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The staphylococcal accessory regulator (encoded by sarA) is an important global regulator of virulence factor
biosynthesis in Staphylococcus aureus. To further characterize its role in virulence determinant production, an
sarA knockout mutant was created by insertion of a kanamycin antibiotic resistance cassette into the sarA gene.
N-terminal sequencing of exoproteins down-regulated by sarA identified several putative proteases, including
a V8 serine protease and a novel metalloprotease, as the major extracellular proteins repressed by sarA. In
kinetic studies, the sarA mutation delays the onset of a-hemolysin (encoded by hla) expression and reduces
levels of hla to approximately 40% of the parent strain level. Furthermore, SarA plays a role in signal
transduction in response to microaerobic growth since levels of hla were much lower in a microaerobic
environment than after aerobic growth in the sarA mutant. An exoprotein exhibiting hemolysin activity on
sheep blood, and up-regulated by sarA independently of the accessory gene regulator (encoded by agr), was
specifically induced microaerobically. Transcriptional gene fusion and Western analysis revealed that sarA
up-regulates both toxic shock syndrome toxin 1 gene (tst) expression and staphylococcal enterotoxin B pro-
duction, respectively. This study demonstrates the role of sarA as a signal transduction regulatory component
in response to aeration stimuli and suggests that sarA functions as a major repressor of protease activity. The
possible role of proteases as regulators of virulence determinant stability is discussed.

Staphylococcus aureus is a major human pathogen, respon-
sible for a large number of nosocomial infections (66). The
pathogenesis of S. aureus has been attributed to its potential to
produce a diverse range of extracellular proteins (e.g., hemo-
lysins, toxic shock syndrome toxin 1 [TSST-1], and proteases)
and cell wall-associated proteins (e.g., protein A and fibronec-
tin binding protein), many of which are virulence factors (33).
The production of secreted exo- and surface proteins is coor-
dinately regulated in a growth phase-dependent manner, oc-
curring preferentially in the post-exponential and log phases of
growth, respectively (9, 65). Modulation of virulence determi-
nant biosynthesis also occurs in response to the growth condi-
tions (12, 57, 58), reflecting the ability of S. aureus to adapt and
survive in many different environmental niches.

The regulation of virulence determinant production in S.
aureus involves several global regulatory loci; of these, sar and
agr are the best characterized (15, 45, 54, 56), though other
regulators have been described (27, 30). Inactivation of the sar
or agr locus results in a pleiotropic decrease in levels of exo-
proteins and an overproduction of surface proteins, while mu-
tants are less virulent than the parental strain in several animal
models (1, 15, 17, 18, 39, 45, 54, 56).

The agr locus consists of two major divergent operons. One
operon encodes a unique RNA molecule, RNAIII, responsible
for the up-regulation of extracellular protein production and
the down-regulation of surface proteins primarily at the tran-
scriptional level (34, 46, 51). This operon has a single pro-
moter, P3 (39). In the opposite direction to RNAIII, the P2
promoter is responsible for expression of RNAII from a four-
gene operon, agrBDCA (39). AgrC and AgrA show homology
to members of the classical family of two-component sensor

and regulator proteins, respectively (39, 50). In addition, agrB
and agrD generate a quorum-sensing signalling molecule, a
small peptide, which activates expression of RNAIII, and
hence agr target genes, in a cell density-dependent manner (7,
35, 36). Mutations in any of the agrBDCA cluster of genes
results in lower levels of RNAIII, implying that RNAII prod-
ucts are required for optimal RNAIII expression (50). In the
signal transduction pathway, AgrA is believed to bind to envi-
ronmental concentrations of the autoinducing peptide, trans-
ducing this signal via phosphorylation to AgrC, which results in
activated AgrC putatively binding to the agr P2 and P3 pro-
moter regions. This leads to increased levels of both RNAII,
and hence enhanced levels of the autoinducer molecule itself,
and RNAIII, thus ensuring a rapid alteration in virulence gene
expression via RNAIII, in response to bacterial population
density (35, 50).

The sar operon was first identified by Cheung and coworkers
(15) in a Tn917 library screen for fibrinogen binding protein-
deficient mutants. The inactivated locus was subsequently
found to pleiotropically affect the expression of exoproteins
and surface proteins (15, 18). Molecular characterization of
the sar operon revealed three overlapping transcripts all en-
coding SarA, a regulatory DNA binding protein product in-
volved in virulence gene expression (8). Transcriptional and
binding studies have shown that the SarA protein binds to the
P2 and P3 promoter regions of the agr locus, increasing levels
of both RNAII and RNAIII and hence altering the synthesis of
virulence factors (13, 31, 47). The mechanism by which S.
aureus controls virulence determinant gene expression is there-
fore complex, involving an interactive, hierarchical regulatory
cascade between the products of the sar and agr loci and
possibly other components.

To further our understanding of how S. aureus responds to
the environment to bring about changes in virulence determi-
nant production, we investigated the role of sarA in the signal
transduction pathway in response to environmental stimuli.
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This effort was facilitated by the creation of a sarA-inactivated
mutant. Analysis of the mutant revealed SarA to be a potent
repressor of proteases. The role of SarA in the transduction of
specific environmental signals was also studied.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. Escherichia coli strains were grown in Luria-Bertani
medium and selection with ampicillin (50 mg/ml) where appropriate. S. aureus
strains were grown in brain heart infusion (BHI) medium containing erythromy-
cin (5 mg/ml), tetracycline (5 mg/ml), kanamycin (50 mg/ml), neomycin (50 mg/
ml), or lincomycin (25 mg/ml) where suitable. All bacteria cultures were grown at
37°C. Phage transduction was performed as described by Novick (49), using f11
as the transducing phage.

Experimental growth conditions. For transcriptional fusion and protein stud-
ies, strains were grown exactly as previously described (12). Microaerobic cul-
tures were grown in a variable-atmosphere (8% O2, 5% CO2, 87% N2) incubator
(Don Whitley) with agitation at 37°C. Anaerobic growth at 37°C was conducted
in an atmosphere of 10% H2, 10% CO2, and 80% N2.

DNA manipulations. All molecular biology techniques and recombinant DNA
manipulations were carried out as described in reference 61. DNA sequencing
was carried out with AmpliTaq DNA polymerase (Applied Biosystems) based on
the dye terminator cycle sequencing method and analyzed on an Applied Bio-
systems automated DNA sequencer.

Hemolysin assay. a- or b-hemolysin activity was determined on a 10% (vol/
vol) rabbit blood (E & O Laboratories, Bonnybridge, United Kingdom) overlay
plate or a 5% (vol/vol) sheep blood (TCS Biologicals, Buckingham, United
Kingdom) plate. All plates were incubated at 37°C until zones of activity were
visible. Assays were performed in triplicate, and the means and standard devia-
tions of activities were calculated. a-Hemolysin levels in bacterial culture super-
natants were determined based on the method of Rowe and Welch (60). Bac-
terial samples (0.5 ml) were centrifuged (5,500 3 g, 4°C, 1 min), the supernatant

was removed, and phenylmethylsulfonyl fluoride (Sigma) was added to a final
concentration of 0.25 mM, and the samples were stored at 220°C; 0.1 ml of
supernatant was made up to 1 ml in hemolysin buffer (0.145 M NaCl, 20 mM
CaCl2) prior to the addition of 25 ml of defibrinated rabbit blood. After incuba-
tion for 15 min at 37°C, we centrifuged the samples (5,500 3 g, room tempera-
ture, 1 min) and measured the optical density at 543 nm (OD543) of the super-
natant. One unit of hemolysin activity is defined as the amount which causes an
increase in OD543 of 0.5 per min due to erythrocyte lysis per OD600 unit of
original culture.

b-Galactosidase and luciferase assays. b-Galactosidase (with 4-methylumbel-
liferyl-b-D-galactopyranoside [MUG] as the substrate) and luciferase activities
were measured as previously described (12).

Protein gel analysis. Samples were prepared, and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed as previously
described (26).

Samples for Western blot analysis were separated by SDS-PAGE on a 10%
(wt/vol) gel, then transferred to nitrocellulose, and treated with anti-staphylo-
coccal enterotoxin B (SEB) antibody (Sigma) at a 1:2,000 dilution as described
by Burnette (10). Antigen-antibody complexes were detected by reaction with
goat anti-rabbit immunoglobulin G (1:30,000) conjugated to alkaline phospha-
tase (Sigma). The intensity of each band was quantified by densitometry using
Bio-Profil electrophoresis gel imagery (Vilber Lourmat).

Zymogram analysis of exoprotein samples for protease activity was carried out
as described above except that the sample buffer contained no b-mercaptoetha-
nol and the samples were denatured at room temperature for 15 min. This did
not affect the protein profile by comparison to the standard sample preparation
protocol. Protein samples were resolved on a 12% (wt/vol) acrylamide Zymo-
gram Ready Gel (Bio-Rad) containing casein, renatured overnight at 37°C, and
visualized with Coomassie blue stain according to the manufacturer’s instruc-
tions.

N-terminal sequence determination. After SDS-PAGE, proteins were trans-
ferred onto a Protoblot membrane (Applied Biosystems) by electrophoresis and
visualized with Coomassie blue according to the manufacturer’s instructions.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or relevant characteristicsa Origin (reference)

S. aureus
RN4220 Restriction negative, modification positive R. Novick 40
8325-4 Wild-type strain cured of known prophages R. Novick 48
PC6911 agrD::tetM Tcr Laboratory stock 12, 51
PC2429 sarA1 sarA::km Kmr Eryr This study
PC1839 sarA::km Kmr This study
PC18391 sarA::km agrD::tetM Kmr Tcr This study
PC322 hla1 hla::lacZ Eryr Laboratory stock 12
PC3221 hla1 hla::lacZ sarA::km Eryr Kmr This study
PC324 hla1 hla::lacZ agrD::tetM Eryr Tcr Laboratory stock 12
PC3241 hla1 hla::lacZ sarA::km agrD::tetM Eryr Kmr Tcr This study
PC203 spa1 spa::lacZ Eryr Laboratory stock 12
PC2031 spa1 spa::lacZ sarA::km Eryr Kmr This study
PC206 spa1 spa::lacZ agrD::tetM Eryr Tcr Laboratory stock 12
PC2062 spa1 spa::lacZ sarA::km agrD::tetM Eryr Kmr Tcr This study
PC1072 tst::lux Tcr Laboratory stock 12
PC1091 tst::lux sarA::km Tcr Kmr This study
S6 Enterotoxin-producing strain S. Khan 20
PC1700 agrD::tetM in S6 Tcr This study
PC1841 sarA::km in S6 Kmr This study
PC1845 sarA::km agrD::tetM in S6 Tcr Kmr This study

E. coli DH5a f80dlacZDM15 recA1 endA1 gyrA96 thi-1 hsdR17 (rK
2 mK

1) supE44 relA1
deoR D(lacZYA-argF)U169

Promega Corp.

Plasmids
pUBS1 E. coli cloning vector; Apr G. Murphy 25
pAZ106 Promoterless, transcriptional lacZ fusion vector; Apr (E. coli) Eryr (S. aureus) A. Moir 38
pDG783 1.5-kb kanamycin resistance cassette in pSB118; Apr P. Stragier 29
pPC905 1.3-kb SalI-BamHI cut PCR fragment containing the complete sar operon in

SalI-BamHI-cut pUBS1; Apr
This study

pH4 1.5-kb EcoRI fragment from pDG783 containing the kanamycin resistance
cassette in EcoRI-cut pPC905; Apr

This study

pH4A5 3.3-kb PvuII fragment containing sarA::km in SmaI-cut pAZ106; Apr (E. coli)
Eryr (S. aureus)

This study

a Abbreviations: Tcr, Kmr, Eryr, and Apr, resistance to tetracycline, kanamycin/neomycin, erythromycin/lincomycin, and ampicillin, respectively.
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Protein bands were excised from the membrane and sequenced in an Applied
Biosystems 476A protein sequencer.

Construction of an sarA insertionally inactivated mutant. To study the role of
sarA in the regulation of virulence determinant production, an insertionally
inactivated sarA mutant was made. Forward and reverse primers corresponding
to the 59 and 39 ends of the sar operon with added SalI and BamHI restriction
sites, respectively (shown in boldface and flanked by GC-rich regions), were
designed based on the published sequence (underlined nucleotides) (8). These
primers, 59-ACGCGTCGACGTCGAAAGCGTTGATTTGGGTAGTA-39 (nu-
cleotides 1 to 21) and 59-CGCGGATCCGCGAGTGCCATTAGTGCAAAACC
T-39 (complement of nucleotides 1329 to 1349), respectively, were used to PCR
amplify the complete sar operon. The 1,349-bp PCR product was cut with
SalI-BamHI and cloned into pUBS1 (25) cut with SalI-BamHI to give plasmid
pPC905 in E. coli DH5a. A 1,489-bp EcoRI fragment containing a kanamycin
resistance cassette of Streptococcus faecalis was excised from pDG783 (29),
dephosphorylated, and cloned into the unique EcoRI site internal to the sarA
gene in pPC905 cut with EcoRI and dephosphorylated, to give pH4 in E. coli
DH5a. Restriction mapping, and DNA sequence analysis using primers internal
to sarA and flanking its EcoRI site, was used to confirm insertion of the kana-
mycin resistance cassette into the sarA gene. A 3,296-bp PvuII fragment con-
taining the inactivated sarA gene and flanking sequences was excised from pH4
and cloned into the vector pAZ106 (38) cut with SmaI and dephosphorylated,
giving plasmid pH4A5 in E. coli DH5a. Plasmid DNA of pH4A5 (50 mg) was
transformed into S. aureus RN4220 by electroporation (62) and selected on
plates containing kanamycin and erythromycin. A kanamycin- and erythromycin-
resistant transformant, PC2429, was also checked for neomycin and lincomycin
resistance to eliminate transformants which may emerge due to spontaneous
chromosomal mutations. The presence of an inactivated and an intact copy of
sarA were verified by PCR using sarA internal primers (as described above for
pH4 construction) and Southern blot analysis using the pPC905 insert as the
probe. A phage lysate of PC2429 was prepared from f11 stocks, transduced into
S. aureus 8325-4, and selected on kanamycin and neomycin plates. Of the 96
transductants recovered, 2 of 65 which were tested were also erythromycin
sensitive. Successful integration of the sarA::Km marker into the S. aureus chro-
mosome of one of these transductants, PC1839, was confirmed by PCR using
sarA internal primers and Southern blot analysis with the pPC905 insert as the
probe.

RESULTS

Construction and phenotypic characterization of an sarA
knockout mutant. To determine the role of sarA in the control
of virulence determinant expression, the sarA mutant PC1839
was made by insertion of a kanamycin resistance cassette into
the sarA gene in the S. aureus chromosome. A kanamycin
resistance cassette was chosen as a selective marker to allow
other chromosomal markers carried by reporter gene fusions
(12) and regulatory loci mutation to be introduced into
PC1839. The plasmid construct pH4A5, containing the inacti-
vated sarA gene, lacks a replicon functional in S. aureus.
Hence, when the plasmid was introduced into S. aureus
RN4220 by transformation, kanamycin- and erythromycin-re-
sistant colonies which emerge result from a single crossover
recombination event between homologous DNA regions of the
sar loci on the chromosome and plasmid. It is unlikely that a
double crossover will occur due to the poor efficiency of re-
combination in S. aureus (49). Hence, transformants such as
PC2429 contain an intact copy of sarA plus an extra copy of the
disrupted sarA gene and are resistant to erythromycin/linco-
mycin and kanamycin/neomycin. The sarA::Km marker was
introduced into the chromosome of S. aureus 8325-4 by trans-
ductional outcross (51). A kanamycin-resistant, erythromycin-
sensitive colony, PC1839, containing the insertionally inacti-
vated sarA was selected. PCR screening of PC1839 gave a
single product corresponding to sarA containing the 1.5-kb
cassette (results not shown). Southern blot analysis also con-
firmed the presence of the cassette when genomic DNA of
PC1839 was compared to that of 8325-4, probed with the
pPC905 insert. PC1839 (sarA) grew at approximately the same
rate and gave the same yield (OD600 of 8 to 10) as the parental
strain. As the doubling time during exponential growth was not
significantly different from that of the wild type (see Fig. 4 and
5), changes in virulence determinant expression are due to

inactivation of sarA rather than changes in growth rate. The
mutation is stable and does not require continued antibiotic
selection.

Identification of sarA-regulated exoproteins. The effect of
the sarA mutation on total exoprotein production in an 8325-4
background was examined during the growth cycle by SDS-
PAGE analysis (Fig. 1A). The mutation resulted in a pleiotro-
pic alteration in the extracellular protein profile compared to
the wild-type strain as has been previously noted (18). It has
been previously shown that most exoproteins are preferentially
expressed in a growth phase-dependent manner during the
transition between late post-exponential (T 5 6 h [Fig. 1A])
and stationary phases (T 5 8 h [Fig. 1A]) of growth (18).
Several exoproteins present in the parental strain are missing
or reduced in PC1839 (sarA) and are hence up-regulated by
SarA. Figure 1A also shows many exoproteins which overac-
cumulate in PC1839 (sarA) compared to the parent and there-
fore are negatively regulated by SarA. To further identify the
SarA-regulated proteins, several of these exoproteins were N-
terminally sequenced (Table 2).

In PC1839 (sarA), a 35-kDa protein (designated P1) is the
major product in the extracellular fluid and appears preferen-
tially during the stationary phase of growth (T 5 6 and 8 h)
(Fig. 1A). In 8325-4, it is likely to correspond to the minor
band directly above the most prominent protein in the 8325-4
profile (Fig. 1A, lane 4), which is a-hemolysin (Hla; 33 kDa)
(28). The identity of a-hemolysin was verified by N-terminal
sequencing (results not shown). The intensity of the 35-kDa
exoprotein in PC1839 (sarA) is at least 10-fold higher than in
8325-4, and hence the protein is strongly negatively regulated
by SarA. This regulation may occur at the transcriptional
and/or posttranscriptional levels. In Fig. 1B, the same protein
(P1) is missing or greatly reduced in both PC6911 (agr) and
PC18391 (sarA agr) compared to 8325-4, implying that its pro-
duction is positively controlled by agr independently of sarA.
N-terminal sequence analysis of the 35-kDa protein (P1) re-
vealed 100% identity in an 11-amino-acid overlap to both a
29.0-kDa staphylococcal serine protease (also called V8 pro-
tease) (11) and a 31.3-kDa glutamic acid-specific endopepti-
dase (69) from two different S. aureus strains (Table 2). The P1
sequence aligns exactly with residue 69 of each protease, the
first amino acid of the mature polypeptide.

A 40-kDa exoprotein repressed by sarA is preferentially pro-
duced during the post-exponential phase of growth in PC1839
(sarA) (Fig. 1A, P6). Interestingly, in the sarA mutant, produc-

FIG. 1. Effects of regulatory mutations on exoprotein production in S. aureus
SDS–10% (wt/vol) polyacrylamide gels show total extracellular protein produc-
tion during growth as described in Materials and Methods. (A) S. aureus 8325-4
lanes 1 to 4 and PC1839 (sarA) (lanes 5 to 8) at T 5 2, 4, 6, and 8 h, corre-
sponding to log, early and late post-exponential, and stationary phases of growth,
respectively. (B) S. aureus 8325-4 (lane 1), PC6911 (agr) (lane 2), PC1839 (sarA)
(lane 3), and PC18391 (sarA agr) (lane 4), all in stationary phase (T 5 8 h). All
lanes contain exoproteins from the equivalent of 0.05 OD600 units of original
culture. Representative sarA-regulated proteins are indicated by arrows. The
molecular masses of protein standards (in kilodaltons) are shown.

6234 CHAN AND FOSTER J. BACTERIOL.



tion of this exoprotein increases 2 h earlier during the post-
exponential phase of growth (T 5 4 h) (Fig. 1A, lane 6) com-
pared to the appearance of most of the other exoproteins (T 5
6 and 8 h). P6 is not apparently present in 8325-4, although a
slightly larger protein is suggesting that the presence of P6 is
repressed by SarA (Fig. 1B, lanes 1 and 3). P6 is not present in
PC6911 (agr) but is present in PC1839 (sarA agr) (Fig. 1B,
lanes 2 and 4), which shows that the presence of P6 is repressed
by SarA but independently of agr. The P6 N-terminal sequence
revealed 85% identity over 20 amino acids to an extracellular
elastase precursor from Staphylococcus epidermidis (63), also
called metalloprotease or SepPI. SepPI, which requires zinc for
its proteolytic activity, and P6 are more distantly related to
various Bacillus proteases (reference 63 and results not
shown). P6 shows homology starting at the first residue of the
mature form of the extracellular elastase of S. epidermidis.

Two exoproteins with estimated sizes of 28 and 26 kDa (P2
and P3) are produced at low levels in cultures of PC1839 (sarA)
(T 5 6 and 8 h) (Fig. 1A, lanes 7 and 8). P2 and P3 are present
in the parental strain (8325-4) but are absent from PC6911
(agr) and PC18391 (sarA agr) (Fig. 1B). These proteins are thus
apparently not strongly regulated by SarA but up-regulated by
agr. N-terminal sequencing of P2 and P3 revealed 88 and 55%
best identity over 27 and 20 amino acids, respectively, to a
26-kDa novel antigen called ORF-1, and also 67% and 55%
identity, respectively, to a second 26-kDa novel antigen, called
ORF-2 (59), both from an enterotoxin-producing S. aureus
strain (Table 2). ORF-1 and ORF-2 show 61.5% identity to
each other over their entire lengths. The functions of these
novel antigens are unknown. However, the antigens show high-
est homology (approximately 30% over the entire lengths of
both proteins) to V8 serine protease of S. aureus and thus can
be added to the multitude of proteases so far identified in the
sarA mutant of 8325-4. ORF-1 and ORF-2, like V8 serine
protease, also showed approximately 25 to 30% identity over
their entire lengths to both the 26.9-kDa exfoliative toxin A
(ETA) of S. aureus (accession no. M17347) (41, 53) and the
27.3-kDa exfoliative toxin B (ETB) (accession no. M17348)
(41).

Two proteins of approximately 22 and 21 kDa are present in
PC1839 (sarA) but absent in both wild-type 8325-4 and agr
mutant PC6911 (Fig. 1B). Hence, these exoproteins are
strongly repressed by sarA apparently independently of agr.
N-terminal and sequence analysis of the 22-kDa exoprotein
(P4) did not show homology to any proteins in established
databases (Table 2). However, P4 showed 100% identity over
20 amino acids to a recently identified S. aureus protein,
ORFX, located immediately 39 of V8 protease (32). The N
terminus of the 21-kDa protein (P10) did not have any signif-
icant homologues (results not shown).

Protease activity analysis. To examine the proteolytic activ-
ity of exoproteins regulated by sarA, total extracellular proteins
were analyzed on a renaturing gel with casein as the substrate.
PC1839 (sarA) show an intense zone of clearing indicative of
protease activity at 35 kDa which corresponds to V8 serine
protease activity (Fig. 2, lane 3). It is absent in 8325-4 (even
though the sample represents 10-fold more OD600 units),
which confirms its down-regulation by sarA (Fig. 1). A second
band of activity in PC1839 (sarA) runs at approximately 23 kDa
(Fig. 2, lane 3). Comparison of the relative intensities of likely
V8 serine protease activity in 8325-4 and PC1839 (sarA) (Fig.
2 and results not shown) suggests there is approximately 1,000-
fold more V8 protease activity in PC1839 (sarA) than in
8325-4. Apparent protease activity is missing in PC6911 (agr)
and is lower in PC18391 (sarA agr) than in PC1839 (sarA),
consistent with SarA negatively regulating V8 serine protease
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production and agr positively regulating V8 serine protease, as
previously observed on the Coomassie blue-stained gel after
SDS-PAGE (Fig. 1B). Even in PC18391 (sarA agr), there is still
approximately 100-fold more activity than in 8325-4 (Fig. 2 and
results not shown).

Several additional protease bands were visible at approxi-
mate sizes of 28, 20, 19, 70, and 38 kDa, in order of decreasing
activity, when the zymogram gel was overloaded with superna-
tant samples from the sarA mutant (results not shown). Some
of these may correspond to the putative proteases identified by
N-terminal sequencing of exoproteins in PC1839 (sarA) (Table
2).

Role of SarA in regulation of SEB and TSST-1. The set of
regulatory mutations was introduced into S. aureus S6, an en-
terotoxin-producing strain. SEB is the major exoprotein pro-
duced by S6 and is known to be up-regulated by agr (20). The
role of sarA in the regulation of SEB was examined by Western
blot analysis (Fig. 3). In stationary-phase cultures (T 5 18 h),
the 28-kDa SEB band was reduced in PC1841 (sarA) to ap-
proximately 30% of the S6 level. PC1700 (agr) and PC1845
(sarA agr) had 16 and 20%, respectively, of the wild-type level
of SEB.

To investigate the role of sarA in the control of TSST-1 gene
(tst) expression, the sarA mutation was introduced into a pre-
viously constructed tst::lux fusion (12) to create strain PC1091
(sarA tst::lux). The effect of sarA on tst levels as measured by
luciferase activity was determined (Fig. 4). In PC1072 (tst::lux),
tst expression rapidly increases postexponentially at 5 h and
reaches a maximum of approximately 600 relative light units at
T 5 12 h. In PC1091 (sarA tst::lux), there was an approximate
twofold reduction in tst levels during the stationary phase (T 5
10 to 20 h) compared to PC1072 (tst::lux). There was no ap-

parent difference in the lag period prior to tst expression be-
tween the wild-type and sarA backgrounds.

Kinetics of virulence determinant expression in an sarA
mutant. SarA has been shown to regulate both spa and hla
expression (14, 18). In epistasis experiments, the effect of sarA
on the kinetics of expression of hla and spa was examined to
determine the role of sarA in the hierarchical regulation of
these virulence determinants during aerobic growth. The pre-
viously constructed (12) lacZ transcriptional reporter gene fu-
sions hla::lacZ and spa::lacZ were introduced into the sarA and
sarA agr backgrounds of 8325-4, and the effects of these mu-
tations on virulence determinant gene expression was mea-
sured by changes in b-galactosidase levels. In PC322
(hla::lacZ), hla expression rapidly increases at 3 h of growth,
reaching a maximum of 146,000 MUG units in the post-expo-

FIG. 2. Zymogram analysis of protease activity in exoproteins of S. aureus.
Lane 1, S. aureus 8325-4; lane 2, PC6911 (agr); lane 3, PC1839 (sarA); lane 4,
PC18391 (sarA agr). Exoproteins are from the equivalents of 0.05 (lanes 1 and 2)
and 0.005 (lanes 3 and 4) OD600 units of original culture. Stationary-phase
samples (T 5 18 h) were prepared and separated on a 12% (wt/vol) polyacryl-
amide gel with casein as the substrate, and the gel was renatured as described in
Materials and Methods. Proteolytic activity can be seen as a zone of clearing on
the gel, indicated by arrows. The molecular masses of protein standards (in
kilodaltons) are shown.

FIG. 3. Western blot analysis of SEB production. (A) Western blot of total
extracellular proteins of S. aureus S6 (lane 1), PC1700 (agr) (lane 2) PC1841
(sarA) (lane 3), and PC1845 (sarA agr) (lane 4). All lanes contain exoproteins
from the equivalent of 0.05 OD600 units of original culture (T 5 18 h). Proteins
were separated by SDS-PAGE on a 10% (wt/vol) gel, transferred onto a nitro-
cellulose membrane (BDH), and probed with a 1:2,000 dilution of antibodies to
SEB (Sigma) prior to colorimetric detection as described in Materials and Meth-
ods. (B) The relative intensity of each protein band quantified by densitometry
(mean of three experiments plus standard deviation).

FIG. 4. Role of sarA in the regulation of tst::lux expression during aerobic
growth. S. aureus PC1072 (tst::lux) (E, F) and PC1091 (sarA tst::lux) (h, ■) were
grown in BHI at 37°C with shaking at 250 rpm as described in Materials and
Methods. Bacterial growth was measured by OD600 (E, h), and fusion expres-
sion was determined by luciferase activity (F, ■).
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nential phase (T 5 10 h) and remains high at T 5 12 to 24 h
(130,000 MUG units) (Fig. 5A). In PC1839 (sarA hla::lacZ),
there is an additional 3-h lag prior to a sudden increase in hla
transcription at 6 h compared to PC322 (hla::lacZ). Thereafter,
aerobic levels rose only to about 40% of the parental level
during the stationary phase of growth (T 5 12 to 24 h) (Fig.
5A). Expression of hla in PC324 (agr hla::lacZ) was reduced to
approximately 8% of the level in PC322 (hla::lacZ) and was
further diminished in PC3241 (sarA agr hla::lacZ), to approx-
imately 3% of the parental level after 18 h of growth.

To determine any posttranscriptional regulation of a-hemo-
lysin production, hla::lacZ expression and a-hemolysin protein
(Hla) activity were compared. Specific Hla activity in PC322
(hla::lacZ) began to increase as the cells entered post-expo-
nential phase (T 5 4 h) and continued to rise into the station-

ary phase of growth (T 5 13 to 24 h) (Fig. 5B). In PC3221
(sarA hla::lacZ), Hla levels were not measurable until 6 to 8 h
into growth, implying an additional 2- to 4-h lag period prior to
the onset of Hla activity compared to the parent (Fig. 5B).
Thereafter, Hla activity rose to only 10% of the parental
PC322 (hla::lacZ) level at T 5 13 h (Fig. 5B), compared to
40% of the parental level when hla::lacZ expression was de-
termined (Fig. 5A). Hla activity in PC324 (agr hla::lacZ) and
PC3241 (agr sarA hla::lacZ) was ,1% of the activity in PC322
(hla::lacZ) (Fig. 5B).

Expression of spa::lacZ occurs optimally during late expo-
nential phase in a wild-type background (PC203; T 5 3 h), (2).
spa levels are dramatically (23- 24-, and 20-fold) increased
compared to PC203 (spa::lacZ) in PC2031 (sarA spa::lacZ),
PC206 (agr spa::lacZ), and PC2062 (sarA agr spa::lacZ), respec-

FIG. 5. Role of sarA and agr in the regulation of hla::lacZ expression and Hla activity in response to environmental conditions. S. aureus PC322 (hla::lacZ) (E, F),
PC3221 (sarA hla::lacZ) (h, ■), PC324 (agr hla::lacZ) (‚, Œ), and PC3241 (sarA agr hla::lacZ) ({, }) were grown in BHI at 37°C as described in Materials and Methods.
(A and B) Aerobic growth in a shaking water bath at 250 rpm; (C and D) microaerobic growth on a shaking platform in a cabinet containing 8% O2, 5% CO2, and
87% N2. Bacterial growth was measured by OD600 (E, h, ‚, {). (A) hla::lacZ expression was determined by measuring b-galactosidase activity (F, ■, Œ, }); (B) Hla
activity in cell-free supernatants (F, ■, Œ, }) was determined as described in Materials and Methods.
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tively, at T 5 3 h (results not shown) which is consistent with
previous studies (14).

Role of SarA in the response to environmental signals. To
determine the role of sarA in the transduction of specific en-
vironmental signals which affect virulence determinant expres-
sion, we studied the effects of the sarA mutation on spa and hla
expression under different growth conditions. Initial studies
using our sarA::lacZ fusion suggested that sarA levels may be
responsive to aeration levels (12a). To examine the role of sarA
in the transduction of this environmental signal, the levels of
expression of both hla and spa were compared in wild-type and
sarA backgrounds under aerobic and microaerobic growth con-
ditions as described in Materials and Methods. During mi-
croaerobic growth, hla expression in PC322 (hla::lacZ) in-
creased between T 5 2 h and 4 h, rapidly reaching a maximum
of 4,200 MUG units at late log phase (T 5 4 h) (Fig. 5C).
Microaerobic expression of hla in PC3221 (sarA hla::lacZ)
resulted in a dramatic reduction in hla::lacZ expression to only
17 and 14% of PC322 (hla::lacZ) levels in stationary phase
(T 5 10 and 13 h, respectively) (Fig. 5C). Expression of hla was
reduced to similar levels: 19 and 14% of PC322 (hla::lacZ)
levels in PC324 (agr hla::lacZ) at T 5 10 and 13 h, respectively
(Fig. 5C). In PC3241 (sarA agr hla::lacZ), hla expression was
further diminished to 8 and 5% of the level in parent PC322
strain at the same time points. When a-hemolysin protein
activity was concurrently measured from the same culture sam-
ples, the specific Hla activity was only ,1% of the parental
level in sarA and agr mutant backgrounds during growth (Fig.
5D).

Comparison of microaerobic and aerobic hla::lacZ expres-
sion and Hla activity (Fig. 5) showed that both microaerobic
expression and activity were significantly reduced in the wild-
type background (PC322), to ,15% of aerobic levels (T 5
24 h). Most interestingly, under aerobic conditions hla expres-
sion was approximately 40% in the sarA mutant (PC3221)
compared to the wild type (PC322) (Fig. 5A), while under
microaerobic conditions the sarA mutant (PC3221) showed
only 14% of parental expression during late stationary phase
(T 5 13 to 24 h), which was equivalent to expression in the agr
mutant (PC324) (Fig. 5C). A similar pattern was observed for
Hla activity (Fig. 5B and D). Aerobically, Hla levels in the
SarA mutant were reduced to 10% of the parental level during
stationary phase (Fig. 5B, T 5 13 to 24 h), while microaerobi-
cally, Hla activity was only ,1% of the parental level at the
same stage of growth (Fig. 5D). This finding suggests that sarA
is important in the regulation of hla expression and stability
under different aeration conditions.

The role of sarA in the regulation of spa expression during
microaerobic growth was determined. Microaerobic spa ex-
pression at T 5 4 h was 80-fold higher in PC2031 (sarA
spa::lacZ) than in PC203 (spa::lacZ), while in PC206 (agr
spa::lacZ) and PC2062 (sarA agr spa::lacZ), spa levels were 40-
to 60-fold higher than in PC203 (results not shown).

The effect of sarA on virulence determinant gene expression
in response to other environmental signals was also studied.
The presence of 1 M NaCl was previously shown to dramati-
cally repress levels of hla and spa (12, 52). To determine
whether the effect of NaCl was mediated via sarA, the fusion
strains in wild-type and sarA backgrounds were grown in BHI
supplemented with 1 M NaCl. Fusion expression of hla and spa
was similarly repressed in both parental and sarA mutant
strains in the presence of 1 M NaCl (results not shown). The
effect of divalent cation availability on spa expression was also
examined. The addition of a sub-growth-inhibitory concentra-
tion of the metal ion chelator EDTA (0.5 mM), EGTA (0.5
mM), or 2,29-dipyrydyl (0.4 mM) to BHI repressed spa levels to

various extents (12), but this occurred independently of SarA
(results not shown).

Induction of a hemolysin positively regulated by sarA in
microaerobic and anaerobic conditions. To further identify
components which may be regulated by sarA in an aeration-
dependent manner, hemolysin production was measured under
aerobic, microaerobic, and anaerobic conditions. On solid me-
dia incubated aerobically (18 h), microaerobically (18 h), and
anaerobically (2 days), zones of hemolytic activity were ob-
served in wild-type 8325-4 and sarA mutant (PC1839) strains
when assayed for a- and b-hemolysin (results not shown). No
activity was observed in the agr (PC6911) or sarA agr
(PC18391) mutant strain aerobically. Surprisingly, a zone of
hemolysis (approximately 10 to 20% of that in 8325-4) was
noted in the agr mutant (PC6911), but only on sheep blood
plates and specifically in a microaerobic or anaerobic environ-
ment. The agr-independent, aeration-regulated activity re-
quires SarA, as it is absent in PC18391 (sarA agr).

DISCUSSION

SarA has been previously shown to be a pleiotropic regulator
of virulence determinant production in S. aureus (14, 15, 18).
To further characterize the SarA regulon and to determine its
role in the transduction of specific environmental signals, the
sarA gene was disrupted by insertional inactivation using a
kanamycin antibiotic resistance cassette. a-Hemolysin expres-
sion was diminished in the sarA mutant of S. aureus 8325-4, but
interestingly, under our specific growth conditions, apparent
transcription as measured by the use of an hla::lacZ fusion was
reduced only to approximately 40% of the parental level. Our
results are significantly different from those of Cheung and
Ying (18), who found that a-hemolysin expression was almost
totally abolished in a SarA mutant in an 8325-4-related strain
background. Environmental conditions have huge effects on
virulence determinant production (12). The discrepancy in re-
sults may therefore be due to different culture conditions, as
these have not been fully described previously (15, 18).

SarA is involved in the temporal regulation of hla expres-
sion, since in the sarA mutant expression occurred 3 h later
than in the parent (Fig. 5A). This occurred at the transcrip-
tional level, as in both wild-type and sarA backgrounds, the
times of onset of hla expression and activity were identical,
implying that there is no additional translational control of hla
timing by SarA. Previously, Vandenesch et al. (65) demon-
strated that hla transcription could not be induced early in the
growth cycle by RNAIII expressed on a plasmid, suggesting
that additional, unknown signals independent of RNAIII were
involved in its control. Our results indicate sarA is also needed
to stimulate hla expression during the post-exponential phase,
possibly by the accumulation of an activator up-regulated by
sarA. The temporal delay in hla expression in the SarA mutant
may explain why previous work detected no hla expression in
an sarA mutant, as samples for Northern blot analysis were
apparently taken only into early stationary phase (18).

The role of sarA in the regulation of SEB was also investi-
gated. SEB, like Hla, is positively regulated by agr at the
mRNA level, though host factors other than RNAIII have
been implicated in its control (20). Western blot analysis
showed that SEB expression is subject to positive control by
sarA (Fig. 3). Transcriptional analysis using tst::lux reporter
gene fusions demonstrated that sarA is also involved in the
up-regulation of tst during the post-exponential phase, possibly
via agr. Unlike the case for agr (39, 56), however, inactivating
SarA only partially attenuates the expression of TSST-1 and
Hla, suggesting that SarA may have a secondary role in the
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up-regulation of the production of these secreted proteins
compared to agr.

Comparison of the exoprotein profiles of the various mu-
tants in an isogenic background allowed the identification of a
number of SarA-regulated proteins. Several proteins which are
repressed by SarA were visualized. Sequence analysis of the
exoproteins present in the supernatant of the sarA mutant
surprisingly revealed a range of extracellular proteins exhibit-
ing homology to known proteases, suggesting that sarA is a
pleiotropic repressor of proteases in S. aureus. Enhanced pro-
teolytic activity alone does not explain generally reduced levels
of toxins in the sarA mutant, since hla is also controlled at the
level of expression. The overproduction of protease in the sarA
mutant may, however, have an important role in the posttrans-
lational regulation of exoprotein and surface protein stability.
The discrepancy between hla expression and Hla activity (Fig.
5A and B) could be due to digestion of the mature protein by
SarA-regulated protease activity. Proteases may be involved in
the modification of cell surface proteins, determining the rel-
ative amounts of cell-bound or extracellular surface proteins
during infection. Recent evidence has suggested that the role
of extracellular proteases may be to alter bacterial surface
protein properties and assist the release the bacteria from
attachment sites and, hence, dissemination during infection
(44). Furthermore, the lack of secreted protease activity in a
clinical isolate of S. aureus may explain why it showed high Hla
production despite exhibiting normal levels of RNAIII and
reduced levels of hla transcript compared to 8325-4 (42).

Staphylococcal proteases have been well characterized (3),
though their possible roles in bacterial pathogenesis are poorly
understood. In S. aureus 8325-4, we have identified V8 serine
protease and a likely metalloprotease as the major exoproteins
repressed by sarA. The production of V8 serine protease is
growth phase dependent and subject to positive regulation by
agr and SarA at the transcriptional level (34, 39, 42a). Gross
protease activity on fibrin plates has also been shown to be
enhanced in a sarA mutant (18).

Our studies have shown that the synthesis of V8 serine
protease is complex and involves positive regulation by agr and
negative regulation by sarA. Hence, two opposing but interac-
tive regulatory pathways are implicated in the biosynthesis of
this protease. In addition, there is an interdependence between
the regulatory elements since in a sarA mutant V8 protease
production reaches its highest level only when an intact agr is
present (Fig. 1B). Most interestingly, located immediately 39
and transcribed in the same operon as V8 serine protease in S.
aureus 8325-4 is ORFX, encoding a protein of unknown func-
tion (32). P4 is an SarA-repressed protein which requires agr
for its expression. The N-terminal sequence of P4 show 100%
identity with ORFX 39 of V8 protease, consistent with it being
in an operon with V8 protease whose expression is repressed
by SarA. The role of ORFX 39 of V8 protease is unknown. A
putative 40-kDa metalloprotease, P6, was also identified as
being repressed by SarA in strain 8325-4. The putative metal-
loprotease of 8325-4 has previously been shown to be up-
regulated by agr (34). Two other putative serine proteases were
identified during this study as exoproteins P2 and P3, both of
which require agr for production but are only slightly up-reg-
ulated by SarA. Interestingly, P2 and P3 also show relatedness
to ETA and ETB, recognized virulence determinants con-
trolled by agr (53). Both ETA and ETB are serine proteases (6,
21).

The staphylococcal metalloproteases are produced through-
out the growth cycle but are mainly present after the exponen-
tial phase (2–5). In contrast, expression of serine protease of S.
aureus V8 has been reported to occur exclusively in the post-

exponential phase, consistent with the exoprotein being up-
regulated by agr (9). Our data suggest that in the 8325-4 back-
ground, most of the proteases are mainly produced during the
post-exponential phase of growth (Fig. 1A). Interestingly, in
the sarA mutant, and in contrast to V8 serine protease synthe-
sis, the putative 40-kDa metalloprotease is induced earlier
during growth, suggesting that sarA is involved in suppressing
the log-phase production of the metalloprotease. We have
shown that SarA also affects the timing and level of expression
of hla during the growth cycle, but unlike the case for the
metalloprotease, expression of hla, which is up-regulated by
sarA, is delayed when sarA is absent. In S. aureus V8, a role for
the staphylococcal metalloprotease as an activator of a precur-
sor of an inactive serine protease produced by the same bac-
terium has been suggested (24). Furthermore, a metallopro-
tease from Staphylococcus hyicus was recently shown to be
involved in lipase processing in a growth phase-dependent
manner (5). Hence, the presence of the putative metallopro-
tease during exponential growth in S. aureus 8325-4 culture
supernatant prior to the appearance of the V8 serine protease
is consistent with a possible role for metalloprotease in the
processing of V8 serine protease when sarA expression or
activity is suppressed. This finding suggests that there is an
additional signal, possibly environmental, involved in regulat-
ing sarA in the hierarchical production of proteases.

This study has demonstrated that SarA is involved in the
signal transduction pathway in response to the availability of
O2 and/or CO2. Microaerobically, levels of Hla and toxins are
generally diminished, possibly due to a decrease in growth
yield, and thus reduced quorum-sensing potential compared to
aerobic growth, although a specific regulatory mechanism may
also account for this (52). The involvement of SarA in the
up-regulation of both a- and b-hemolysin production in re-
sponse to low O2 or high CO2 levels was shown by the greater
attenuation of hla expression in an sarA mutant than in the
parent after microaerobic compared to aerobic growth. This
occurs at the level of hla expression. Furthermore, an unknown
sarA-regulated hemolysin specifically induced under mi-
croaerobic conditions independently of agr was also identified
in 8325-4. We are currently investigating the identity of this
hemolysin in a b-hemolysin mutant background. Microaerobic
conditions have previously been reported to increase expres-
sion of Hla in different S. aureus strains (52, 67). Our studies
showed no significant increase in hla transcription or activity
under microaerobic compared to aerobic conditions (12).
However, our results do indicate that hla expression may be
induced early in growth in a lower-oxygen environment since
hla transcription occurs during the late log phase under mi-
croaerobic conditions but during post-exponential phase dur-
ing aerobic growth.

Hence, sarA is a key component in the signal transduction
pathway of hla expression in response to a microaerobic signal.
However, the exact function of SarA and how it regulates
virulence determinant expression in S. aureus are unknown.
Environmental stimuli such as anaerobiosis and osmolytes are
known to alter DNA supercoiling properties of target promot-
ers (23). However, our studies indicate that DNA supercoiling
does not have a major role in sarA expression or the environ-
mental regulation of virulence determinant genes (12). Mor-
feldt et al. (47) speculated that SarA may function homolo-
gously to the integration host factor of E. coli by affecting the
DNA bending of the target promoters. Binding studies by the
same group demonstrated that a cytoplasmic protein purified,
and later identified as SarA, binds to two sites within the agr
promoter region affecting both RNAII and RNAIII transcrip-
tion (47). Our study has shown SarA mediates the up-regula-
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tion of hla expression in response to microaerobic growth. As
this effect probably occurs independently of RNAIII, this ob-
servation suggests that SarA or a putative complex containing
SarA binds directly at the hla promoter or via an additional
regulatory protein. Regions upstream of known agr-regulated
genes such as seb, eta, and etb have been predicted to serve as
binding sites for regulatory proteins (43, 53). More recently,
Chien and Cheung (19) have mapped the SarA binding site to
a 29-bp sequence within the agr P2-P3 regulatory region by
footprinting experiments. This region is unusual in that it is
very AT rich (89.6% over 29 bp) (19). Analysis of the control
regions of SarA-regulated genes reveals similar AT-abundant
sequences (82.8 to 96.6% over 29 bases) (Fig. 6). The signifi-
cance of these regions in the SarA-mediated regulation of
virulence gene expression remains to be established experi-
mentally.

Recently, a modulating effect on SarA expression by puta-
tive ORF-3 and ORF-4 located immediately upstream of sarA
has been proposed (8). Studies suggest that all three sar tran-
scripts are required for restoring RNAII and RNAIII to wild-
type levels in an sarA mutant, possibly by posttranslational
interaction (13). In addition, ORF-3 was shown to be necessary
for maximal, RNAIII-independent repression of spa expres-
sion mediated by SarA (14). Interestingly, an alternate sigma
factor, sB, was identified in S. aureus (68) and shown to inter-
act with the sar operon in vitro (22). Therefore, this positive
transcriptional regulation may also have a function in the hi-
erarchical regulation of virulence determinant gene expres-
sion.

This study on the role of SarA in virulence determinant
production in S. aureus has revealed SarA to be a major re-
pressor of protease activity and a signal transducer which re-
sponds to O2 or CO2 levels. Regulation of protease activity in
response to external stimuli may allow the organism to react
quickly to alterations in its environment. Thus, SarA may not
only regulate virulence determinant gene expression directly
but also control surface and exoprotein stability by way of
protease activity. This would allow the organism to rapidly
change its surface array of virulence determinants, which is
part of the innate ability of S. aureus to be a such a successful
pathogen and inhabit a wide range of niches.
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ADDENDUM IN PROOF

The sequence of staphopain (a thiol protease) has recently
appeared in the databases (Swiss-Prot accession no. P81297).
It shows 47% identity to ORFX over 172 amino acids. Thus,
ORFX itself may be another SarA-regulated protease.
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