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ABSTRACT: In Staphylococcus aureus the VraSR two-component system acts as a sentinel that can rapidly
sense cell wall peptidoglycan damage and coordinate a response to enhance the resistance phenotype. VraR is
a transcription factor and its cognate kinase, VraS, modulates the DNA-binding activity of VraR by
regulating its phosphorylation state and hence its dimerization state. Here we provide the first report on the
VraR transcriptional activity by investigating the interaction with the vraSR operon control region. We found
that this region contains three VraR-binding sites, each with unique VraR-binding features. VraR binding to
the most conserved site is phosphorylation independent, and dimerization is proposed to be induced through
binding to DNA. By contrast, binding to the less conserved site requires phosphorylation of VraR. This site
overlaps with the binding site of the o subunit of the RNA polymerase complex, suggesting that VraR could be
interacting with the transcription machinery in the presence of the cell wall stress signal. Mutagenesis studies
on the VraR binding sites suggest that there is directionality in the binding of VraR to the target DNA,
probably dictated by VraR dimerization. We also constructed a P,,,gz-fused /ux operon reporter vector to
investigate in vivo the significance of our in vitro studies. These studies show that upon cell wall stress, induced
by oxacillin, the expression level of the /ux operon goes up and it is affected by the integrity of the two
identified VraR-binding sites in agreement with the in vitro studies. Further, they demonstrate that the VraR
most conserved binding site is essential to the vraSR operon expression. On the other hand, they suggest that
the role of the VraR less conserved site could be that of mediating high levels of vraSR operon expression

during cell wall stress conditions.

The two-component vancomycin resistance associated sensor/
regulator (VraSR)' signal transduction system of Staphylococcus
aureus coordinates the response to antibiotics that inhibit cell wall
peptidoglycan biosynthesis (cell wall synthesis inhibitors) (/—3).
Inactivation of vraSR was shown to drastically affect resistance
to f-lactams and vancomycin in different S. aureus strains and to
convert the homogeneous oxacillin resistance phenotype to a
highly heterogeneous resistance phenotype (4). A recent study
by Tomasz and co-workers linked VraSR with the biosynthesis of
peptidoglycan and proposed the cross-linking event to be under
the guard of this two-component system (4). Taken together, these
observations indicate that VraSR can sense flaws in peptidoglycan
integrity caused by cell wall synthesis inhibitors and coordinate
the cell response to nullify the deleterious effects. Since the VraSR
system has important implications in S. aureus antibiotic resistance
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and cellular responses to this insult, it is necessary to gain a
molecular understanding of the mechanisms of signal transduction
and gene regulation mediated by this system.

VraSR is a typical two-component system that rapidly senses
and transduces cell wall stress (2, 5). A recent analysis of the
kinetics of the autophosphorylation of VraS and the phopho-
transfer catalyzed by VraR strongly suggested that VraS may be
the only biologically relevant kinase of the response regulator
protein, VraR, and that the VraSR system is the main pathway
through which the signal to cell wall stress response is trans-
duced (5). In addition, it has been shown that phosphorylation of
VraR induces dimerization, an indication that dimerization could
be modulating the VraR activity (9).

The current work investigates the DNA-binding activity of
VraR and its regulatory activities in the context of the vraSR
operon. The work by Kuroda and co-workers showed that VraR
acts as an activator of its operon (2). Yin and co-workers have
shown that the operon control region for vraSR is located
upstream of the operon (6). Recently, a DNA-binding sequence
for VraR was proposed based on the structural similarities
between DosR and the C-terminal domain of VraR (7). However,
there has been no direct probing of the interactions of VraR with
target operons and its transcriptional regulation mechanism.
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Sequence alignments of VraR with other response regulators
indicate that this protein belongs to the NarL/FixJ subfamily of
signal transduction response regulators (5). These proteins use
helix—turn—helix motifs to bind to DNA (8). Although the
NarL/FixJ family members share a high sequence similarity at
the C-terminus (DNA-binding domain), each of them recognizes
unique DNA sequences and utilizes diverse regulatory strategies
(Table 1). This could probably result from subtle differences in
the primary structure of the helix—turn—helix motif (9) and/or
tertiary structure of the active state of the response regulators (8).
Such diversity in regulatory schemes makes it challenging to
predict general gene regulation mechanisms within this family.

Herein, we report the DNA-binding sequence of VraR in the
vraSR operon control region and the effect that phosphorylation
has on the DNA-binding activity of VraR. We used /ux operon
reporter vector to investigate in vivo the VraR binding sites. On
the basis of these findings, we propose a model of the transcrip-
tional activation of the vraSR operon by VraR.

MATERIALS AND METHODS

Growth Media and Chemicals. Chemicals were purchased
from Sigma or Fisher, unless otherwise stated. Chromatography
media and columns were purchased from GE Healthcare. The
growth media and the antibiotics were purchased from Fisher.
Escherichia coli Nova Blue and BL21(DE3) strains, as well as
cloning and expression plasmids, were purchased from Novagen.
Restriction enzymes were obtained from either New England
Biolabs or Stratagene. The [y-**PJATP (6000 Ci/mmol) was
purchased from Perkin-Elmer LAS Canada Inc. (Toronto,
Canada) or GE Healthcare.

Isolation of the Target Proteins. Full-length VraR and its
C-terminal domain (residues 141—209) were cloned into pET26b
in the absence of any tags or extra amino acids. The proteins were
expressed in E. coli strain BL21(DE3) and purified as previously
described (3).

Phosphorylation of VraR by Acetyl Phosphate. Phos-
phorylation of purified VraR was carried out as previously
described (5). Briefly, a solution of 100 uM VraR was prepared
in reaction buffer (50 mM Tris—base, pH 7.4, 50 mM KCl, and
5 mM MgCly) supplemented with 50 mM lithium potassium
acetyl phosphate. The reaction was incubated at 37 °C for 1 h.
The extent of VraR phosphorylation was monitored by HPLC
(Varian Inc.) using a ProSphere HP C4 reverse-phase column
(5um, 300 A, 4.6 x 250 mm) and was assessed by integrating the
surface areas under the peaks corresponding to VraR-P and
VraR species. Herein, VraR~P refers to VraR solutions com-
posed of a mixture of VraR and VraR-P. The phosphorylation of
VraR under our experimental conditions is 46%.

DNase I Footprinting Assay. The DNA sequence encom-
passing nucleotides —121 to + 26 (with respect to the transcription
starting site (6)) of the vraSR operon control region (P,,,sz) was
amplified using the PCR primers Dir, 5-ACGAAGCTTGGTCC-
GATTTTAACGACAAAAATTG-3, and Rev, 5-TGAAAT-
GACGCATTGATTGTGTTC-3'. For DNase I footprinting
the primer of interest (Dir or Rev) was 5-end labeled with
T4 polynucleotide kinase in the presence of [y-**PJATP
(6000 Ci/mmol) and used to amplify the P,,,sz. Binding reactions
(20 uL) were prepared in binding buffer (100 mM Tris—base, pH
7.5, 500 mM KCl, and 10 mM DTT) supplemented with 5 mM
MgCl,, 0.05% NP 40, 200 ng/uL poly(dI-dC), and 2.5% glycerol.
The **P-end-labeled P, sz (10 ng) was mixed with VraR, VraR®,
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Table 1: DNA-Binding Sequences for Several RRs”

RR sequence mode ref

VraR  ACTaaAGTaTGAacaTCA this study (R1)

DosR’  ttGGGACTaaaGTCCCaa 6-3-6 (30)
NarL”  cgTACCCATtaATGGGTAcg 7-2-7 (14)
Fix)?  tctaaGTAGTTTCCC 31
TraR® ATGTGCAGATCTGCACAT (32)
LiaRY  ATAcGAC——GTCtTATAtAAAAA 7-4-7 (19)
CesRY  TCAGTC—AGTCTGA 7-3-7 (18)
OmpR”? (TTACITtTgGTTACA att (33)

PhoP’ (T/G)GTTA

“All but OmpR and PhoP belong to the NarL/FixJ family of proteins.
b The consensus binding site identified experimentally; uppercase letters are
the conserved residues. “Binding sequence identified through DNase 1.
4 In silico determination of the consensus binding site.

(T/G)GTTA 6-5-6 (34)

or VraR~P at concentrations ranging from 5 to 80 uM (VraR~P
represents a mixture of phosphorylated and unphosphorylated
VraR in which the phosphorylated species typically comprised
46% of the total VraR protein). Binding reactions were incubated
for 30 min at 37 °C and then subjected to DNase I (2 units) for
2 min at 25 °C. The digestion reactions were stopped by adding
50 uL of DNase I stop solution (1% SDS, 0.2 M NaCl, 20 mM
EDTA, pH 8.0, and 0.25 mg/mL tRNA). Digested DNA samples
were isolated by phenol—chlorophorm extraction and ethanol
precipitation. They were then resuspended in formamide contain-
ing loading dye, heated at 95 °C, and loaded into an 8%
polyacrylamide gel containing 7 M urea. The dried gels were either
exposed to Kodak BioMax MR film and analyzed by autoradio-
graphy or scanned using a Typhoon Trio * variable mode imager
(GE HealthCare). The C and G sequencing reactions for these
experiments were carried out with the same end-labeled oligonu-
cleotide, using terminator DNA polymerase, acyGTP, and
acyCTP (10).

Electromobility Shift Assays. The DNA-binding activities
of VraR, VraR~P, and VraR® to target DNA were analyzed by
electromobility shift assays (EMSA). The short double-stranded
DNA sequences were prepared by primer annealing (Table 1
in Supporting Information). Typically, annealing reactions
were carried out in 50 uL reactions containing equal amounts
of the complementary synthetic oligonucleotides (1 ug/uL), 5 uL
of 10x annealing buffer (100 mM Tris, pH 7.5, 500 mM NaCl,
and 10 mM EDTA), and nuclease-free water. The samples were
heated at 95 °C for 2 min and then were allowed to cool to 4 °C.
The formed duplex sequences were separated from single-
stranded DNA by purification in a 10% native polyacrylamide
gel. The resulting double-stranded DNA sequences were
labeled using T4 polynucleotide kinase using [y-*PJATP
(3000 Ci/mmol). Binding reactions (20 uL) were prepared in
binding buffer (10 mM Tris—base, pH 7.5, 50 mM KCI, and
I mM DTT) supplemented with 5 mM MgCl,, 0.05% NP 40,
200 ng/uL poly(dI-dC), and 2.5% glycerol. Target DNA (2 ng)
was mixed with protein concentrations varying from 1 to 25 uM
or up to 40 uM for VraR. In our experiments VraR~P
represents a mixture of phosphorylated and unphosphorylated
VraR in which the phosphorylated species typically comprised
46% of the total VraR protein. The reaction mixtures were
incubated at 25 °C for 30 min and loaded into a 10% native
polyacrylamide gel (the incubation time was determined based on
the time required for the equilibrium to be set for the sample with
the lowest protein concentration). Dried polyacrylamide gels
were analyzed by a Packard instant imager (a Canberra Co.,
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Meriden, CT) or Typhoon Trio " variable mode imager (GE
HealthCare). The incubation time was determined experimen-
tally as the time required for the equilibrium to be reached at the
smallest VraR (VraR~P and VraR®) concentration used in these
assays. These experiments were repeated at least three times. The
dissociation constants were determined from the nonlinear
regressional analysis of the experimental data using the binding
equation % DNA bound = Cap[P]"/(Ky" + [P]"), where n is the
Hill coefficient, Cap is the binding capacity, and [P] is the protein
concentration in the assay.

Construction of the luxABCDE Fusion Strains Using
Variants of viaSR Operon Control Region. The lux reporter
vector hosts the promoterless /ux operon from Photorhabdus
luminescens (11). It was constructed by Francis et al. to study in
vivo the activity of target promoters. The /ux operon is composed
of five structural genes /ux A—E that mediate the synthesis of the
bioluminescent substrate and Iuciferase (/uxAB). Upstream of the
lux operon is inserted a multiple cloning site to aid fusion of the
promoter of interest to the /ux operon. Each structural gene in the
lux operon is fused to the ribosomal binding site that is
characteristic of S. aureus in order to facilitate their expression
in Gram-positive bacteria. Two DNA sequences derived from the
vraSR operon control region, encompassing nucleotides —462 to
+ 150 (this region was recently investigated by the lacZ reporter
vector (12)) and —121 to +26, were amplified by PCR using the
genomic DNA of S. aureus RN4220 as a template. The primers
designed to amplify the —462 to +150 region (P‘,,.,,SRL) were
designed to introduce the EcoRI and BamHI restriction sites at
the 5 and 3 ends, respectively: Dir P,,sg--5-AGGAATT-
CATGGCATTTGAGAATGCA-3  and  Rev_P,,sz"5-
CGGGATCCACGTTCAACATAGTTCATAAC-3' (the re-
striction sites are italicized) . The primers designed to amplify
the —121 to +26 region (P,,,sg) Were also designed to introduce
the EcoRI and BamHI restriction sites at the 5’ and 3’ ends,
respectively: Dir_P,,,sz-5-AGGAATTCGGTCCATTTTAAC-
GACAAAAATTG-3 and Rev_P,,,5z-5-CGGGATCCTGAA-
ATGACGCATTGATTGTGTTC-3'. The amplicons were li-
gated into the blunt end vector pSTBlue-1 using the cloning kit
from the vendor (Novagen). The ligation mixtures were intro-
duced into E. coli DH5a by heat shock, and the transformants
were plated into LB—agar plates supplemented with 100 ug/mL
ampicillin and 20 ug/mL X-gal for white and blue screening. The
putative positive recombinant clones were confirmed by sequen-
cing the plasmid for the presence of the insert. The pSTblue-1:
P,..sz plasmid was used as a template for generation of two
P,.sg mutants carrying the same mutation as in R1-DM3 and
R2-SM1, respectively. These amplicons are referred to as
Pusrs M and P, M!, respectively.

We used the QuickChange mutagenesis kit from Stratagene
to carry out the mutations. The mutagenic primers were Dir_
Pusry ML TTAGTTCCGGAACCTATTCATATTGGT-3
and Rev_P,,z"" M5 ACCAATATGAATAGGTTCCGG-
AACTAA-3;  Dir_P,usx PM3(1)-5-CAACATATACTAA-
GATTAAAGTATGAACATC-3 and Rev_P,.sz" PM(1)-
5-GATGTTCATACTTTAATCTTAGTATATGTTG-3; Dir_
Poaszt PM(2)- 9- ATACTAAGATTAAATTATGAACATC-
ATTTAG-3 and Rev P,.sz" PM3(2)-5-CTAAATGATGTT-
CATAATTTAATCTTAGTAT-3' (the mutations in R1 were
carried out in two steps; the replaced nucleotides are highlighted).
After mutagenesis the DNA fragments were excised from the
pSTBIue-1 fusion plasmids using the restriction enzymes EcoRI
and BamHI. The fragments were gel purified and each ligated into
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the pXENI vector that was digested also with the above restriction
enzymes. The ligation mixtures were introduced into the E. coli
DH5a strain, and the transformants were plated on Luria—
Bertani (LB)—agar plates supplemented with 100 ug/mL ampi-
cillin (selection marker in pXENT1). The putative positive colonies
were confirmed to harbor the inserts by sequencing the plasmid
with one primer derived from the /uxA sequence, 5-GTAAG-
CAAAAGTTTCCAAATTTCAT-3, and the forward primer
used to amplify the insert. The pXENI plasmid carrying the
Porusrs Porasks Poasry O™, or Pus > SM! insert is referred to
as the Jux fusion plasmid (P,,qsz"::/ux, Pyrasgi:lix, Pyasg X PM2::
lux, Prrgsg MU lux).

The pXENI1 plasmid and /ux fusion plasmids were introduced
into the restriction-deficient S. aureus strain RN4220 by electro-
poration (/3). The transformants were plated on tryptic soy broth
(TSB)—agar plates supplemented with 10 ug/mL chlorampheni-
col (selection marker in pXEN1). The putative positive colonies
were confirmed by sequencing of the plasmids using the primers
described above. The S. aureus RN4220 carrying the empty
vector pXENT is referred to as RN(::/ux), and S. aureus RN4220
carrying one of the /ux fusion plasmids is referred to as /ux fusion
strain: RN(P,,qsr"::0ux), RN(P,,qsrilux), RN(Pysr M2
lux), and RN(P,,us2™> M ).

The effect of pXENI and lux fusion plasmids on the growth of
S. aureus was investigated by monitoring the bacterial growth
profile for all the strains. Briefly, /ux fusion strains, RN(::/ux) and
RN4220, were inoculated into TSB and grown overnight with
5 ug/mL chloramphenicol, with the exception of the wild-type
strain, at 37 °C. Next, 1% culture was inoculated in fresh TSB
supplemented with 5 wug/mL chloramphenicol except for
RN4220. Then the OD (620 nm) of the cell culture of all the
strains was measured at 1 h intervals for the next 6 h.

Measurement of Bioluminescence from S. aureus
Strains. After overnight growth, the wild-type strain and the
strains harboring the /ux fusion plasmids and pXENI were
diluted into fresh TSB and grown further at 37 °C and with
shaking at 200 rpm. The strains were grown to an OD ~ 0.3 and
then subjected to oxacillin at 1.2, 10, and 100 ug/mL for 2 h. The
optical densities were measured at 620 nm for all the samples. The
cell cultures with higher OD were diluted such that the cell density
in each cell culture was the same. A 300 uL aliquot from each
sample (in triplicate) was transferred to an opaque 96-well
optiplate and analyzed in a HT-Analyst (Molecular Devices,
Sunnyvale, CA). Bioluminescence was measured immediately
after dispensing the samples into the plates. The signal was
measured for 1 min over a period of 20 min with integral
measurement for 1 s at I mm luminescence height. The data
points collected over 20 min were averaged for each strain and
oxacillin concentration, and the standard deviations were deter-
mined from three independent measurements.

Viability Test of the Cultures. A 1% of overnight grown
seed cultures of the wild-type strain, /ux fusion strains, and
RN(::/ux) were inoculated in TSB containing 5 ug/mL chloram-
phenicol. When the OD of the cell cultures reached ~0.3, oxacillin
was added to each culture to a final concentration of 1.2, 10, or
100 ug/mL, and the cell cultures were grown for an additional 2 h.
The OD of each culture was normalized to the samples having the
lowest OD. A 20 4L aliquot from each uninduced and induced cell
culture was diluted 10000-fold using TSB to remove the antibiotic.
Then a 50 uL aliquot from each of these diluted cell cultures was
plated on TSB—agar plates, without antibiotic. Cells were allowed
to grow at 37 °C. These experiments were repeated three times.
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FIGURE 1: An overview of the vraSR operon composition in the
S. aureus strain Mu50. Highlighted are the structural genes in the vraSR
operon (gray arrows), transcription starting point (tsp), the operon
control region used in this study, and the neighboring map gene.

RESULTS

DNase I Footprinting. The P, gz region spanning from
—121 to +26 (Figure 1) was subjected to DNase I in the presence
and absence of VraR, VraR® (C-terminal domain of VraR), and
VraR~P to identify the VraR-binding site(s) and its mode of
binding. These experiments were carried out using *“P-end-
labeled top or bottom strand DNA (Figure 2). Unphosphory-
lated VraR and VraR® showed similar DNase I protection of
P,.sr but differed from VraR~P (Figure 2). The DNase
I protection of the top strand by VraR proteins consists of one
single protected site, unlike the bottom strand where we observed
distinct protected sites. Two distinct DNA-binding sites could be
deduced for VraR and VraR® in the bottom strand, each
spanning the regions —77 to —71 and —68 to —52. In the top
strand, the single protected site spanned the region from —75
to —50. In addition, two hypersensitive sites were introduced by
VraR and VraR® in the bottom strand, —75 and —62, which were
absent in the top strand (Figure 2). These observations indicate
that VraR contacts both DNA strands, but it may interact more
closely with the top strand. Alternatively, the bound protein may
be involved in protein—protein interactions as a result of which
certain regions of the target DNA in the top strand are excluded
from DNase I and/or they become more accessible in the bottom
strand possibly due to DNA bending (14).

The effect of the VraR phosphorylation on the DNase
I protection profile was dramatic (Figure 2), considering that
only 46% of VraR is phosphorylated. At first glance, the DNase
I protection profile of VraR~P indicates four major effects of
phosphorylation on the VraR DNA binding activity. First, DNA
binding affinity of VraR for both DNA strands is enhanced.
Second, DNase I protection of P,,,sr is extended upstream
of —=77. Third, phosphorylation caused a downstream shift in
the hypersensitive site on the bottom strand (from —75 to —72)
and the appearance of a new hypersensitive site at —68. Finally, a
new DNA-protected region, located between positions —46
and —26, emerged. Because the phosphorylated VraR samples
(VraR~P) contain a mixture of phosphorylated and unpho-
sphorylated VraR protein (only 46% of VraR is phosphory-
lated), these observations strongly indicate that differences in the
P,,.sr DNase I footprinting between VraR and VraR~P are a
consequence of VraR phosphorylation.

The VraR-Binding Sites in P,,,sr. The analysis of DNase
I footprinting assays shows that VraR binds to three different
regions in P,,,gr: —68 to —52 (R1), —46 to —25 (R2), and —90
to =71 (R3). The DNase I protection at these sites took place at
different protein concentration, and each protein displayed a
different protection pattern, indicating that these sites have
unique features. The R1 site, in both strands, is protected by
the three proteins, though at different levels. In the case of the R3
site, binding of VraR and VraR® produced the same DNase
I protection pattern on the bottom strand and introduced a
hypersensitive site at position —75. No protection or hypersensi-
tive sites were observed in the top strand by these proteins at R3.
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FIGURE 2: DNase I footprint of the P,,,sz with VraR, VraR€, and
VraR~P. (a) The bottom DNA strand. (b) The top DNA strand. The
G and C sequencing reactions were calibrated with respect to the
number of base pairs from the transcription starting point. In gray
lines are highlighted the regions protected by VraR and VraR<, and
in solid lines are highlighted the regions protected by VraR~P.
Arrowheads indicate the hypersensitive sites.

Only phosphorylation introduced protection at this site in the top
strand. In addition, phosphorylation caused a downstream shift
in the hypersensitive site on the bottom strand (from —75 to —72)
and the appearance of a new hypersensitive site at —68.
By contrast, the R2 site, on both strands, is protected only by
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FIGURE 3: Analysis of the DNA-binding activities of VraR, VraR®, and VraR~P by EMSA. (A) Binding of these proteins to the R1 site.
(B) Binding of the above proteins to the R2 site. (C) Binding isotherms of VraR (squares), VraR® (triangles), and VraR~P (circles) to the R1 (solid
geometric shapes) and R2 sites (empty geometric shapes). In a typical assay, 2 ng of 5/-y-**P-end-labeled P,,,sx was incubated with different
concentrations of VraR proteins for 30 min at 25 °C (the standard deviations calculated from three independent experiments do not exceed 10% of

each data point).

Table 2: Determination of the Dissociation Constants of VraR, VraR~P, and VraR® with R1, R2, and Their Variants®

VraR VraR~P VraR®
DNA sequence Ky (uM) n Ky (uM) n Ky (uM) n
R1 40+04 2.1+02 27409 1.9+06 9.0+0.7 33+02
R1-DM1 25+ 1 2.0+0.2 16 +2 3.0+0.5 ND? ND
R1-DM2 2341 24403 75+04 2.140.1 ND ND
R1-DM3 29 + 1 2.6+0.4 17+ 1 3.14+0.6 ND ND
R1-DM4 9+1 23402 6.3+ 0.6 2540.1 ND ND
R2 18 +2 3.0+04 1041 3.5+0.1 25+ 1 2.8+0.6
R2-SM1 34+8 3.0 0.1 2443 3.1+04 ND” ND
R2-SM2 > 40° 2 20+ 4 27403 ND ND
R2-DM1 > 40° 2 2545 2.6+0.2 ND ND
R2-DM2 > 40° 2 2749 3.0+0.3 ND ND
Porask 47403 1.7+0.1 14405 20403
Pyasit PN 9.0+0.2 1.840.2 62+0.3 3.0+0.3
Prasg s SMI 40403 2040.1 3.0£02 2.0+0.1

“VraR~P samples represent a mixture of VraR and VraR-P, where VraR-P constitutes only 46% of the protein mixture. Hence, the K4 values do not
represent absolute dissociation constants for VraR-P. ® The EMSA data could not be fitted due to low levels of DNA—protein complex formed at protein
concentrations as high as 40 uM. “The K values could not be determined accurately due to lack of experimental data points beyond 40 uM.

VraR-P, and binding of the phosphorylated protein introduced a
hypersensitive site on the bottom strand at position —36.

The quantitative analysis of the EMSA data obtained with
VraR, VraR~P, and VraR® and R1 and R2 shows that these
proteins bind with higher binding affinity to R1 than R2
(Figure 3A,B and Table 2), in agreement with the DNase
I footprinting assays. Interestingly, all of the binding isotherms
indicate a clear positive cooperativity in binding (Figure 3C). In
addition, the EMSA data indicate that VraR and VraR~P bind
to R1 with similar binding affinities. By contrast, unphosphory-
lated VraR bound only 50% of R2 at concentrations as high as

20 uM (this could explain the lack of DNase I protection observed
at this region), whereas phosphorylation of VraR enabled binding
of more than 80% of R2 at this concentration, although VraR-P
constitutes only 46% of VraR in these experiments. On this
regard, we expect VraR-P to bind with higher binding affinity to
this site. On the other hand, VraR® bound to the R1 site weaker
than VraR, but the difference in the binding affinities between
VraR® and VraR were less pronounced for the R2 site (Table 2).

The VraR binding to R3 was not investigated because
the sequence has a low melting point and we were not able to
prepare high-quality samples of the double-stranded DNA by



Article

R3a [ Rab Ria RIb |
AAAATTGAAGAAGAATAGTTCAACATATACTAAGACTAAAGTATGAACATCAT
TTTTAACTTCTTCTTA TCAAGTTGTAT&TGA TTC TGATTTC%‘ACTTG TAGTA

. L 2e g
-100 -0 -80 =70 =60 |-50

R2a R2b | *
TTAGTTCCGGAGCCTAT TCATATTGGTTTCGGAACTGTTTIATAATAATTAAG
AATCAAGGCQTCGG?TAAGIATAACCAAA%CCTTGACAA%ATATTATTAATTC

-40 -30 -20 -10

FIGURE 4: A close-up view of the VraR-binding sites on P,,,sz. The
DNase I protection by unphosphorylated VraR for both DNA
strands is shown in solid brackets. The DNase I regions protected
by the phosphorylated VraR are shown in dashed brackets. The
putative VraR-binding sequences are underlined, and the nucleotides
proposed to be essential to the VraR recognition and binding are
highlighted in bold. The transcription starting point is denoted by an
asterisk, and the —10 box sequence is underlined. The black arrow-
heads indicate the hypersensitive site that emerges with binding of
VraR~P, and the white arrowhead indicates the hypersensitivity that
emerges with binding of VraR.

primer annealing. Introduction of GC base pairs in the 5'- and
3'-ends in order to increase the thermal stability of this sequence
was not considered of the concern that they may introduce bias in
binding (see below). Nonetheless, the DNase 1 footprinting
experiments indicate that VraR does not protect this region
unless it is phosphorylated (the DNase I footprinting data show
that 50% of protection at this site takes place at 25 uM VraR~P).

Elucidation of the VraR-Specific Binding Sequence.
Looking closely at the DNA sequences protected by VraR,
VraR~P, and VraRC in the R1 site, we identified two putative
binding sequences, separated from each other by one nucleo-
tide: ~®ACTaadGT ®' (Rla) and ~TGAacaTCA™>" (R1b)
(Figure 4). These sequences are quasi-palindromic and mirror
images of each other. Within the R2 site, we also identified two
potential VraR binding sequences: ~**TCCggdGC 7 (R2a)
and “PTCAtatTGG >* (R2b) (Figure 4). In this case, the two
sequences are separated from each other by four nucleotides.
Within the R3 site, we also identified two sequences that
were protected from the DNase I digestion: ~*°4GTtcaaCA™"
(R3a) and ~"*4CTaAG™® (R3b) (Figure 4). The palindromic
nature of the putative VraR-binding sequences in R2 and R3
is not completely conserved, which could explain the lack of
and the weak DNase I protection observed at these sites,
respectively.

Comparison of the above identified VraR DNA-binding
sequences revealed that two nucleotides in particular, the C in
the ACT and G in the AGT motifs, could be important
recognition and/or binding elements for VraR. Interestingly,
these two nucleotides are found either four or five residues apart
in Rla/R2a and R1b/R2b, respectively. To investigate the roles
of the cytosine and guanosine in binding of R1 and R2 to VraR,
we constructed mutants of the R1 and R2 sites, in which these
residues were mutated to A or T (Figure 5A) either one at a time
or simultaneously, and investigated their binding affinities to
VraR, VraR~P, and VraR® by EMSA.

Replacement of cytosines —67 and —52 by thymine in R1 (R1-
DMI1) completely depleted the binding of VraR® to R1 and
reduced the binding affinity of VraR and VraR~P by ~6-fold
(Table 2, Figure 5B,D.F). Replacement of guanosines —62
and —58 with thymine in R1 (R1-DM?2) had a similar effect on
the binding of VraR® and VraR to R1 (Figures 3 and 5B,F). But
these mutations, unlike the ones in R1-DM1, had a lesser effect
on the binding of VraR~P to R1; a 3-fold decrease in K4 was
measured, instead (Table 2, Figure 5D).
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FIGURE 5: EMSA analysis of the DNA-binding activities of VraR,
VraR~P, and VraR® to R1, R2, and their variants. (A) The DNA
binding sequences of R1, R2, and their variants. (B) Binding iso-
therms of VraR with R1 and its variants. (C) Binding isotherms of
VraR with R2 and its variants. (D) Binding isotherms of VraR~P
with R1 and its variants. (E) Binding isotherms of VraR-P with R2
and its variants. (F) Binding isotherms of VraR® with R1 and its
variants. (G) Binding isotherms of VraR€ with R2 and its variants. In
a typical assay, 2 ng of & -y-SZP-end-labeled P,..sg Was incubated
with different concentrations of VraR proteins for 30 min at 25 °C
(the standard deviations were calculated from three independent
experiments).

To assess the difference in the binding affinities between Rla
and R1b, we generated two other R1 double mutants: C-67/G-62
(R1-DM3) and G-58/C-52 (R1-DM4). The analyses of the
EMSA data show that the removal of the Rla site (R1-DM3)
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FIGURE 6: In vivo and in vitro investigation of the role of the R1 and
R2 sites in the transcriptional mechanism of VraR. (A) The binding
isotherms obtained from EMSA with VraR and VraR~P with P s,
Prrasg S PM3and PysrN ML (B) Shown are the luminescence
signals obtained from all S. aureus strains in the presence of 1.2, 10,
and 100 ug/mL oxacillin. Each strain is represented by the name of
the promoter fused upstream of the /ux operon in the pXENI
plasmid.

decreased the binding affinity of VraR and VraR~P to R1 by 7-
and 6-fold, respectively (Table 2, Figure 5B,D). By contrast, the
removal of the R1b site (R1-DM4) decreased the binding affinity
of VraR and VraR~P only by 2-fold (Table 2, Figure 5B,D).
These results indicate that VraR binds stronger to Rla and this
subsite may serve to anchor the monomeric or dimeric form of
VraR to the R1 site. On the other hand, R1-DM3 and R1-DM4
displayed very low binding affinities for VraR, similarly to the
R1-DM1 and R1-DM2 mutants (Table 2). It is noteworthy that
in all of the cases the binding isotherms indicate a clear positive
cooperativity in binding of VraR and VraR~P to R1 (Table 2).
This observation suggests that binding of VraR to Rla could
enhance binding of a second VraR molecule to R1b. This could
be possible either through local changes in the DNA topology or
through positioning of one monomer for efficient dimerization
when a second monomer binds to the DNA.

To confirm the essential nature of residues C-43, G-38, C-31,
and G-25 in R2, we mutated them to A or T (Figure 5A). The
analysis of the EMSA data shows that double mutations C-43/
G-25 (R2-DM2) and G-38/C-31 (R2-DM1) drastically reduced
the binding of VraR to the R2 site (Figure 5C). Moreover, the
single point mutation at G-38 and G-31 completely depleted the
binding of VraR to R2 (Figure 5C.E). These results indicate that
R2 is composed of two VraR-binding sequences, R2a and R2b.
Also, these mutants display a positive cooperativity in binding to
VraR.

The Role of RI and R2 in Recruiting VraR to P,,,sr as
Assessed by the lux Reporter Vector. To investigate in vivo the
role of the R1 and R2 sites in recruiting VraR into the vraSR
promoter region when S. aureus is subjected to cell wall stress, we
fused P,,,sg upstream of the [lux operon reporter vector
pXEN1 (/1) and constructed variants of P,,sz carrying the
same mutations as in R1-DM3 and R2-SM1 (the EMSA data
show that VraR-P binds stronger to the Rla and R2a sites),
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herein referred to as P,,,sz~ "M and P,,,s2% "ML All of the hux
fusion plasmids were introduced successfully into S. aureus
RN4220. We also introduced the empty vector pXENT into S.
aureus RN4220 to use it as a control in these experiments. In
addition, as a positive control for the bioluminescent experiments
we fused the P,,,sz" into pXEN1. This sequence was shown by
Steidl et al. in their /acZ fusion strain study to respond to oxacillin
in a dose-dependent manner (/2).

The presence of the pXENI1 or /ux fused plasmids did not
affect the growth of S. aureus (data not shown). In addition, the
viability experiments (CFU) showed that the effect of oxacillin on
the bacterial growth is the same for all of the strains (data not
shown). We also determined by EMSA the binding affinities of
the Pusry "M and P sp M sequences to VraR and
VraR~P (Table 2, Figure 6A). Mutation of the R1a site reduced
the binding affinity of VraR~P for P,,,sr by 4.4-fold, while
mutation of the R2a site reduced the binding affinity of VraR~P
for P,..szr by 1.3-fold and decreased the occupancy of this
sequence by 20% (Figure 6A).

The luminescence data collected from all of the strains are
presented in Figure 6B. The data were corrected for the back-
ground signal (growth medium). In the absence of oxacillin, all of
the strains exhibited very low levels of luminescence which were
indistinguishable from the noise level of these experiments. The
presence of oxacillin increased the luminescence signal for RN
(Pyrasrilux) and RN(P,sr-:lux) by ~60-fold. The results
obtained with RN(PvraSRL::lux) are in agreement with the results
obtained with the lacZ reporter vector (12). The mutation of the
Rla site reduced the luminescence by 17-fold at 1.2 ug/mL
oxacillin. On the other hand, the mutation of the R2 site re-
duced the luminescence by 4-fold, at the same concentration of
oxacillin.

DISCUSSION

The central role of the VraSR system in the S. aureus response
to cell wall stress has been well documented, but the mechanism
by which the stress is sensed and genes are activated remains
unclear. Two recent studies utilizing a lacZ report vector have
shown that the operon control region of vraSR harbors the
regulatory elements of its expression (6, 12). However, evidence
for specific binding of VraR to the upstream regions of this
operon or others has not been shown. Herein, we undertook the
study to determine the VraR binding sequence and investigate the
role of phosphorylation in recognition and activation of the
vraSR operon.

We show that VraR binds to specific regions in P, sz
Analysis of the DNase I footprinting of P,z indicates that
VraR binds to three distinct sites in P,,,sg Which are centered on
positions —76 (R3), —60 (R1), and —35 (R2) (Figures 2 and 4). It
is clear from these experiments that phosphorylation expands
VraR binding to the —76 and —35 regions. A similar phenom-
enon has also been reported for other response regulators such as
PhoP of Bacillus subtilis, BvgA of Bortedella pertusis, and VanR
of Enterococci faecium but not in the case of NarL (/5—17).

Based on the DNase I footprinting, EMSA, mutagenesis, and
in vivo studies, we identified the sequence 5-ACT(X),AGT-3 as
the VraR-specific binding sequence, where X could be any nucleic
acid and » may vary from 1 to 3 (Figure 4). Comparison of this
sequence with the DNA-binding consensus sequences (in silico
determination) of VraR orthologues such as CesR in Lactococcus
lactis (18) and LiaR in B. subtilis (19) (Table 1), both involved
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with cell wall stress response in the above organisms, indicates
that there are similarities between VraR and CesR DNA-binding
sequences but not with LiaR, as expected (/8). Both the CesR and
VraR DNA-binding sequences share the AGT motif. Although
the primary sequence alignments classify VraR as a member of
the NarL/FixJ family, this protein does not share significant
similarities in its DNA-binding sequence with any of the mem-
bers of this family (Table 1). However, this is to be expected as
there is no apparent DNA-binding consensus sequence among
the NarL/FixJ members (Table 1). This could be a result of subtle
differences in the primary sequence among their DNA-binding
domains (9).

The DNA-binding sequence proposed for VraR, based on
the comparison of VraR® structure with DosR—DNA com-
plex (7), 5-""TAAGACT %-3', does not match entirely with the
DNA-binding sequence determined experimentally in this study.
The DNase I footprinting, mutagenesis, and in vivo studies
(see below) unambiguously indicate that the VraR-binding
sequence is ACT(X),AGT (Figure 4).

Analysis of the EMSA data indicates that there is a hiera-
rchy in binding among the VraR-binding sites in P,,,sz; VraR
(VraR-P) binds with the highest binding affinity to the R1 site and
the lowest to the R2 site (Table 2). In addition, both EMSA and
DNase I footprinting data suggest that there is a difference in the
requirements for VraR phosphorylation for binding to
R1 and R2. VraR binds to R1 with similar affinity as the
phosphorylated protein, suggesting that binding of VraR to the
R1 site could be phosphorylation independent. By contrast, the
phosphorylation of VraR is essential for recognition and binding
to the R2 site (Figure 2B). These differences suggest that the R1
site could serve to recruit VraR (VraR-P) to the P,,,sr, thereby
increasing its local concentration and its chances for binding to
weaker sites such as R2 and probably R3. This model allows
occupancy of the weaker binding sites at a lower cytoplasmic
concentration of VraR. This proposal is supported well by the fux
reporter studies, whereby mutation in the R1a site greatly reduces
the lux operon expression (a 17-fold decrease). However, muta-
tion of the R2a site brought only a 4-fold reduction in the /ux
operon expression. It is noteworthy that the effects that mutations
in Rla and R2a have on the /ux reporter vector studies are the
same as the effects observed in the binding affinities of VraR~P
for P,.sr. Mutations in the Rla and R2a sites decreased the
binding affinity for VraR~P by 4.4- and 2.2-fold, respectively,
which in vivo translated into a 17- and 4-fold effect. The in vivo
“enhancement” of the effects that the above mutations have
in vitro indicates that there could be a communication between
these two sites in the context of the full-length P,,.,sz, Whereby
binding of VraR-P into one site could affect the binding in the
other site(s). In addition, because the R1 site displays the highest
binding affinity for VraR-P, it could serve to recruit VraR-P to
othersitesin P,,,sz, and as such it is plausible that its loss will have
overall a bigger effect in the binding of VraR-P to the promoter.

A closer investigation of the roles of the C and G residues in the
VraR binding to the sequence ACG(X),ATG (n = 2 or 3)
revealed that these residues are essential for VraR binding.
Moreover, the data indicate that the cytosine residue has a
recognition role in addition to that of binding, which in turn
suggests that there is directionality in the binding of VraR to this
sequence. This is relevant when considering that the apparent
palindromic nature of the VraR DNA-binding sequence could
give rise to a nondiscriminatory interaction between VraR and
either DNA strand. In vivo this situation is not desirable as both
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strands would compete for binding to VraR, resulting in an
apparent low binding affinity and an overall decrease in occu-
pancy of the target DNA. Indeed, we observed that VraR®
persistently bound with lower binding affinity to all of the sites
and their derivatives, and it was not able to provide 100%
occupancy of the target DNA. In addition, the presence of two
and in tandem VraR-binding sequences within the R1 and R2
sites suggests that VraR could bind to these sites as a dimer,
through dimerization at the N-terminal domain, which infers that
directionality in DNA binding by VraR might be required to
facilitate dimerization.

The observation that phosphorylation does not affect the
binding of VraR to R1 suggests that unphosphorylated VraR
could bind as a dimer to this site and that dimerization could be
induced by binding to the target DNA. This is possible if binding
to DNA brings two VraR monomers into proximity and with
their dimerization interface facing each other. This proposal is
supported by our observations that the removal of the
N-terminal domain, which harbors the dimerization interface
in VraR-P, decreases binding of VraR to the R1 and R2 sites
(Figure 3C). This binding model is also supported by our earlier
observations that the presence of P, increases the resistance of
VraR to proteolysis (5). On the other hand, we believe that
binding of VraR to the R2 site requires phosphorylation for two
main reasons. First, the VraR-binding sequence is not conserved
in R2, which results in a ~4-fold decrease in the binding affinities
of VraR and VraR~P for R2 in comparison to R1. Second, the
two VraR-binding sequences (R2a and R2b) are farther apart
thanin R1 (separated by four nucleotides instead of one), and the
possibility that both monomers may come in contact with each
other, on their own, is small. Both of these less-than-optimum
binding conditions could be overcome if VraR is mobilized into a
dimer prior to the binding of the target DNA.

Phosphorylation-dependent binding of VraR to the R2 site is
centered at the —35 box. On the other hand, the DNA sequence at
the —10 box (TTATAA) is very similar to the sequence recog-
nized by E. coli ¢’ factor (20, 21). Analysis of the S. aureus
genome has indicated that this organism contains a single
primary o factor, SigA (¢™) (22), which is a homologue to
E. coli 0. Tt is possible that protein—protein interactions
between VraR-P at —35 and the o of RNA polymerase could
play a role in the transcriptional activation mechanism of VraR.
Potential involvement of response regulatory proteins in recruit-
ing or interacting with the o factors has been recognized before,
e.g., in the cases of PhoR, BvgA, and VanR (/5—17). However,
we cannot exclude the possibility that the recruitment of VraR-P
to the —35 site may allow protein—protein interactions with
VraR bound at the R1 and/or R3 sites, which may in turn cause
DNA looping and facilitate potential interactions between o”* of
RNAP and upstream P,z elements. This putative regulatory
mechanism has been predicted for several RRs, e.g., Lrp on the
ilvIH promoter (23), MalT on the malPQ promoter (24), FIS
regulator on the fyrT promoter (25), OmpR on the ompF
promoter (26), and PhoB on the pstS promoter (27), and it infers
that there is cooperativity in binding between the VraR binding
sites. Incidentally, the binding affinity of VraR~P for P,,,sr was
previously reported to be 1.4 uM, which is about 2- and 14-fold
better than its binding affinities for R1 and R2, respectively (5),
suggesting a potential cooperativity between these sites.

The binding affinity of VraR to R2is low (K4 = 18 £ 2 uM);
thus it is very unlikely to be occupied in vivo by unphosphorylated
VraR. This situation suggests that only under conditions of cell
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wall stress will this site be occupied by VraR, as VraR-P, and that
only under these conditions will the vraSR operon be expressed at
higher levels. The question that arises is then what is the role of
the R1 site other than recruiting VraR to the promoter region? It
is possible that under nonstress conditions binding of VraR to the
R1 site may mediate basal expression of the vraSR operon, but
for the expression of larger amounts of VraR that are necessary
to activate the vraSR regulon (stress conditions) VraR must be
recruited to the R2 site. This proposal fits well with the report by
Kuroda et al. (2), whereby the inactivation of vraSR results in a
substantial decrease of phpB and sgtB (2, 28) basal expressions.*
Studies with other response regulators have shown that these
proteins may interact with other elements of RNAP, such as the
C-terminal domain of the a subunit of RNAP (aCTD) (16, 29).
We speculate that VraR, when bound at R1 under nonstress
conditions, could interact with aCTD either through protein—
protein interaction or by altering the topology of the DNA to
enable basal expression of the vraSR operon.

In summary, our study shows that VraR binds to its promoter
at three distinct sites. Binding of VraR to the R1 site displays the
highest affinity. The presence of two putative VraR-binding
sequences in tandem inverted repeats, separated by one nucleo-
tide and oriented tail to tail (as in R1), could induce activation of
the VraR in a phosphorylation-independent mechanism. Also,
the data indicate that there is directionality into the binding of
VraR with cytosine probably serving as an anchor point. Further,
mutagenesis studies suggest that the role of phosphorylation is to
enable VraR binding to the R2 site, the low-binding affinity site
that overlaps with the —35 region. The lack of conservation of the
VraR-binding sequence at this site suggests that it could enable
discrimination between stress and nonstress conditions. We
propose that, under nonstress conditions, unphosphorylated
VraR occupies only the highest binding affinity site and this is
sufficient to mediate basal levels of vraSR expression necessary
for the cell to multiply; under stress conditions, VraR-P will be
recruited to the lower binding affinity site to mediate a higher
level of gene expression. The proposed regulatory mechanism for
the vraSR operon could be employed for other genes within the
vraSR regulon, although we cannot exclude the possibility of
different regulatory mechanisms.
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