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Methicillin-resistant Staphylococcus aureus (MRSA) strains are major pathogens causing infections of the
skin and soft tissues and more serious, life-threatening diseases, including sepsis and necrotizing pneumonia.
The vraSR operon encodes the key regulatory system that modulates the stress response of S. aureus elicited
upon exposure to cell wall antibiotics. Mutation of vraS and vraR results in decreased oxacillin resistance in
vitro. We investigated the effect of oxacillin treatment in experimental models employing a clinical USA300
MRSA strain (strain 923) and an isogenic vraSR deletion mutant (strain 923-M23). In a murine model of S.
aureus necrotizing pneumonia, animals were treated with oxacillin, beginning 15 min after inoculation. Among
mice infected with mutant strain 923-M23, oxacillin treatment significantly improved survival compared with
saline treatment, whereas oxacillin treatment had no effect in mice infected with strain 923. Similarly,
treatment with oxacillin decreased the bacterial burden among animals infected with strain 923-M23 but not
among animals infected with strain 923. In a murine skin infection model, oxacillin eliminated the development
of dermonecrosis among 923-M23-infected mice and decreased the bacterial burden in the lesions, but not
among strain 923-infected mice. We conclude that deletion of the vraSR operon allowed an oxacillin regimen
to be effective in murine models of MRSA pneumonia and skin infection. These findings provide proof-of-
principle for development of a new antibiotic that could restore the usefulness of oxacillin against MRSA by
inhibiting VraS or VraR.

Staphylococcus aureus is a major pathogen causing a variety
of infections, including skin and soft tissue infections, necro-
tizing pneumonia, foreign body infections, septic arthritis, os-
teomyelitis, endovascular infections, endocarditis, and sepsis in
adults and children (22). Since strains of S. aureus resistant to
methicillin (MRSA) were first identified (15), they have in-
creased in prevalence in both the healthcare- and community-
associated settings (10, 11, 18, 27, 30). The emergence of these
resistant isolates has limited the empirical use of �-lactams (9).
As a consequence, development of new antimicrobial strate-
gies against these resistant strains is imperative.

MRSA isolates are resistant to all available �-lactam anti-
biotics by producing a penicillin-binding protein (PBP),
PBP2a, which has low affinity for �-lactams (14). The transcrip-
tion of mecA is regulated by the variably present MecI/MecR1
and the homologous regulatory proteins of staphylococcal
�-lactamase, BlaI/BlaR1 (7, 23).

In S. aureus, exposure to cell wall antibiotics induces a stress
response resulting in transcriptional induction of over 100
genes that is referred to as the cell wall stimulon (31). Among
these genes is a vancomycin- and �-lactam-inducible two-com-

ponent regulatory system (VraSR) that regulates the transcrip-
tion of genes involved in cell wall biosynthesis. The VraSR
system consists of a sensor kinase, VraS, and a cytoplasmic
response regulator, VraR. Their mutation in clinical strains
increases in vitro susceptibility to �-lactams and/or vancomycin
(6, 12, 20, 32). The basis for the decreased methicillin resis-
tance phenotype of vraSR mutants is unknown, but the in-
creased in vitro susceptibility to oxacillin in MRSA vraSR mu-
tants is independent of oxacillin-induced mecA transcription
and the production of its product, PBP2a (6). It is also inde-
pendent of transcription of pbpB (6) that encodes the native
PBP2, which is also involved in effecting methicillin resistance
(28).

The effect of VraS and VraR on the methicillin resistance
phenotype suggests that these genes and/or their products
could be used as targets for antimicrobial therapy when ad-
ministered together with oxacillin. To investigate this possibil-
ity, we studied whether treatment with oxacillin would be ef-
fective in experimental pneumonia and skin infection caused
by a clinical MRSA isolate with a vraSR deletion.

MATERIALS AND METHODS

Construction of strain 923-M23. The CA-MRSA USA300 clinical strain 923
has been previously described (6, 24). A vraSR deletion was constructed in this
strain using a strategy that used the temperature-sensitive allelic replacement
shuttle vector pMAD (1) (Table 1). The upstream and downstream DNA se-
quence fragments that flank the vraSR operon were each amplified from strain
923 by PCR. The primers used were Vrasr-up-f and Vrasr-up-r for the upstream
fragment and Vrasr-down-f and Vrasr-down-r for the downstream fragment
(Table 2). The upstream and downstream fragments were sequentially inserted
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in the pGEM-T vector (Promega). The chloramphenicol acetyltransferase gene
fragment was PCR amplified from plasmid pLI50 by using the primers CmR-f
and CmR-r (Table 2) and inserted into the XbaI site between the upstream and
downstream fragments. The resulting chimeric fragment was ligated into pMAD
(in the NcoI site), and transformed into E. coli. Plasmid DNA obtained from E.
coli was then transformed into the intermediate S. aureus host strain, RN4220
(19), by electroporation (2). Plasmid DNA harvested from strain
RN4220(pQ2820) was then transformed into MRSA strain 923. Blue transfor-
mants were selected at 30°C on tryptic soy agar (TSA) containing chloramphen-
icol or erythromycin (5 mg/liter) and X-Gal (5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside; 100 mg/liter).

To obtain the vraSR operon deletion mutant, strain 923 harboring pQ2820 was
grown overnight in tryptic soy broth (TSB) containing erythromycin (5 mg/liter),
diluted 1:100 in plain TSB and incubated for 2 h at 30°C, followed by 6 h at 42°C.
Serial dilutions of this broth culture were spread onto TSA containing X-Gal and
chloramphenicol and then incubated at 42°C overnight. A white colony was
selected for further study (strain 923-M23). Deletion of the vraSR operon from
the chromosome was confirmed by the absence of a vraSR-specific band in a
Southern blot and by DNA sequencing of a PCR fragment from strain 923-M23
that was obtained using the primers Sav1889-f and Sav1882-f corresponding to
the upstream and downstream sequences of the vraSR operon (Table 2).

To verify in vitro restoration of the resistant phenotype, we complemented
strain 923-M23. To accomplish this, a PCR fragment containing the vraSR
operon expressed from its own promoter was cloned in the low-copy-number
plasmid pAW8 as described previously (6). The plasmid was introduced into
923-M23 to create strain 923-M23(pVRASR-2).

Broth MIC determinations. MICs were determined according to Clinical
and Laboratory Standards Institute (CLSI) guidelines (8) in 24-well culture
plates (Corning, Inc., Corning, NY). Colonies grown on TSA overnight were
diluted to a density equivalent to a 0.5 McFarland standard in 0.9% saline and
then suspended in TSB containing 2% NaCl to yield a final concentration of
5 � 105 CFU/ml. Oxacillin was tested at 0, 2, 4, 6, 12, 16, 24, 32, 48, 64, 96,
128, and 256 mg/liter. Tetracycline (5 mg/liter) was used to test strains
containing pVRASR2 to maintain the plasmid. Turbidity was evaluated after
incubation at 37°C for 24 h.

Preparation of bacteria for inoculation and antibiotics for treatment. Strains
923 and 923-M23 were each subcultured from a �80°C stock onto TSA and
incubated at 37°C overnight. A single colony from each strain was inoculated into

5 ml of TSB and incubated at 37°C with shaking. The overnight culture was
diluted 1:100 in TSB and grown to early stationary phase, ascertained from the
optical density at 600 nm. The culture was then centrifuged at 3,700 � g for 10
min, washed, and resuspended in phosphate-buffered saline (PBS). Each bacte-
rial suspension was diluted to the desired concentration and quantified by plating
serial dilutions on TSA; the colonies were enumerated after 24 h of incubation
at 37°C. Oxacillin (Sandoz GmbH, Kundl, Austria) was diluted in sterile saline
(80 mg/ml). Normal saline of identical volume (0.1 ml) was used for the control
treatment. Both solutions were stored at 4°C and used within 4 h following
preparation.

Treatment of experimental pneumonia. The experimental pneumonia model
was a modification of that described previously (24, 26). In brief, 6-week-old
C57BL/6 male mice (Harlan Laboratories, Indianapolis, IN) were anesthetized
with ketamine and xylazine and inoculated intranasally. After inoculation, the
mice were held upright for 20 s. Three doses of oxacillin (400 mg/kg) were
injected intraperitoneally 1 h apart; the first dose was administered 10 to 15 min
after the bacterial inoculation. All animals were allowed free access to chow and
water.

To compare the effect of oxacillin treatment in mice infected with strains 923
and 923-M23, we used a high inoculum (4.5 � 108 to 5.5 � 108 CFU/mouse) and
a low inoculum, (1.0 � 108 to 2.0 � 108 CFU/mouse). The high inoculum was
used to assess mortality, and the low inoculum was used to quantify bacteria in
the lung. For both inocula, animals were randomly assigned into four groups of
eight animals, each consisting of mice infected with strain 923 or 923-M23 and
treated with oxacillin or saline.

After infection with the high inoculum, survival was assessed for 72 h. Mice
that received the low inoculum were euthanized with pentobarbital 24 h after
inoculation for quantification of the bacterial burden in the lung. The left lung
was harvested using aseptic technique, suspended in PBS, and homogenized.
After homogenization, the mixture was serially diluted in PBS and plated on
mannitol-salt agar. Colonies were enumerated 24 h after incubation at 37°C and
expressed as the number of CFU per lung.

Treatment of experimental skin infection. We modified a model of skin in-
fection in mice that we described previously (25, 26). In brief, 6-week-old
C57BL/6 male mice were anesthetized with ketamine and xylazine, shaved, and
inoculated by subcutaneous injection in the right flank with 50 �l of a S. aureus
suspension (1.4 � 107 CFU/mouse). Oxacillin was injected intraperitoneally at a
dose of 400 mg/kg; the dose was administered 20 to 30 min after the bacterial
inoculation. Thirty-two animals were randomly assigned into four groups of
eight, each consisting of mice infected with strain 923 or strain 923-M23 and
treated with oxacillin or saline. The presence and area of dermonecrosis were
recorded over the course of 14 days. The area of dermonecrosis (in mm2) was
calculated by using the formula l � w, where l is length (in mm) and w is width
(in mm). To assess the bacterial burden in the skin lesions, eight mice from each
group were sacrificed 3 days after subcutaneous infection with S. aureus (1.2 �
107 CFU/mouse). The homogenized skin lesion was serially diluted in PBS and
plated on mannitol-salt agar. The colonies were enumerated 24 h after incuba-
tion at 37°C.

Animal procedures were performed in compliance with the University of
Chicago Institutional Animal Care and Use Committee guidelines.

Oxacillin pharmacokinetics in mouse serum. To measure the serum oxacillin
concentration, we modified a previously described disc diffusion bioassay (3, 29)

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains
923 USA 300 CA-MRSA 6
Q2820 RN4220 derivative carrying the pMAD vraSR operon deletion construct This study
923-M23 Strain 923 with the vraSR operon deleted This study
Q2590 RN4220 derivative carrying the vraSR operon cloned in pAW8 (pVRASR-2) 6
923-M23(pVRASR-2) Strain 923-M23 carrying pVRASR-2 This study

Plasmids
pMAD S. aureus-E. coli allelic replacement vector 1
pGEM-T vector Vector used for cloning of DNA fragments in E. coli Promega
pQ2820 vraSR operon deletion construct cloned in pMAD This study
pAW8 S. aureus-E. coli shuttle vector 16
pVRASR-2 vraSR operon cloned in pAW8 6
pLI50 S. aureus-E. coli shuttle vector containing chloramphenicol acetyltransferase gene 21

TABLE 2. Primers used in this study

Primer Sequence (5�–3�)a

Vrasr-up-f ..............AAAGGTACCTTGGATACATATGCGCTAAAGTGCGC
Vrasr-up-r ..............AAATCTAGAGAATAGGCTCCGGAACTAAATGATG
Vrasr-down-f .........AAATCTAGACAATAGTTCGTATCGAATTAAG
Vrasr-down-r .........AAACTGCAGAGGTTAAGGAGTGCACATGTCG
CmR-f ....................AAATCTAGACGCCGGCAATAGTTACCC
CmR-r ....................AAATCTAGAGGATATGGATCTGGAGCTG
SAV1889-f .............CAGCTGTTAAAATGGCATAGATGGG
SAV1882-f .............AATCCTGAATTAGAACGTTC

a Underlined sequences indicate restriction enzyme recognition sequences for
KpnI (GGTACC), XbaI (TCTAGA), or PstI (CTGCAG).
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using Bacillus subtilis (ATCC 6633) as the indicator strain. Briefly, a standard
curve was produced by applying 10-�l aliquots of various oxacillin concentrations
(1, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, and 1,000 mg/liter) to
sterile discs that were overlaid on TSA preinoculated with a lawn of B. subtilis.
After overnight incubation, the magnitudes of zones of clearing were plotted
against the corresponding oxacillin concentrations. A standard curve was deter-
mined by using an equation for nonlinear regression fit.

To determine unknown serum oxacillin concentrations among the treated
animals, 10 �l of murine serum obtained by cardiac puncture was applied to a
disc, and the diameter of the zone of inhibition was compared to that of the
standard curve. Mice were sacrificed at multiple time points after dosing with
oxacillin (5, 10, 15, 30, and 60 min after the first and second doses of oxacillin and
15, 30, 60, 120, 180, and 300 min after the third dose). After sacrifice, serum was
stored at �80°C until testing. The assay was performed in quadruplicate for each
time point.

Statistical analysis. The bacterial densities in the tissue were compared by
using a nonparametric Mann-Whitney test. Differences in survival were com-
pared using the Mantel-Cox test. The prevalence of dermonecrosis was com-
pared by the Fisher exact test, and the area of dermonecrosis was compared by
using an unpaired t test. All statistical data were analyzed by using Prism 5
program (GraphPad Software, Inc., San Diego, CA). A P value of �0.05 was
considered significant.

RESULTS

Deletion of vraSR increased susceptibility to oxacillin in
vitro. The mode MIC of oxacillin for the CA-MRSA USA300
clinical strain 923 was 32 mg/liter. Deleting the vraSR operon
from strain 923 greatly increased susceptibility to oxacillin
(mode MIC, 8 mg/liter) (Fig. 1). Complementation of the
vraSR deletion strain, 923-M23, with a shuttle vector contain-
ing the vraSR operon restored resistance to oxacillin (mode
MIC, 24 mg/liter) (Fig. 1). These data confirm conclusions
from previous studies that the vraSR operon plays a key role in
oxacillin resistance in vitro.

Deletion of vraSR increased susceptibility to oxacillin in a
mouse model of necrotizing pneumonia. The survival rate of
saline-treated animals infected with strain 923-M23 was some-
what lower than that found among the strain 923-infected
animals (38% versus 50%, respectively, at 24 h and 25% versus
38%, respectively, at 72 h postinoculation) (Fig. 2). The dif-
ference, however, was not significant (P � 0.45). Thus, the
vraSR operon deletion did not significantly affect the virulence
of strain 923-M23.

Among strain 923-infected mice, treatment with oxacillin did
not affect survival compared with saline-treated animals (P �
0.89). In contrast, all oxacillin-treated mice infected with strain
923-M23 survived the 72-h observation period and looked ac-
tive and well. Thus, the survival rate of oxacillin-treated mice

infected with strain 923-M23 was significantly greater than that
of oxacillin-treated mice infected with strain 923 (P � 0.01). At
72 h, the survival rate of mice infected with strain 923-M23 and
treated with oxacillin also significantly exceeded that found
among mice infected with the same strain but treated with
saline (100% versus 25%) (P � 0.01) (Fig. 2).

Oxacillin treatment decreased the bacterial burden in the
lung following infection with a vraSR deletion mutant. Among
mice infected with strain 923-M23, oxacillin treatment signifi-
cantly decreased the bacterial burden in the lungs compared
with saline-treated animals inoculated with this strain (P �
0.001) or compared with oxacillin-treated mice inoculated with
wild-type strain 923 (P � 0.001) (Fig. 3). In contrast, there was
no significant difference in the lung bacterial burden compar-
ing oxacillin- and saline-treated mice infected with strain 923
(P � 0.21) (Fig. 3).

FIG. 1. MIC of oxacillin of S. aureus strains. Each determination
was performed eight to 10 times. Each symbol represents a single
result.

FIG. 2. Effect of oxacillin treatment on the survival of mice in-
fected with wild-type CA-MRSA (strain 923) or its isogenic vraSR
deletion mutant (strain 923-M23). The survival rates at 18, 24, 48, and
72 h after inoculation are depicted. 923 and M23 refer to strains 923
and 923-M23, respectively. NS, normal saline treated; OX, oxacillin
treated.

FIG. 3. Bacterial density in the lung 24 h after inoculation. Hor-
izontal lines indicate the median CFU for each group. 923NS, group
infected with strain 923 and treated with normal saline; 923OX,
group infected with strain 923 and treated with oxacillin; M23NS,
group infected with strain 923-M23 and treated with normal saline;
M23OX, group infected with strain 923-M23 and treated with ox-
acillin.
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Oxacillin treatment prevented dermonecrosis after infection
with a vraSR deletion mutant. Saline-treated mice inoculated
either with strain 923 or strain 923-M23 developed a dermo-
necrotic skin lesion (Fig. 4A) that reached a maximal size 2
days after inoculation and diminished thereafter (Fig. 4B) until
disappearing at about day 11 or thereafter. The mean maximal
area of dermonecrosis did not differ significantly among mice
inoculated with either of these two strains (P � 0.91).

Oxacillin-treated mice inoculated with strain 923 uniformly
had a dermonecrotic lesion that followed a time course similar
to that observed among the saline-treated animals (Fig. 4B),
except that the appearance of dermonecrosis was delayed, with
onset on days 2 to 4 in three animals in this group (Fig. 4A);
also, the mean maximal area of dermonecrosis was smaller
than that occurring among saline-treated controls (P � 0.02).

In contrast, dermonecrosis did not occur in mice inoculated
with strain 923-M23 that were treated with oxacillin compared
with oxacillin-treated mice infected with strain 923 (P � 0.01)
(Fig. 4). Only three of the eight 923-M23-inoculated, oxacillin-
treated animals developed a subcutaneous abscess. The ab-
scesses were small (diameter � 2 mm) and resolved within 7
days after inoculation.

Oxacillin treatment decreased the bacterial burden in skin
lesions following infection with a vraSR deletion mutant. The
bacterial burden in the skin lesions of saline-treated animals
inoculated with strain 923 or strain 923-M23 did not differ

significantly (P � 0.65). Similarly, there was no significant
difference in CFU between the oxacillin- and saline-treated
mice infected with strain 923 (P � 0.19).

However, among oxacillin-treated mice infected with strain
923-M23, the bacterial burden in the skin lesions was signifi-
cantly lower than that among the saline-treated mice (P �
0.001) and oxacillin-treated mice infected with strain 923 (P �
0.001) (Fig. 5).

Serum oxacillin pharmacokinetics. Measured zones of inhi-
bition of growth ranged between 11 and 38 mm. The relation-
ship between the diameter (y [mm]) and the oxacillin concen-
tration (x [mg/liter]) was linear and described by a nonlinear
regression fit of the equation: y � 6.152 � 10.97 log10(x), R2 �
0.9862 (Fig. 6A).

The serum samples from mice treated with oxacillin pro-
duced zones of inhibition that ranged from 15 to 39 mm in size.
Based on the standard curve, the serum oxacillin concentration
peaked 30 min after the third injection, and the half-life was 80
min when calculated with a one-compartment exponential de-
cay model (Fig. 6B).

DISCUSSION

Our data demonstrate that the decreased in vitro oxacillin
resistance observed in an MRSA genetic background with a
vraSR operon deletion is associated with improved outcome
with oxacillin treatment in both experimental pneumonia and
skin infection. The vraSR operon deletion was constructed in
MRSA strain 923, which belongs to the USA300 lineage that is
epidemic in the United States (10) and is highly virulent (24).
In experimental pneumonia, the vraSR deletion eliminated
mortality and lowered the CFU recovered from the lungs of
animals treated with oxacillin. In experimental skin infections,
the vraSR operon deletion eliminated dermonecrosis and de-
creased the number of bacteria present in lesions of animals
treated with oxacillin. We did not explore whether the identical

FIG. 4. Dermonecrosis among mice subcutaneously inoculated
with wild-type CA-MRSA (strain 923) or a strain with the vraSR
operon deleted (strain 923-M23). (A) Percentage of animals per group
that had dermonecrosis on each day in the 14-day period. (B) Area of
dermonecrosis. The data are means � the standard errors of the mean
(SEM). 923NS, group infected with strain 923 and treated with normal
saline; 923OX, group infected with strain 923 and treated with oxacil-
lin; M23NS, group infected with strain 923-M23 and treated with
normal saline; M23OX, group infected with strain 923-M23 and
treated with oxacillin.

FIG. 5. Bacterial density in the skin lesion 3 days after inocula-
tion. Horizontal lines indicate the median CFU for each group.
923NS, group infected with strain 923 and treated with normal
saline; 923OX, group infected with strain 923 and treated with
oxacillin; M23NS, group infected with strain 923-M23 and treated
with normal saline; M23OX, group infected with strain 923-M23
and treated with oxacillin.
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effect would have been achieved had we waited longer to ini-
tiate treatment after experimental inoculation.

We did not reproduce antimicrobial regimens that are typ-
ically used for patients. The half-life of oxacillin administered
intravenously to patients is 20 to 30 min (4, 17), which is
somewhat shorter than the 80-min half-life we calculated after
3 intraperitoneal administrations, 1 h apart. Nevertheless, the
treatment conditions we used were effective in demonstrating
a difference in susceptibility of the wild-type and vraSR mutant
strains in vivo.

We followed inoculated animals for 72 hours. It is possible
that relapse may have occurred after that time. The likelihood
seems remote as surviving animals looked well at that time.
The vraSR operon mutant strain, 923-M23, had a dramatically
decreased MIC of oxacillin in vitro, confirming that vraSR is
essential to expression of the methicillin resistance phenotype
(20). However, the MIC was still in the resistant range accord-
ing to CLSI guidelines. Nevertheless, the decrease in oxacillin
MIC was sufficient to significantly improve the outcome of the
oxacillin regimen that we used in the rodent models. We pre-
viously reported that insertional inactivation of the vraS and
vraR genes produced a phenotype in vitro similar to that seen
in the present study with deletion of the complete operon (6),
and we hypothesize, therefore, that experimental infection

with a strain with these two genes inactivated would produce
similar results to those that we report here.

The mechanism by which increased susceptibility to oxacillin
occurs in MRSA isolates with a vraSR mutation is unknown.
The oxacillin-dependent transcriptional induction of many
genes was shown to be dysregulated in S. aureus strains that
had undergone allelic replacement in the vraSR locus (6, 20).
Therefore, the implication of increased susceptibility to oxa-
cillin in strain 923-M23 is that the oxacillin-mediated induction
of one or more of those downstream genes is essential for the
methicillin resistance phenotype. The decrease in the methi-
cillin resistance phenotype occurred despite the maintenance
of mecA (that resides in this strain on an SCCmec IV element),
as well as the native pbpB gene; both are necessary for the
methicillin resistance phenotype (28). Also, the observed in-
crease in oxacillin susceptibility in strain 923-M23 is not likely
to be related to mecA expression since it was paradoxically
increased in vraSR mutants we have studied (6). In a similar
vein, although �-lactam-mediated pbpB induction is lost in
vraSR mutants, constitutive pbpB transcription and translation
persists, irrespective of the presence of �-lactam antibiotics
(5). Moreover, overexpression of pbpB in trans did not restore
resistance to a vraS mutant (6). Thus, although mecA and pbpB
play an important role in effecting the methicillin resistance
phenotype (28), their behavior in vraSR mutants does not read-
ily explain the decreased oxacillin resistance that we observed.

The vraSR operon consists of four ORFs with a single known
transcription start site. The two distal genes, vraS and vraR,
have characteristics of a typical two-component signal trans-
duction system. The functions of the two proximal genes, orf1
and orf2, are not known. The stimuli for induction of the vraSR
operon are incompletely understood. Induction of the operon
occurs after exposure to a broad spectrum of antibiotics that
work by interfering with cell wall synthesis including �-lactams,
daptomycin, and cationic peptides (6, 20, 12). Antibiotics that
work by inhibiting protein synthesis do not upregulate vraSR.

Our findings here have potential importance for new anti-
microbial drug design. The Infectious Diseases Society of
America has initiated a program called the “10 � 20 Initiative”
(13). This program has grown out of concern that the devel-
opment of new antibiotics has dramatically slowed in the last
20 years. New antimicrobials are urgently needed. Especially
valuable in this regard is basic research to identify new anti-
microbial targets and compounds that limit microbial activities
other than synthesis and maintenance of cell walls. The iden-
tification of a cell signaling mechanism such as VraSR and the
recognition of its central role in allowing S. aureus pathogenic
isolates to express an antibiotic resistance phenotype is an
example of a novel strategy by which antimicrobials could
target microorganisms. For example, a �-lactam antimicrobial
combined with a VraSR inhibitor might be an effective treat-
ment and represents an antimicrobial directed against a novel
target that can potentiate the effect of cell wall antimicrobials.
In this regard, the present study provides the first proof of
principle in vivo for targeting VraSR as a potentiator of oxa-
cillin.
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