 kDa in
wild-type cells (Fig. 2A, lane 1). Presumably, the 170-kDa
protein corresponds to full-length CIfA while the 130-kDa
protein represents CIfA that has been cleaved at the motif
SLAAVA by the staphylococcal metalloprotease, as described
by O’Brien et al. (32). Similar to CIfA, CIfB appears in a
full-length intact form (140 kDa) and a metalloprotease-pro-
cessed form of 110 kDa (Fig. 2B) (24).

In wild-type cells the truncated forms of CIfA and CIfB
proteins are the most abundant forms, while the full-length
proteins dominate in the absence of either clpX or clpP as well
as in the absence of agr. In contrast, only the processed forms
of CIfA and CIfB are present in the sar4 mutant. The variation
in the abundances of the two forms of Clfs may reflect the
relative expression of metalloprotease among the strains; how-
ever, this issue has not been examined. Curiously, the full-
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FIG. 2. The level of CIfB is enhanced in the absence of ClpP or
ClpX while the level of CIfA is unaffected. (A and B) Western blot
analysis was performed to detect expression of clumping factors A and
B. Cell wall proteins were extracted from an equal number of cells in
late-exponential growth phase (ODgy, = 1. 0 = 0.1). Extracted pro-
teins were analyzed by SDS-PAGE, blotted onto a polyvinylidene
difluoride membrane, and probed with anti-Clf antibody. The two gels
were analyzed in parallel. Lane 1, 8325-4 (wild type); lane 2, 8325-4
AclpP; lane 3, 8325-4 AclpX; lane 4, RN6911 (Aagr); lane 5, DF2268
(AclpP Aagr); lane 6, DF2269 (AclpX Aagr); lane 7, PC1839 (sarA); lane
8, DF2271 (AclpP sarA). To the left, the migration of the protein size
marker of 100 kDa and 150 kDa, respectively, has been indicated.
(C) clfB transcription measured by Northern blot analysis. RNA was
isolated from cells in the transition to stationary phase (ODg,, = 2.0 =
0.1). Lane 1, 8325-4 (wild-type); lane 2, 8325-4 AclpP; lane 3, 8325-4
AclpX; lane 4, RN6911 (Aagr); lane 5, DF2268 (AclpP Aagr); lane 6,
DF2269 (AclpX Aagr); lane 7, PC1839 (sarA); lane 8, DF2271 (AcipP
sarA); lane 9, DF2308 (sarA Aagr). Abbreviations above lane numbers
are as defined in the legend to Fig. 1.

length CIfA and CIfB proteins appear slightly bigger in the
cIpX and clpX agr mutant strains, suggesting that ClpX plays an
additional role in processing of clumping factors A and B.
The amount of CIfA appeared similar in all strains, implying
that clf4 expression is unaffected by agr, CIpXP, and SarA, in
agreement with published data (29). However, from the CIfB
Western blot it is clear that much more CIfB is present in the
clpX, clpP, agr, and sarA mutants than in wild-type cells, indi-
cating that CIfB expression is negatively regulated by ClpXP,
agr, and SarA. Northern blot analysis revealed that agr and
ClpXP affect clfB expression at the level of transcription, as the
amount of c/fB mRNA was significantly induced in c/pXP and
agr mutant cells (Fig. 2C). The derepression was most clearly
observed in the postexponential growth phase (ODg,, = 2.0),
but a minor derepression was also observed in cells in expo-
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FIG. 3. Transcription of fubA is enhanced in mutants lacking agr,
ClpX, or ClpP. RNA was isolated from cells in the mid-exponential
growth phase (ODg, = 0.8 = 0.1). Lane 1, 8325-4 (wild-type); lane 2,
8325-4 AclpP; lane 3, DF2268 (AclpP Aagr); lane 4, DF2269 (AclpX
Aagr); lane 5, PC1839 (sarA); lane 6, DF2271 (AclpP sarA); lane 7,
DF2308 (Aagr sarA); lane 8, RN6911 (Aagr); lane 9, 8325-4 AclpX. wt,
wild type.

nential phase (data not shown). Furthermore, we found that
clfB transcription was not induced in the sar4 mutant in the
postexponential cells (Fig. 2C, lane 7), suggesting that the
increase in the amount of CIfB observed in the absence of sar4
occurs at the posttranscriptional level. Previously, it has been
published that mutation in neither sar4 nor agr affected clfB
transcription when measured by lacZ transcriptional fusions
(24). However, this analysis was performed in strain Newman,
thus, the impact of agr on clfB transcription may vary between
strains.

Finally, we examined the amount of fnbA transcript-encod-
ing fibronectin binding protein in the mutants and saw that the
amount of fubA transcript increased significantly in cells de-
void of agr, clpXP, or sarA, implying that fnbA transcription is
negatively regulated by ClpXP in addition to SarA and agr
(Fig. 3). Interestingly, fnbA transcription was more dere-
pressed in the double mutants than in the corresponding single
mutants, implying that the regulatory effects are additive. In
general, fubA transcription decreased when the wild-type cells
entered the transition phase, and this decrease in fnbA tran-
scription was also observed in the clp, agr, and sarA mutant
cells (data not shown).

To summarize, the amount of Protein A is severely reduced
by the absence of ClpX. In contrast, the absence of either ClpP
or ClpX derepressed expression of CIfB and FnbA while ex-
pression of CIfA was unaffected. We conclude that expression
of cell wall proteins is not uniformly affected by ClpX or ClpP.

Exoprotein profiles are indicative of ClpXP working epi-
static to agr in global regulation of extracellular proteins. S.
aureus produces a large number of extracellular virulence fac-
tors that, under laboratory conditions, are induced in the post-
exponential growth phase in an agr-dependent manner. To
obtain an overview of how the combined mutations affected
synthesis of extracellular proteins, excreted proteins from over-
night cultures of the mutant strains were analyzed by SDS-
PAGE. As previously published, the c/pX mutant strain ex-
cretes large amounts of extracellular proteins (11), but the
qualitative profiles of exoproteins secreted by the clpP and
clpX mutants are almost identical to the exoprotein profile of
the agr mutant strain (Fig. 4, compare lanes 2 to 4). Therefore,
it was not surprising that the profiles of the agr clp double
mutants turned out to be very similar to the profile of the agr
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FIG. 4. SDS-PAGE analysis of total extracellular proteins ex-
tracted from the growth medium of stationary-phase cultures. Lane 1,
8325-4 (wild-type); lane 2, 8325-4 AclpP; lane 3, 8325-4 AclpX; lane 4,
RN6911 (Aagr); lane 5, DF2268 (AclpP Aagr); lane 6, DF2269 (AclpX
Aagr); lane 7, PC1839 (sarA); lane 8, DF2271 (AclpP sarA); lane 9,
DF2308 (sarA Aagr). wt, wild type.

mutant (compare lanes 4 to 6). The exoprotein profile of the
sarA clpP double mutant deviated from the profiles of both the
clpP and the sarA single mutants but, interestingly, appeared
very similar to the profile of the sar4 agr double mutant (com-
pare lanes 8 and 9). On the basis of these observations, we
speculate that exoprotein regulation mediated by ClpXP and
agr occurs at the same level in the regulatory cascade.

ClpXP is required for transcriptional induction of sspA in
the postexponential growth phase. We next monitored tran-
scriptional regulation of a single excreted protein known to be
regulated by agr and SarA. sspA, encoding the serine protease,
was chosen as a model gene, as we have previously reported
that inactivation of clpX or clpP significantly reduced extracel-
lular proteolytic activity (11). Northern blot analysis confirmed
that sspA expression was very low in both wild-type and mutant
strains in early exponential phase (Fig. SA). The amount of
sspA transcript increased when wild-type cells were in transi-
tion to stationary phase (ODgy, = 2), and, as expected, this
induction was dependent on the presence of the agr locus (Fig.
5B, compare lanes 1B and 4B). Interestingly, the sspA tran-
script was not detected in RNA samples from clpX and clpP
mutant cells (Fig. 5B, lane 2B and 3B), indicating that ClpX
and ClpP, like agr, are required for induction of sspA transcrip-
tion in the postexponential growth phase. In contrast, the ab-
sence of SarA resulted in a dramatic derepression of sspA
transcription in the postexponential growth phase (lane 7B), as
previously reported (39). In the sar4 clpP double mutant, tran-
scription of sspA exceeded the wild-type level; however, it was
significantly reduced compared to the level in the sar4 mutant
(Fig. 5B, lane 8B). Similar results were obtained using the sarA
agr double mutant (data not shown). Thus, in the absence of
agr or ClpP, inactivation of SarA still results in a significant
derepression of sspA expression.

Notably, the absence of SarA resulted only in a slight dere-
pression of sspA transcription in the exponential growth phase
(Fig. 5A, lane 7A), and this slight increase was also observed in
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FIG. 5. CIpXP is required for transcriptional induction of sspA in
the postexponential growth phase (A and B), but sspA transcription in
the clp mutants can be restored by the concomitant inactivation of the
Rot repressor (C). RNA was isolated from cells either in the mid-
exponential growth phase (ODg,, = 0.8 % 0.1) (A and lanes 1C to 6C)
or in the transition to stationary phase (ODgy,, = 2.0 = 0.1) (B and
lanes 7C to 10C). The two blots were hybridized to the labeled sspA
probe in parallel. Lanes 1A and 1B, 8325-4 (wild type); lanes 2A and
2B, 8325-4 AclpP; lanes 3A and 3B, 8325-4 AclpX; lanes 4A and 4B,
RN6911 (Aagr); lanes SA and 5B, DF2268 (AclpP Aagr); lanes 6A and
6B, DF2269 (AclpX Aagr); lanes 7A and 7B, PC1839 (sard); lanes 8A
and 8B, DF2271 (AclpP sarA); lane 9A, DF2308 (sarA Aagr); lanes 1C
and 9C, DF2332 (AclpP Arot); lanes 2C and 10C, DF2333 (AclpX Arot);
lanes 3C and 7C, DF2432 (Aagr Arot); lanes 4C and 8C, PM614 (Aagr
Arot); lane 5C, empty; lane 6C, DF2405 (sarA Arot). Abbreviations
above lane numbers are as defined in the legend to Fig. 1.

the agr sarA and clpP sarA double mutants (Fig. 5A, lane 8A
and 9A).

Inactivation of Rot restores sspA transcription in the clpX
and clpP mutants. The obtained results support that agr and
ClpXP work epistatic in the regulation of sspA transcription. It
was previously hypothesized that RNAIII mediates its effect on
virulence gene transcription through the interaction with
short-lived regulatory proteins (29, 31). Rot is a candidate to
be such a protein, since it was originally identified in a screen
for mutations that restored the protease and a-hemolysin pro-
duction of an agr-null mutant (25). Furthermore, Rot was
shown to negatively affect sspA transcription (36). We wished
to examine if the disruption of rot likewise could restore tran-
scription of sspA in the clpX and clpP mutants. Intriguingly, the
additional inactivation of rot in the c/p mutant strains increased
the level of sspA transcription to a level similar to the induced,
postexponential level observed in the wild-type cells (Fig. 5C).
Importantly, the derepression of ssp4 was observed both in
exponential (Fig. 5C, lanes 1C and 2C) and postexponential
(Fig. 5C, lanes 9C and 10C) cells and was quantitatively com-
parable to the derepression observed for the agr rot double
mutant (lanes 3C and 7C) made by transducing the original rot
transposon disruption into the RN6911 background but was
slightly less than that in PM614 (lanes 4C and 8C), the original
published agr rot double mutant (23). Thus, in the absence of
Rot, ClpXP activity (like agr activity) is not required for in-

ClpP AND ClpX IN THE sar/agr REGULATORY NETWORK 8105

duction of sspA transcription. In accordance with the transcrip-
tional data, we observed that the rof clp and the rot agr double
mutants, in contrast to the agr and clp single mutants, exhibited
proteolytic activity on agar plates containing gelantine or skim
milk (data not shown). From this experiment, we tentatively
conclude that ClpXP, similar to agr, controls sspA transcription
by controlling the repressor activity of Rot.

Since SarA is also known to repress sspA transcription, we
finally examined how sspA transcription was influenced by the
absence of both SarA and Rot. Interestingly, the dual inacti-
vation of Rot and SarA led to a very dramatic derepression of
sspA transcription in the exponential growth phase. This strong
derepression of sspA transcription was also observed in the
postexponential cells; however, the data have not been pre-
sented, as the sar4 rot double mutant aggregated in the late
exponential cells, thus making it impossible to accurately mon-
itor growth.

DISCUSSION

The complex regulation of virulence gene expression in S.
aureus involves at least four two-component systems, the alter-
native sigma factor o®, and a large set of transcription factors
belonging to the Sar family (reviewed in references 2 and 29).
Recently, we revealed a new layer of regulation by showing
that mutants lacking either ClpX or ClpP produced reduced
amounts of several extracellular virulence factors and that, at
least in the case of a-hemolysin, synthesis was reduced at the
transcriptional level (11). Mutations in c/pP and clpX had sim-
ilar effects on exoprotein synthesis, indicating that the effect is
mediated by the ClpXP proteolytic complex. Additionally,
ClpX by itself appeared to be required for transcription of spa.

The quorum-sensing agr locus is the best characterized of
the many regulators identified in S. aureus. Here we combined
deletions in cIpX or clpP with mutations in agr and genes
encoding relevant Sar transcriptional regulators in order to
determine the place of ClpX and ClpP within the sar/agr reg-
ulatory network. As our data indicate that ClpX and ClpXP
have separate effects on surface-associated and extracellular
factors, respectively (11), we assessed the impact of the com-
bined mutations on both expression of a cell wall protein (Pro-
tein A) and a secreted protein (serine protease [SspAl).

We showed that the strong derepression of spa transcription
normally observed in an agr-negative background was abol-
ished in the absence of ClpX, emphasizing the requirement of
ClpX for spa transcription. In other organisms, ClpX indepen-
dently of ClpP has been shown to possess chaperone activity
(42, 43). Thus, one possible scenario is that ClpX is required to
fold a positive regulator of spa transcription into its active
conformation. One such factor could be SarS, which recently
was identified as a positive regulator of spa transcription, and
it was shown that agr partly represses spa transcription indi-
rectly by repressing transcription of sarS (8, 39). SarS presum-
ably functions by direct binding to the spa promoter (8, 39)
and, thus, ClpX could be required to fold SarS into its active
DNA-binding conformation. However, the level of spa tran-
script and the level of Protein A were lower in c/pX sarS double
mutants than in the sarS mutant, indicating that the effects of
SarS and ClpX on spa transcription are additive. Moreover,
we, similar to others, observed that a significant derepression
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FIG. 6. agr/RNAIII negatively regulates spa transcription by two
pathways that both depend on Rot and ClpX. In one pathway, agr/
RNAIII reduces spa transcription by reducing transcription of sarT,
resulting in decreased transcription of sarS encoding a transcriptional
activator of spa (see the text for details). In the second pathway,
agr/RNAIII reduces spa transcription by inactivating the function of
Rot. Rot is an activator of spa transcription that, in addition to stim-
ulating transcription of sarS (perhaps through SarT) can enhance spa
transcription by an alternative pathway. At present, the molecular
basis of this alternative pathway is unknown (denoted with a question
mark); however, Rot-mediated activation of spa transcription may
occur directly or indirectly. We propose that ClpX is required to fold
Rot in an active conformation that will facilitate interaction with other
positive regulators or operator regions. The downward-pointing arrows
denote downregulation (the molecular basis is unknown). The plus
sign denotes induction on the transcriptional level. The solid arrows
depict verified interactions, and the dashed arrows depict putative
interactions.

of spa transcription was still achieved by inactivating agr in cells
lacking SarS (8, 39), and, interestingly, this derepression of spa
transcription was eliminated in the agr c[pX double mutant. On
the basis of our findings, we conclude that ClpX may modulate
the SarS-dependent pathway of agr-controlled spa expression
but is also required for the SarS-independent pathway by
which agr represses spa transcription. The regulators of this
pathway are currently unrecognized.

Recently, spa and sarS transcription were shown to be pos-
itively regulated by Rot, another SarA homologue (36). Inter-
estingly, we showed here that inactivation of rot reduced the
Protein A level to the same low level observed in the clpX
mutant. Additionally, the absence of Rot, similar to the ab-
sence of ClpX, completely eliminated the agr-mediated dere-
pression of spa transcription. Therefore, ClpX could alterna-
tively be required for folding Rot into an active conformation
that, directly or indirectly, stimulates spa transcription. Prelim-
inary data has shown that Rot is required for transcription of
sarS, indicating that the positive effect of Rot on spa transcrip-
tion is also mediated in part through SarS (36). Our data point
to a stimulatory role of Rot on spa transcription that works
independently of SarS and in collaboration with ClpX. A ten-
tative model is depicted in Fig. 6.

Finally, SarA is a negative regulator of spa. Unfortunately,
we could not assess the requirement of ClpX for spa transcrip-
tion in a sarA background, as we did not succeed in construct-
ing a sarA cIpX double mutant. The difficulties in obtaining a
cIpX sarA double mutant could indicate that the double mutant
is not viable. Both ClpX and SarA influence global virulence
regulation at multiple levels, and it is possible that the absence
of both regulators will imbalance the levels of other interme-
diary regulators or proteins in a way that will be lethal to the
cell.

The synthesis of many cell wall proteins is coordinately reg-
ulated; however, the requirement for ClpX seems to be specific
for spa transcription. In contrast, transcription of ¢/fB and fubA
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was stimulated by the absence of ClpX as well as by the ab-
sence of ClpP, hinting that the regulatory effect on c/fB and
fnbA transcription is mediated by the ClpXP proteolytic com-
plex. Curiously, derepression of clfB expression in the clp
mutants occurs primarily in the postexponential phase while
derepression of fnbA occurs in the exponential phase. Addi-
tionally, ClpXP and agr have additive effects on transcription in
the case of fnbA but not in the case of c/fB transcription. Thus,
presumably, ClpXP-mediated regulation of cell-wall-associ-
ated adhesins involves both agr-dependent and -independent
pathways that respond to various signals.

In wild-type cells synthesis of extracellular virulence factors
is generally induced in the postexponential phase by an agr-
dependent mechanism. Mutants lacking either ClpX or ClpP
fail to induce transcription of hla-encoding a-hemolysin and
produce reduced amounts of several extracellular virulence
factors (11). The finding that both transcription of RNAIII and
the activity of the autoinducing peptide were reduced in the clp
mutants led us to propose that ClpXP regulates synthesis of
virulence genes through agr (11). In support of this hypothesis,
we show here that the patterns of extracellular proteins syn-
thesized by the clp and agr single and double mutants are very
similar. Moreover, combining the sar4 mutation with muta-
tions in either clpP or agr resulted in similar changes in the
profiles of extracellular proteins, indicating that ClpXP and agr
function at the same level in the regulatory hierarchy relative
to SarA. When we examined expression of a single secreted
protein, SspA, we found that postexponential induction was
eliminated at the transcriptional level by the absence of either
ClpX, ClpP, or agr. These observations all support that agr and
ClpXP work epistatic in the regulation of exoprotein synthesis.
In other bacteria, the combination of a two-component system
and a Clp proteolytic complex regulates important develop-
mental pathways. In E. coli, the two-component response reg-
ulator, RssB, functions as an adaptor protein of the ClpXP
proteolytic complex (45). In its phosphorylated form, RssB
binds the stationary sigma factor ¢® and thereby targets it for
degradation by ClpXP. A more complex mechanism involving
both a quorum-sensing system and the CIpCP proteolytic com-
plex controls development of genetic competence in B. subtilis
(40). It could be speculated that related mechanisms link the
function of agr and ClpXP to control growth-phase-dependent
expression of extracellular virulence factors in S. aureus. The
molecular basis of how RNAIII regulates transcription of tar-
get genes remains unknown. The proposed structure of
RNAIIT shows that it is able to form 14 different hairpin
structures that may create protein binding sites (4), and pre-
liminary data indicate that the regulatory role of RNAIII is
mediated through interaction with short-lived regulatory pro-
teins (2, 3). Rot is a candidate to be an agr-interacting protein,
since it was originally identified in a screen for mutations that
restored the protease and a-hemolysin activity of an agr-null
mutant (25). This led to the hypothesis that RNAIII induces
transcription of #la and sspA in the postexponential phase by
inhibiting the repressor activity of Rot (25). Intriguingly, we
showed here that the concomitant disruption of rot restored
sspA transcription in the c/pXP mutants. We hypothesize that
the regulatory link between ClpXP and agr could be mediated
by transcriptional regulators that upon interaction with
RNAIII will be tagged for degradation by ClpXP. According to
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FIG. 7. Model linking the activity of ClpXP, RNAIII, Rot, and
SarA in controlling transcription of sspA. In the exponential phase,
sspA transcription is very low due to the dual repression of sspA
transcription mediated by Rot and SarA. When the cells transit to
stationary phase, the quorum-sensing agr locus is induced, resulting in
high levels of RNAIII in the cell. RNAIII binds to Rot and thereby
targets it for degradation by the CIpXP protease, resulting in partial
derepression of sspA transcription.

our model, sspA transcription is repressed by Rot during the
exponential growth phase. In the postexponential growth
phase, accumulating RNAIII binds to Rot, thereby targeting
Rot for degradation by ClpXP, leading to derepression of sspA
(Fig. 7). In support of this model, we saw that in all strains
carrying the rot disruption, expression of sspA in exponential
phase was derepressed to a level comparable to what is ob-
served in postexponential wild-type cells. Thus, in the absence
of Rot, agr and ClpXP are no longer required for inducing sspA
transcription in the transition to stationary phase. As sspA is
additionally repressed by SarA, the model implies that sspA
transcription is repressed by both SarA and Rot in the expo-
nential phase and by SarA alone in the postexponential phase.
Accordingly, maximal induction of sspA is observed in a sarA-
negative strain only in the postexponential growth phase and
only in the presence of functional agr or ClpXP. From the
model we expect that maximal expression of sspA can be
achieved also in a rot sarA double mutant, and this was con-
firmed experimentally (Fig. 5, lane 6C). In accordance with the
model, the maximal expression of ssp4 was seen both in the
exponential and postexponential growth phases. Direct evi-
dence of the proposed model has not been obtained in this
study. Moreover, we have not examined the contribution of o®
to this model, as all the used strains are derivatives of 8325-4,
which has reduced levels of o due to a small deletion in rsbU,
encoding an activator of o® (14). However, we do not expect
o® to influence the regulatory events downstream of agr that
were the focus of this study, since o® appears to affect regula-
tion of virulence genes solely by reducing transcription of
RNAIII (16). However, this assumption has to be verified
using o®-proficient strains. Future studies will be designed to
examine, in vitro and in vivo, if stability of Rot is affected by the
absence of ClpX, ClpP, or agr. DNA arrays have established
that Rot and agr have opposing effects on the expression of
virulence genes (36). Generally, secreted proteins (like hemo-
lysins, proteases, and lipases) are negatively regulated while
cell surface adhesins are positively regulated by Rot (and vice
versa by agr). Our data indicated that agr and ClpXP work
epistatic in the overall regulation of exoprotein synthesis, and
we are currently assessing if Rot is the cofactor linking ClpXP
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and agr in global regulation of exoproteins. Notably, we have
shown that ClpXP-mediated regulation of cell-wall-associated
adhesins must involve several pathways that respond to differ-
ent signals.

ACKNOWLEDGMENTS

We thank T. J. Foster (Triniti College, Dublin, Ireland) for kindly
providing us with antibodies directed against CIfA and CIfB, P. J.
McNamara (University of Wisconsin) for sending strain PM614, K.
Tegmark (Karolinska Instittet, Stockholm, Sweden) for sending strains
KT201 and KT202, and S. J. Foster (University of Sheffield) for send-
ing strain PC1839. C. Buerholt is greatly appreciated for expert tech-
nical assistance.

This work was supported by a research fund from the Danish Agri-
cultural and Veterinary Research Council to H.I. D.F. and K.S. thank
the Danish Bacon and Meat Council for funding.

REFERENCES

1. Arnau, J., K. I. Sorensen, K. F Appel, F. K. Vog and K. H: . 1996.
Analysis of heat shock gene expression in Lactococcus lactis MG1363. Mi-
crobiology 142:1685-1691.

2. Arvidson, S., and K. Tegmark. 2001. Regulation of virulence determinants in
Staphylococcus aureus. Int. J. Med. Microbiol. 291:159-170.

3. Balaban, N., and R. P. Novick. 1995. Translation of RNAIII, the Staphylo-
coccus aureus agr regulatory RNA can be activated by a 3’-end deletion.
FEMS Microbiol. Lett. 133:155-161.

4. Benito, Y., F. A. Kolb, P. Romby, G. Lina, J. Etienne, and F. Vandenesch.
2000. Probing the structure of RNAIII, the Staphylococcus aureus agr regu-
latory RNA, and identification of the RNA domain involved in repression of
protein A expression. RNA 6:668-679.

5. Chan, P. F., and S. J. Foster. 1998. Role of SarA in virulence determinant
production and environmental signal transduction in Staphylococcus aureus.
J. Bacteriol. 180:6232-6241.

6. Cheung, A. L., and V. Fischetti. 1988. Variation in the expression of cell wall
proteins of Staphylococcus aureus grown on solid and liquid media. Infect.
Immun. 56:1061-1065.

7. Cheung, A. L., and S. J. Projan. 1994. Cloning and sequencing of sarA of
Staphylococcus aureus, a gene required for the expression of agr. J. Bacteriol.
176:4168-4172.

8. Cheung, A. L., K. Schmidt, B. Bateman, and A. C. Manna. 2001. SarS§, a SarA
homolog repressible by agr, is an activator of protein A synthesis in Staph-
ylococcus aureus. Infect. Immun. 69:2448-2455.

9. Cheung, A. L., and G. Zhang. 2002. Global regulation of virulence determi-
nants in Staphylococcus aureus by the SarA protein family. Front. Biosci.
7:1825-1842.

10. Chien, Y.-T., A. C. Manna, S. J. Projan, and A. L. Cheung. 1999. SarA, a
global regulator of virulence determinants in Staphylococcus aureus, binds to
a conserved motif essential for sar-dependent gene regulation. J. Biol. Chem.
274:37169-37176.

11. Frees, D., S. Qazi, P. Hill, and H. Ingmer. 2003. Alternative roles of ClpX
and ClpP in Staphylococcus aureus stress tolerance and virulence. Mol. Mi-
crobiol. 48:1565-1578.

12. Gerth, U., J. Kirstein, J. Mosterz, T. Waldminghaus, M. Mielthke, H. Kock,
and M. Hecker. 2004. Fine-tuning in regulation of Clp protein content in
Bacillus subtilis. J. Bacteriol. 186:179-191.

13. Gottesman, S. 1999. Regulation by proteolysis: developmental switches.
Curr. Opin. Microbiol. 2:142-147.

14. Heinrichs, J. H., M. G. Bayer, and A. L. Cheung. 1996. Characterization of
the sar locus and its interaction with agr in Staphylococcus aureus. J. Bacte-
riol. 178:418-423.

15. Hé6k M., and T. J. Foster. 2000. Staphylococcal surface proteins, p. 386-391.
In V. A. Fischetti, R. P. Novick, J. J. Ferretti, D. A. Portnoy, and J. I. Rood
(ed.), Gram-positive pathogens. ASM Press, Washington, D.C.

16. Horsburgh, M. J., J. L. Aish, L. J. White, L. Shaw, J. K. Lithgow, and S. J.
Foster. 2002. ¢® modulates virulence determinant expression and stress
resistance: characterization of a functional rsbU strain derived from Staph-
ylococcus aureus 8325—4. J. Bacteriol. 184:5457-5467.

17. Ingavale, S., W. van Wamel, T. T. Luong, C. Y. Lee, and A. L. Cheung. 2005.
Rat/MgrA, a regulator of autolysis, is a regulator of virulence genes in
Staphylococcus aureus. Infect. Immun. 73:1423-1431.

18. Janzon, L., and S. Arvidson. 1990. The role of the delta-lysin gene (//d) in
the regulation of virulence genes by the accessory gene regulator (agr) in
Staphylococcus aureus. EMBO J. 9:1391-1399.

19. Ji, G., R. C. Beavis, and R. P. Novick. 1995. Cell density control of staphy-
lococcal virulence mediated by an octapeptide pheromone. Proc. Natl. Acad.
Sci. USA 92:12055-12059.

20. Karlsson, A., P. Saravia-Otten, K. Tegmark, E. Morfeldt, and S. Arvidson.
2001. Decreased amounts of cell wall-associated protein A and fibronectin-




8108

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

FREES ET AL.

binding proteins in Staphylococcus aureus sarA mutants due to up-regulation
of extracellular proteases. Infect. Immun. 69:4742-4748.

Kessel, M., M. R. Maurizi, B. Kim, E. Kocsis, B. L. Trus, S. K. Singh, and
A. C. Steven. 1995. Homology in structural organization between the E. coli
CIpAP protease and the eukaryotic 26 S proteasome. J. Mol. Biol. 250:587—
594.

Kornblum, J., B. Kreiswirth, S. J. Projan, H. Ross, and R. P. Novick. 1990.
agr: a polycistronic locus regulating exoprotein synthesis in Staphylococcus
aureus, p. 373-402. In R. P. Novick (ed.), Molecular biology of the staphy-
lococci. VCH Publishers, New York, N.Y.

Kullik, L., P. Giachino, and T. Fuchs. 1998. Deletion of the alternative sigma
factor o® in Staphylococcus aureus reveals its function as a global regulator
of virulence genes. J. Bacteriol. 180:4814-4820.

McAleese, F. M., E. J. Walsh, M. Sieprawska, J. Potempa, and T. J. Foster.
2001. Loss of clumping factor B fibrinogen binding activity by Staphylococcus
aureus involves cessation of transcription, shedding and cleavage by metal-
loprotease. J. Biol. Chem. 276:29969-29978.

McNamara, P. J., K. C. Milligan-Monroe, S. Khalili, and R. A. Proctor.
2000. Identification, cloning, and initial characterization of rot, a locus en-
coding a regulator of virulence factor expression in Staphylococcus aureus. J.
Bacteriol. 182:3197-3203.

Morfeldt, E., L. Janzon, S. Arvidson, and S. Lofdahl. 1988. Cloning of a
chromosomal locus (exp) which regulates the expression of several exopro-
tein genes in Staphylococcus aureus. Mol. Gen. Genet. 211:435-440.
Novick, R. 1967. Properties of a cryptic high-frequency transducing phage in
Staphylococcus aureus. Virology 33:155-166.

Novick, R. P. 2000. Pathogenicity factors and their regulation, p. 392-407. In
V. A. Fischetti, R. P. Novick, J. J. Ferretti, D. A. Portnoy, and J. I. Rood
(ed.), Gram-positive pathogens. ASM Press, Washington, D.C.

Novick, R. P. 2003. Autoinduction and signal transduction in the regulation
of staphylococcal virulence. Mol. Microbiol. 48:1429-1449.

Novick, R. P., S. J. Projan, J. Kornblum, H. F. Ross, G. Ji, B. Kreiswirth, F.
Vandenesch, and S. Moghazeh. 1995. The agr P2 operon: an autocatalytic
sensory transduction system in Staphylococcus aureus. Mol. Gen. Genet.
248:445-446.

Novick, R. P., H. F. Ross, S. J. Projan, J. Kornblum, B. Kreiswirth, and S.
Moghazeh. 1993. Synthesis of staphylococcal virulence factors is controlled
by a regulatory RNA molecule. EMBO J. 12:3967-3975.

O’Brien, L., S. Kerrigan, G. Kaw, M. Hogan, J. Penades, D. Litt, D. J.
Fitzgerald, T. J. Foster, and D. Cox. 2002. Multiple mechanisms for the
activation of human platelet aggregation by Staphylococcus aureus: roles for
the clumping factors CIfA and CIfB and the serine-aspartate repeat protein
SdrE. Mol. Microbiol. 44:1033-1044.

Editor: J. T. Barbieri

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

INFECT. IMMUN.

Peacock, S. J., T. J. Foster, B. J. Cameron, and A. R. Berendt. 1999. Bacterial
fibronectin-binding proteins and endothelial cell surface fibronectin mediate
adherence of Staphylococcus aureus to resting human endothelial cells. Mi-
crobiology 145:3477-3486.

Pelle, R., and N. B. Murphy. 1993. Northern hybridization: rapid and simple
electrophoretic conditions. Nucleic Acid Res. 21:2783-2784.

Recsei, P., B. Kreiswirth, M. O’Reilly, P. Schlievert, A. Gruss, and R. P.
Novick. 1986. Regulation of exoprotein gene expression in Staphylococcus
aureus by agr. Mol. Gen. Genet. 202:58-61.

Said-Salim, B., P. M. Dunman, F. M. McAleese, D. Macapagal, E. Murphy,
P. J. McNamara, S. Arvidson, T. J. Foster, S. J. Projan, and B. N. Kre-
iswirth. 2003. Global regulation of Staphylococcus aureus genes by Rot. J.
Bacteriol. 185:610-619.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Schmidt, K. A., A. C. Manna, and A. L. Cheung. 2003. SarT influences sarS
expression in Staphylococcus aureus. Infect. Immun. 71:5139-5148.
Tegmark, K., A. Karlsson, and S. Arvidson. 2000. Identification and char-
acterization of SarH1, a new global regulator of virulence gene expression in
Staphylococcus aureus. Mol. Microbiol. 37:398-409.

Turgay, K., J. Hahn, J. Burghoorn, and D. Dubnau. 1998. Competence in
Bacillus subtilis is controlled by regulated proteolysis of a transcription fac-
tor. EMBO J. 17:6730-6738.

Wang, J., J. A. Hartling, and J. M. Flanagan. 1997. The structure of ClpP at
2.3 A resolution suggests a model for ATP-dependent proteolysis. Cell 91:
447-456.

Wawrzynow, A., D. Wojtkowiak, J. Marszalek, B. Banecki, M. Jonsen, B.
Graves, C. Georgopolous, and M. Zylicz. 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.

Wickner, S., S. Gottesman, D. Skowyra, J. Hoskins, K. McKenney, and M. R.
Maurizi. 1994. A molecular chaperone, ClpA, functions like DnaK and
Dnal. Proc. Natl. Acad. Sci. USA 91:12218-12222.

Wolz, C., C. Goerke, R. Landmann, W. Zimmerli, and U. Fluckiger. 2000.
Transcription of clumping factor A in attached and unattached Staphylococ-
cus aureus in vitro and during device-related infection. Infect. Immun. 70:
2758-2762.

Zhou, Y., S. Gottesman, J. R. Hoskins, M. R. Maurizi, and S. Wickner. 2001.
The RssB response regulator directly targets sigma(S) for degradation by
ClpXP. Genes Dev. 15:627-637.



