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Epigallocatechin Gallate Induces Upregulation of the Two-Component
VraSR System by Evoking a Cell Wall Stress Response in
Staphylococcus aureus

Oren Levinger, Tamar Bikels-Goshen, Elad Landau, Merav Fichman, and Roni Shapira

Institute of Biochemistry, Food Science and Nutrition, The Robert H. Smith Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem, Rehovot,
Israel

We previously found that a short exposure of Staphylococcus aureus to subinhibitory (SI) doses of epigallocatechin gallate
(EGCQG) results in increased cell wall thickness, adaptation, and enhanced tolerance to cell-wall-targeted antibiotics. In this
study, the response to EGCG of sigB and vraSR transcription factor mutants was characterized. We show that in contrast to the
results observed for wild-type (WT) strains, an S. aureus 315 vraSR null mutant exposed to SI doses of EGCG did not exhibit
increased tolerance to EGCG and oxacillin. A diminished increase in tolerance to ampicillin (from 16-fold to 4-fold) and no
change in the magnitude of resistance to vancomycin were observed. Preexposure to EGCG enhanced the tolerance of wild-type
and sigB null mutant cells to lysostaphin, but this enhancement was much weaker in the vraSR null mutant. Marked upregula-
tion (about 60-fold) of vraR and upregulation of the peptidoglycan biosynthesis-associated genes murA, murF, and pbp2 (2-, 5-,
and 6-fold, respectively) in response to SI doses of EGCG were determined by quantitative reverse transcription-PCR (qRT-
PCR). EGCG also induced the promoter of sas016 (encoding a cell wall stress protein of unknown function which is not induced
in vraSR null mutants) in a concentration-dependent manner, showing kinetics comparable to those of cell-wall-targeting anti-
biotics. Taken together, our results suggest that the two-component VraSR system is involved in modulating the cell response to

SI doses of EGCG.

S taphylococcus aureus causes a wide array of infectious diseases
in humans, ranging from localized skin lesions to systemic
infections such as osteomyelitis, endocarditis, pneumonia, bacte-
remia, and other life-threatening complications (25). Methicillin-
resistant S. aureus (MRSA) has become a major nosocomial
pathogen of hospital-acquired infections of surgical wounds and
infections associated with indwelling medical devices (15). Hos-
pital strains of S. aureus are usually resistant to a variety of differ-
ent antibiotics, antiseptics, and disinfectants, leaving very limited
therapeutic options for the treatment of staphylococcal infections.
A few strains are resistant to all clinically useful antibiotics except
for vancomycin; however, even vancomycin-resistant strains
(VRSA) have now been reported (34).

The cell wall of Gram-positive bacteria is the first line of de-
fense against environmental, physical, and chemical hazards, and
its integrity and homeostasis are crucial for survival. It is thus no
wonder that many clinically important antibiotics, from beta-lac-
tams to vancomycin, have been developed over the years to target
or interfere with cell wall biosynthesis to fight bacterial infections
(20, 27). To maintain cell wall architecture and function under
hostile conditions, Gram-positive bacteria are equipped with cell
wall stress sensor systems that respond to alterations and dysfunc-
tions by activating repair mechanisms (31). In S. aureus, the two-
component system VraSR is strongly induced by a number of
antibiotics that perturb cell wall synthesis, but not by general
stresses such as heat, osmotic shock, or pH shifts (22). VraSR alters
the expression of pbp2, encoding an essential penicillin-binding
protein (PBP) crucial for peptidoglycan cross-linking, and murF,
which encodes an enzyme catalyzing the last cytoplasmic step in
peptidoglycan biosynthesis (12, 36). The intermembrane sensor
Vra$ activates the response regulator VraR by phosphorylation,
which in its active form binds VraR-responsive promoter se-
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quences and controls the expression of target genes (2). In addi-
tion, rapid adaptation in response to environmental stresses in S.
aureus has been shown to be mediated by the alternate transcrip-
tion factor SigB (30). Moreover, sigB null mutants show altera-
tions in cell-wall-associated proteins, and overexpression of sigB
results in 20% thicker cell walls than those of the parent strain,
with increased resistance to the lytic activity of lysostaphin and
cell-wall-active antibiotics (28).

In contrast to antibiotics, which act selectively against specific
cell targets, most plant extracts exert their antimicrobial effect on
several sites within the cell simultaneously (6, 35). Epigallocat-
echin gallate (EGCG), the major polyphenol component of green
tea extract, has been shown to possess several antibacterial activi-
ties, such as partitioning the lipid bilayer of the bacterial cytoplas-
mic membrane (7, 19, 37, 38) and specifically inhibiting the activ-
ities of bacterial FabG and Fabl reductases (key enzymes in fatty
acid synthesis) (42), DNA gyrase (16), and gelatinase (5). More-
over, EGCG has been shown to interfere with the integrity of the
cell wall through direct binding to peptidoglycan (43). We previ-
ously reported that a short exposure of S. aureus to subinhibitory
(SI) doses of EGCG causes a >2-fold increase in cell wall thick-
ness. Furthermore, it increases resistance to antibiotics targeting
the bacterial cell wall (4). We postulate that EGCG, like cell-wall-
targeted antibiotics, acts as a cell wall stress signal that induces
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TABLE 1 Staphylococcus aureus strains used in this study

EGCG Induces VraSR in Staphylococcus aureus

TABLE 2 Primer sequences for quantitative RT-PCR

Strain Description Reference
Newman High level of clumping factor 11
Newman sigB null Newman sigB null mutant 10
N315 23
KVR N315 vraSR null mutant 22

BB255/psas016p-luc+  BB255 harboring pBUS1 containing 8
the sas016 promoter-luciferase

reporter gene fusion

expression of the VraSR or SigB system, or both, which in turn
enhances the transcription of genes encoding cell wall repair en-

zymes.

MATERIALS AND METHODS

Bacterial isolates, growth, and EGCG adaptation conditions. S. aureus
strains (Table 1) were cultured in Mueller-Hinton broth (MHB; Difco,
Detroit, MI) at 37°C. For solid agar medium (MHA), Bacto agar (Difco)
was added to 1.5% in MHB. For adaptation experiments, bacterial cul-
tures were grown to late exponential phase in MHB and diluted 1,000-fold
in fresh MHB, and growth was then continued until the culture reached a
turbidity (optical density at 600 nm [ODyq,]) of 0.1 (approximately 10”
CFU/ml). The culture was transferred to 30°C, and 20 p.g/ml of EGCG was
added for an additional 120 min of growth (adaptation), or growth was
continued without supplemental EGCG (control).

Antimicrobial assays. MICs were determined by the broth dilution
method as recommended by the Clinical and Laboratory Standards Insti-
tute (CLSI), using cation-adjusted MHB (Difco), with minor modifica-
tions. Bacterial cultures were grown for 2 h at 30°C in the presence or
absence (control) of 20 pg/ml EGCG to an ODy, of 0.3 (approximately
10® CFU/ml) and were then washed twice with phosphate-buffered saline
(PBS) by centrifugation, diluted in PBS to 5 X 10° CFU/ml, and used to
inoculate 200 wl MHB containing 2-fold serial dilutions of EGCG, van-
comycin, oxacillin, or ampicillin (Sigma, St. Louis, MO). The MIC was
determined as the lowest concentration at which no visible growth oc-
curred.

Lysostaphin lysis assay. A lysostaphin lysis assay was performed to
examine alterations in susceptibility to lysostaphin. EGCG-adapted and
control cultures were grown to an OD, of 1.0, washed, and resuspended
in the same volume of MHB containing 200 wg/ml lysostaphin (Sigma).
These suspensions were then incubated at 37°C with shaking, and aliquots
were frequently removed for ODy, determination for 90 min. Data for
autolysis and lysostaphin lysis were quantified as the proportion of absor-
bance remaining at each time point relative to the initial absorbance.

RNA isolation. S. aureus strain Newman was grown in MHB to an
0Dy, 0f 0.1, and the culture was transferred to 30°C and supplemented,
or not, with 20 wg/ml of EGCG. After 15 min, aliquots of suspended cells
containing approximately 10® CFU were centrifuged (12,000 X g, 7 min,
4°C). The supernatant was decanted and the pellet immediately frozen in
liquid nitrogen and stored at —80°C. Bacterial pellets were lysed in 1 ml of
Tri reagent (Sigma) in a Fastprep24 tissue and cell homogenizer (MP
Biomedicals, Solon, OH). Total RNA was isolated according to the man-
ufacturer’s protocol for Tri reagent. RNAs (150 ng) isolated from inde-
pendent samples of bacteria were reverse transcribed into cDNAs by use of
random hexamers and a high-capacity cDNA reverse transcription (RT)
kit (Applied Biosystems, Foster City, CA). Verification of RNA integrity
and concentration, as well as RNA purification and transcription into
cDNA, was performed as previously described (17).

qRT-PCR. Transcription levels of murA, murF, pbp2, vraR, and aaa
were determined by quantitative real-time RT-PCR (qRT-PCR) analysis
of S. aureus Newman grown in the presence of 20 pug/ml EGCG. The
expression level of the 16S rRNA gene was used to normalize the expres-
sion data for the gene of interest, as this gene showed a constant low
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Primer

Gene direction Primer sequence (5" —3')

murF Forward GTTCCATACGCATACCAGTTAAGCT
Reverse TGCGGTTGGTCATGAATTAGG

pbp2 Forward ACGTCGTTAACAGAAACCAAGCA
Reverse TGCGGTTGGTCATGAATTAGG

vraR Forward TGAGTCGTCGCTTCTACACCAT
Reverse ATTGCCAAAGCCCATGAGTT

aaa Forward TTTAATCGTCGTGCTGAAATTGG
Reverse TGCTGCCGCTGCGTTAT

16S rRNA gene Forward CAACGAGCGCAACCCTTAAG
Reverse TTTGTCACCGGCAGTCAACTT

expression level throughout the treatment protocols. Primers were de-
signed using Primer Express, version 2 (Applied Biosystems), to generate
amplicons ranging from 50 to 150 bp in size (see Table 2 for primer
sequences). Real-time PCR amplification was performed on an ABI 7300
detection system (Applied Biosystems), with two independent cultures
amplified in triplicate in 20-pl reaction mixtures containing 10 pl Power
SYBR green PCR master mix (Applied Biosystems), 1 pl of each primer
(0.5 uM), and 5 ng cDNA. A reaction mixture without template was run
as a control. Thermal cycling conditions were as follows: initial denatur-
ation at 95°C for 15 min followed by 40 cycles of 94°C for 15 s, primer
annealing at the optimal temperature for 30 s, and 72°C for 30 s. The
2 AACT method (24) was used to determine the relative expression levels
of the investigated genes in cells exposed to EGCG compared to nonex-
posed (control) cells. The significance of the difference between EGCG-
exposed and control cells was calculated by the ¢ test (using GraphPad
Prism, version 23) and deemed statistically significant if the P value was
<0.05 or <0.01.

Luciferase assay. For luciferase assay, an overnight culture of the Jux
reporter in S. aureus strain BB255 harboring the reporter plasmid
psas016p-luc+ (8) was diluted 500-fold in fresh Luria-Bertani (LB) broth
(Difco Laboratories), and its growth was continued to an ODy, of 0.5.
Different concentrations of oxacillin (0 to 0.5 pg/ml) or EGCG (0 to 128
pg/ml) were added, 2-ml samples were collected after 1 h and centrifuged
(20,000 X g, 2 min), and the pellets were frozen at —20°C. To measure
luciferase activity, pellets were thawed briefly and resuspended in PBS (pH
7.4) to an ODy, of 1. Aliquots (50 pl) of each of the cell suspensions (for
each oxacillin or EGCG concentration) were then transferred to wells of a
96-well flat-bottomed white polystyrene tissue culture plate (Costar). To
each well, 50 pl of luciferase assay substrate (Promega) was added, and
bioluminescence was measured for 10 s, after a delay of 3 s, on a Veritas
microplate luminometer and expressed in relative light units (RLU).

RESULTS

Cross-resistance of staphylococci exposed to EGCG. A short ex-
posure of S. aureus to SI doses of EGCG leads to its adaptation and
enhanced tolerance to cell-wall-targeted antibiotics (4). To verify
the role of VraSR and SigB in the adaptation, acquisition of cross-
protection, and response to EGCG, two wild-type (WT) staphy-
lococcus strains and their corresponding vraSR or sigB null mu-
tant were preexposed to SI doses of EGCG and challenged with
vancomycin, oxacillin, ampicillin, and EGCG.

Preexposure to SI doses of EGCG led to an adaptive response to
EGCG in both WT strains, as evidenced by a 2-fold increase in
MIC value for S. aureus Newman and a 4-fold increase for S.
aureus N315 (Table 3). Similar increases (2- to 16-fold) in MIC
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TABLE 3 MICs of antibiotics and EGCG for EGCG-adapted and
control staphylococcal strains

MI 1
S. aureus Strain € (ng/ml)
strain status Vancomycin ~ Ampicillin -~ Oxacillin  EGCG
Newman Control  0.25 4 0.5 60
Adapted  0.75 64 4 120
Newman sigB  Control ~ 0.25 0.5 0.25 60
null
Adapted 0.5 0.5 0.25 60
N315 Control  0.25 8 2 25
Adapted 0.5 128 8 100
KVR Control  0.125 4 0.5 50
Adapted  0.25 16 0.5 50

values of the cell-wall-targeting antibiotics vancomycin, oxacillin,
and ampicillin were also observed for both strains following pre-
exposure to EGCG. When the Newman sigB null mutant was pre-
exposed to EGCG, no increase in tolerance to EGCG, oxacillin, or
ampicillin was observed, but there was a 2-fold increase in the
MIC value of vancomycin. Preexposure of the N315 vraSR null
mutant to EGCG resulted in no increase in tolerance to EGCG or
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oxacillin but to increases in the MIC values of vancomycin and
ampicillin (2- and 4-fold, respectively) (Table 3).

Lysostaphin susceptibility. S. aureus exposure to SI doses of
EGCG results in a significant increase in cell wall thickness (4). We
suspected that this was due to EGCG modulating peptidoglycan
cross-linking and causing alterations in the overall cell wall archi-
tecture. Therefore, the susceptibility of each WT strain and its
isogenic mutant strain to the peptidoglycan-targeting endopepti-
dase lysostaphin, with and without adaptation to EGCG, was de-
termined. Upon addition of lysostaphin, all WT and isogenic mu-
tant strains reached 50% lysis within approximately 25 min,
whereas preexposure to SI doses of EGCG resulted in a decrease in
susceptibility, to approximately 30% lysis after as long as 90 min in
all tested strains except for the N315 vraSR null mutant, which
exhibited 50% lysis after 40 min (Fig. 1). Control reactions carried
out in the absence of lysostaphin showed no significant changes in
kinetics, indicating that the effects observed at the given incuba-
tion times were due to lysostaphin, not to autolysis. Based on these
results, we concluded that preexposure of S. aureus to SI doses of
EGCQG results in increased resistance to lysostaphin. This increase
was not achieved with the N315 vraSR null strain, probably as a
direct result of the deletion of the VraSR genes.

Gene expression in staphylococci exposed to EGCG. The at-
tenuated response of the vraSR null mutant strain to EGCG estab-
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FIG 1 Effect of EGCG on lysostaphin sensitivity. The graphs indicate the susceptibilities of S. aureus strains Newman (A), N315 (B), Newman sigB null (C), and
N315 vraSR null (D) and their respective EGCG-adapted strains (circles and squares, respectively). Results are percentages of the initial OD,. Experiments were
repeated three times, and standard errors of the means (SEM) for all experiments are shown.
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FIG 2 Relative levels of murA, murF, pbp2, vraR, and aaa expression in S.
aureus Newman as determined by qRT-PCR. Values are expressed as fold
changes (log,) in EGCG-exposed cells (gray bars) compared to control cells
(not exposed to EGCG) (white bars; values were standardized to 1). SEM for
two independent cultures run in triplicate are shown. Significant differences
(Student’s t test) between EGCG-exposed and control cells are noted as fol-
lows: *, P < 0.05; **, P < 0.001.

lished by the lysostaphin susceptibility assay, as opposed to the
sigB null mutant’s response, suggests that VraSR is a prime medi-
ator of the cell response to EGCG. Therefore, the effects of an SI
concentration of EGCG on transcriptional modulation of cell wall
biosynthesis genes (murA, murF, and pbp2), the degradation gene
aaa, and the regulator gene vraR from S. aureus strain Newman
were assessed by qRT-PCR.

These analyses revealed a 30-fold increase in the relative ex-
pression (RE) of vraR after as little as 5 min (not shown) of expo-
sure to EGCG, which increased to 60-fold after 15 min. We
analyzed the RE of the cell wall biosynthesis- and degradation-
associated genes after 15 min of exposure to EGCG. All three bio-
synthesis genes—murA, murF, and pbp2—were significantly up-
regulated (2-, 5-, and 6-fold, respectively) in response to EGCG. In
contrast, there was no significant difference in the RE of aaa be-
tween EGCG-exposed and control cells (Fig. 2).

Cell wall damage reporter assay. Transcription analysis of S.
aureus exposed to cell-wall-targeting antibiotics revealed remark-
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EGCG Induces VraSR in Staphylococcus aureus

able upregulation of a gene designated sas016, encoding a hypo-
thetical protein (26, 32). S. aureus strain BB255, harboring a plas-
mid containing the sas0I16 promoter fused to the luciferase
reporter gene, was used to test whether EGCG induces a reaction
analogous to that caused by cell-wall-targeting antibiotics. EGCG
and oxacillin at 1 X MIC (64 wg/ml and 0.25 pg/ml, respectively)
triggered an immediate response, with induction beginning
within 10 min and maximal expression occurring at 60 min (not
shown). The sas016 promoter was induced by EGCG and oxa-
cillin in a concentration-dependent manner. Significant induc-
tion was obtained for oxacillin and EGCG at 0.25X MIC and
0.125X MIC, respectively, with maximal induction at 1 X MIC
for each of the antimicrobial compounds. The maximal induc-
tion level obtained by oxacillin was about 25-fold stronger than
that with EGCG (Fig. 3).

DISCUSSION

We previously reported that a 2-h exposure of five Staphylococcus
strains to an SI dose of EGCG significantly elevated their resistance
to antibiotics targeting the bacterial cell wall and increased the cell
wall thickness (4). In this study, our aim was to identify the cellular
regulation system mediating this cross-resistance phenomenon.
In view of the specific role of the two-component VraSR signal
transduction system in acquiring a certain level of tolerance to
cell-wall-targeting antibiotics (1, 12) and in activating cell wall
synthesis in vancomycin-resistant strains (9, 21), we suspected
that EGCG might activate the VraSR system by inducing a cell wall
stress signal. This hypothesis is supported by the fact that VraSR
responds rapidly to several different cell wall antibiotics with dif-
ferent targets (12, 29, 36). Moreover, knockout of vraSR leads to a
significant increase in the susceptibility of the S. aureus cell to
antibiotics that inhibit cell wall synthesis (22). Indeed, in this work
we observed that in contrast to the results observed for the WT
strains, an S. aureus 315 vraSR null mutant exposed to SI doses of
EGCG did not exhibit increased tolerance to EGCG and oxacillin.
A diminished increase in tolerance to ampicillin (from 16-fold to
4-fold) and no change in the magnitude of resistance to vancomy-
cin were observed. We postulate that EGCG binding to the cell
wall or cell membrane (CM) moieties interrupts their integrity,
inducing a stress response by an as yet unknown factor that me-
diates the upregulation of VraSR. In fact, binding of EGCG to
peptidoglycan has been reported (18, 41, 43). Peptidoglycan ho-
meostasis is maintained by very subtle and orchestrated enzymatic
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FIG 3 RLU measured upon induction of BB255/psas016p-luc+ after a 60-min exposure to different concentrations of oxacillin (A) or EGCG (B). The results
of two induction experiments for oxacillin and EGCG, with SEM, are shown. Different letters indicate statistically significant differences in RLU (by Tukey’s

multiple-comparison test; P < 0.05).
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activities that might be modulated by EGCG. It has been proposed
that damage inflicted to cell wall peptidoglycan is the main source
of the stimuli to which VraR responds due to the tight control of
Vra$ on the phosphorylation state of VraR (1). In addition, radio-
labeling has shown that epicatechin gallate (ECG) binds predom-
inantly to the CM, inducing an increase in its fluidity which results
in uncoupling of some cell wall components that then cause delo-
calization of PBP2; as a consequence, the cells become more sen-
sitive to beta-lactams and oxacillin (3). The structural similarity
between ECG and EGCG and their common antimicrobial prop-
erties (33) tempt us to suggest that binding of EGCG to CM and
relocation of PBP2 might be an additional mechanism conferring
tolerance to beta-lactams.

We also showed that a mutant deleted in the transcription
factor sigB is unable to respond to EGCG by adaptation and cross-
protection, suggesting that this transcription factor is also in-
volved in the S. aureus response to EGCG. We do not yet know if
each of the investigated transcription factors operates separately
or if there is cross talk between them. Moreover, we cannot ex-
clude the possibility of another transcription factor playing a role
in mediating the cellular response to EGCG.

To further demonstrate the involvement of these transcription
factors in the phenotypic alteration induced by EGCG, lyso-
staphin susceptibility was determined for vraSR and sigB mutant
strains and their corresponding isogenic WT strains. Exposure of
all tested strains to an SI dose of EGCG resulted in increased tol-
erance to lysostaphin, with the exception of the vraSR null mutant
(Fig. 1), emphasizing the central role of VraSR in mediating the
cellular response to EGCG. The fact that the sigB null mutant did
not show any notable differences in susceptibility to lysostaphin
from its isogenic WT strain upon preexposure to EGCG but pre-
vented the increase in tolerance to some of the antibiotics suggests
more subtle changes in the cell wall architecture, with no substan-
tial change in the peptidoglycan mass. Our results are supported
by electron microscopic observations indicating no remarkable
phenotypic difference between the sigB knockout mutant and its
isogenic WT strain (28). We therefore suggest that SigB plays an
important role in the EGCG-mediated increase in resistance to
antibiotics that perturb cell wall synthesis.

The rapidity and magnitude of the increase in vraR expression
in response to SI doses of EGCG (Fig. 2), in addition to the vraSR
null mutant’s attenuated response to EGCG, as evidenced by pre-
vention of the increase in tolerance to cell-wall-targeting antibiot-
ics and lysostaphin, emphasize the pivotal role of the VraSR sys-
tem in mediating the cellular response to EGCG. This system is
capable of rapidly sensing cell wall peptidoglycan damage and
coordinating an immediate and massive change in transcription
of a unique set of genes involved in cell wall biosynthesis and in
conferral of resistance (1, 12, 22, 26, 36, 39). The increased expres-
sion of the cell wall biosynthesis-associated genes murA, murF,
and pbp2 but not of the cell-wall-degrading gene aaa upon expo-
sure to EGCG substantiates the modulation of VraSR in sensing
EGCG and activating the transcription of genes associated with
peptidoglycan biosynthesis. Morphological plasticity has been de-
scribed as a survival strategy for staphylococci grown with differ-
ent treatments, such as polyanionic substances (40), low concen-
trations of chloramphenicol (14), or various concentrations of
penicillin (13). Our observations raise concerns over the potential
of utilization of EGCG (and perhaps other natural antimicrobials)
in therapy and as a preservative in that exposure to SI doses of the
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substance may contribute to the development and enhancement
of microbial resistance mechanisms.

Aside from the upregulation of vraSR and genes encoding pro-
teins involved in cell wall metabolism, genome-wide transcrip-
tional profiling of S. aureus in the presence of cell-wall-active an-
tibiotics has revealed distinct overexpression of stress response
genes, including msrA, htrA, psrA, and hslO (39). Interestingly, an
even higher magnitude of upregulation was induced in S. aureus
challenged with SI doses of antimicrobial peptides, specifically in
three genes/operons—vraDE, SA0205, and SAS016—encoding
an ABC transporter, a putative membrane-bound lysostaphin-
like peptidase, and a small functionally unknown protein, respec-
tively (32). Construction of a plasmid carrying a luciferase re-
porter gene fused to sas016 enabled monitoring of the kinetics and
detection of very subtle differences in expression of the cell wall
stress signal (8). Here we show that EGCG induces this system in
the same manner as cell-wall-active antibiotics, albeit at a lower
magnitude than that with oxacillin. Interestingly, inactivation of
vraR abolishes cell-wall-targeting antibiotic induction of sas016
expression (8). The results presented here corroborate our hy-
pothesis that SI doses of EGCG, similar to SI doses of cell-wall-
targeting antibiotics, induce a cell wall stress response in S. aureus
that is modulated by the two-component VraSR system.
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