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ABSTRACT Staphylococcus aureus is an opportunistic pathogen that causes a wide
range of infections. Due to the rapid evolution of antibiotic resistance that leads to
treatment failure, it is important to understand the underlying mechanisms. Here,
the cell wall structures of several laboratory vancomycin-intermediate S. aureus
(VISA) strains were analyzed. Among the VISA strains were S. aureus VC40, which
accumulated 79 mutations, including most importantly 2 exchanges in the histidine-
kinase VraS, and developed full resistance against vancomycin (MIC, 64 mg/ml); a
revertant S. aureus VC40R, which has an additional mutation in vraR (MIC, 4 mg/ml);
and S. aureus VraS(VC40), in which the 2 vraS mutations were reconstituted into a
susceptible background (MIC, 4 mg/ml). A ultraperformance liquid chromatography
(UPLC) analysis showed that S. aureus VC40 had a significantly decreased cross-link-
ing of the peptidoglycan. Both S. aureus VC40 and S. aureus VraS(VC40) displayed
reduced autolysis and an altered autolysin profile in a zymogram. Most striking was
the significant increase in D-alanine and N-acetyl-D-glucosamine (GlcNAc) substitution
of the wall teichoic acids (WTAs) in S. aureus VC40. Nuclear magnetic resonance
(NMR) analysis revealed that this strain had mostly b-glycosylated WTAs in contrast
to the other strains, which showed only the a-glycosylation peak. Salt stress induced
the incorporation of b-GlcNAc anomers and drastically increased the vancomycin
MIC for S. aureus VC40R. In addition, b-glycosylated WTAs decreased the binding af-
finity of AtlA, the major autolysin of S. aureus, to the cell wall, compared with a-gly-
cosylated WTAs. In conclusion, there is a novel connection between wall teichoic
acids, autolysis, and vancomycin susceptibility in S. aureus.

IMPORTANCE Infections with methicillin-resistant Staphylococcus aureus are com-
monly treated with vancomycin. This antibiotic inhibits cell wall biosynthesis by
binding to the cell wall building block lipid II. We set out to characterize the
mechanisms leading to decreased vancomycin susceptibility in a laboratory-gener-
ated strain, S. aureus VC40. This strain has an altered cell wall architecture with a
thick cell wall with low cross-linking, which provides decoy binding sites for van-
comycin. The low cross-linking, necessary for this resistance mechanism, decreases
the stability of the cell wall against lytic enzymes, which separate the daughter
cells. Protection against these enzymes is provided by another cell wall polymer,
the teichoic acids, which contain an unusually high substitution with sugars in the
b-conformation. By experimentally increasing the proportion of b-N-acetyl-D-glu-
cosamine in a closely related isolate through the induction of salt stress, we could
show that the b-conformation of the sugars plays a vital role in the resistance of
S. aureus VC40.
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Methicillin-resistant Staphylococcus aureus (MRSA) is a dominant cause of nosoco-
mial diseases around the world. In a study of nonhospitalized adults in Germany,

up to 40% of participants were colonized with S. aureus and 0.7% with MRSA (1). Since
the late 1980s, the glycopeptide antibiotic vancomycin has been the drug of choice
against MRSA (2). However, the introduction of a new antibiotic for the treatment of
infections often leads to the evolution of new resistance mechanisms. The first clinical
S. aureus strain with reduced susceptibility to vancomycin was reported from Japan in
1996 (3).

According to CLSI standards, S. aureus is classified as vancomycin susceptible with a
MIC of up to 2 mg/ml, as vancomycin intermediate with an MIC between 4 and 8 mg/ml,
and as resistant with an MIC equal to or above 16mg/ml. Vancomycin-intermediate S. aur-
eus (VISA) does not contain a van operon but instead develops reduced susceptibility
through the accumulation of mutations during treatment with vancomycin (4). Multiple
genes and mutations have been implicated in generating VISA from susceptible parent
strains. These mutations are found in regulatory two-component systems (TCSs) like the
essential walKR operon, vraSR, and graSR, involved in autolysis and cell wall metabolism.
They also affect genes coding for the RNA polymerase subunit rpoB, wall teichoic acid
attachment proteins like msrR, or proteolytic proteins like clpP (5–10). In the vast majority
of S. aureus strains, a single mutation is not sufficient to convert a susceptible strain into a
VISA strain; however, a WalR(K208R) amino acid exchange found in a clinical isolate
yielded an MIC of 4mg/ml (5, 11). Common characteristics among VISA include (i) a thick-
ened cell wall, which often exhibits an increase in free D-Ala-D-Ala residues, due to a lower
level of cross-linking; (ii) a decreased virulence; and (iii) a reduced autolysis (12). The
decreased cross-linking of the cell wall described in several VISA strains (13, 14) enables
adsorption of vancomycin to the free D-Ala-D-Ala residues and thereby prevents binding
of vancomycin to lipid II via the so-called “clogging effect” (15). Both cross-linking through
penicillin-binding proteins (PBPs) and peptidoglycan (PGN) turnover are influenced by
the wall teichoic acids (WTAs) in the cell wall. The absence of WTA biosynthesis prevents
the localization of PBP4 and AtlA, the major autolysin, to the division septum and instead
disperses the enzymes throughout the cell surface (16, 17).

Previously, a laboratory VISA strain, S. aureus VC40, was generated through serial pas-
sage of S. aureus RN4220DmutS in the presence of increasing concentrations of vancomy-
cin (18). The strain reached a vancomycin MIC of 64 mg/ml in brain heart infusion (BHI),
which meets the criteria for vancomycin-resistant S. aureus (VRSA). Since S. aureus VC40
does not contain a van operon, like all other isolates categorized as VRSA, it is still labeled
as a VISA strain (6). Whole-genome sequencing revealed a total of 79 mutations in 75
gene loci. Most noteworthy were two amino acid exchanges in VraS(L114S and D242G)
and one in WalK(I544M). To judge the effect of the VraS exchanges, both mutations were
reconstituted into the S. aureus NCTC8325 background, which increased the MIC against
vancomycin from 1 to 4 mg/ml in BHI and also reduced Triton X-100-induced autolysis to
a level comparable to S. aureus VC40 (6). S. aureus NCTC8325 was chosen for the reconsti-
tution because it is agr positive and in this regard similar to S. aureus VC40, which had
repaired the mutation in agr present in S. aureus RN4220DmutS. In addition, S. aureus
VC40 had an increased cell wall thickness (62.36 nm diameter) compared with its parent
strain and the reconstituted VraS mutant (S. aureus RN4220DmutS, 16.97 nm; S. aureus
NCTC8325, 16.71 nm; S. aureus VraS(VC40), 38.25 nm) (6). This study elucidates the link
between reduced vancomycin susceptibility and the compositional changes in the cell
wall structure of S. aureus with a focus on wall teichoic acids, especially the WTA glycosy-
lation pattern. We demonstrate here that the cell wall of S. aureus VC40 shows a very low
cross-linking and is stabilized against the activity of the autolytic enzymes by an altered
glycosylation and a higher content of wall teichoic acids.
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RESULTS
Characteristics of the revertant strain S. aureus VC40R. During the work with S.

aureus VC40, a spontaneous revertant strain, S. aureus VC40R, was isolated. Genomic
sequencing showed that this strain harbors an additional mutation in vraR leading to
an M54T exchange, which is located directly adjacent to the phosphorylation site
(D55). The strain exhibited a drastically reduced vancomycin MIC of 4 mg/ml in BHI me-
dium compared with 64 mg/ml of the parent strain S. aureus VC40. Transmission elec-
tron microscopy of S. aureus VC40R showed a cell wall thickness of 55.03 nm (S. aureus
RN4220DmutS, 16.97 nm; S. aureus VC40, 62.36 nm).

The mutated form of VraR in S. aureus VC40R cannot be phosphorylated in
vitro. Strain S. aureus VC40 and its revertant strain S. aureus VC40R harbor two muta-
tions in the kinase VraS, which leads to an increased expression of the VraRS regulon
that responds to cell wall damage (6). Following a yet unknown signal, the histidine
kinase VraS autophosphorylates and in turn transfers the phosphate group to the
aspartate residue in position 55 in VraR. Then, this transcription factor undergoes a
conformational change that promotes dimerization, which in turn leads to a higher af-
finity interaction between the regulator and cognate DNA sequences and alters target
gene expression (19, 20). S. aureus VC40R contains an additional (M54T) mutation in
the response regulator VraR. The phosphorylation of VraR(M54T) was assessed with the
cognate kinase VraS via Phos-Tag SDS-PAGE (Fig. 1), which separates proteins by size
and phosphorylation pattern. The Phos-Tag reagent interacts with phosphorylated
proteins and slows their migration. In the SDS-PAGE, the VraR wild-type protein was
phosphorylated by VraS. In contrast, the mutated VraR(M54T) did not show any phos-
phorylated band in the gel after incubation with VraS; hence, it lost the ability to be
phosphorylated. This result was also confirmed by phosphorylation assays of VraR and
VraR(M54T) in the presence of the phosphate donor lithium potassium acetyl phos-
phate as described by Tajbakhsh and Golemi-Kotra (20) (results not shown).

The cell wall of S. aureus VC40 shows a very low cross-linking. The PGN of S. aur-
eus VC40 showed a significantly decreased amount of cross-linking in the ultraperform-
ance liquid chromatography (UPLC) analysis compared with the control and with the
other two VISA strains (Table 1). S. aureus VC40R and S. aureus VraS(VC40) did not sig-
nificantly differ in their cross-linking compared with the respective susceptible control
strains S. aureus RN4220DmutS and S. aureus NCTC8325. Consequently, S. aureus VC40
contained the largest amount of monomeric and dimeric PGN fragments, indicating a
high concentration of free D-Ala-D-Ala residues. Since cross-linking of PGN is dependent
on the transpeptidase activity of PBP4, the presence of this protein in the cell mem-
brane was confirmed (see Fig. S1 in the supplemental material). The combination of an
increased cell wall thickness and reduced cross-linking or an increased cell wall thick-
ness alone should lead to an increased ability to absorb vancomycin to the PGN in the

FIG 1 Phos-tag SDS-PAGE of in vitro phosphorylation of VraS, VraR, and VraR(M54T) after incubation
with ATP. Phosphorylated bands (P) are indicated. The figure shows two representative gels. The
presence of a seemingly phosphorylated protein band in the VraR control in the absence of VraS
indicates either a partial phosphorylation of VraR by a kinase from E. coli or an impurity of the VraR
protein preparation.
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VISA strains S. aureus VC40, S. aureus VC40R, and S. aureus VraS(VC40). This ability was
demonstrated in a vancomycin binding assay. While the vancomycin-susceptible S.
aureus (VSSA) controls managed to bind only an estimated 5% of the added antibiotic,
the S. aureus VC40 cells absorbed nearly 94% of vancomycin and the other two VISA
strains showed intermediate binding (see Fig. S2 in the supplemental material).

S. aureus VC40 shows a lower autolytic activity in a zymogram assay. The extrac-
tion of crude autolysin revealed altered AtlA profiles in the zymogram (Fig. 2A). In con-
trast to all other strains, in S. aureus VC40, the amidase (AM) subunit was not visible,
indicating that it either had been proteolytically processed or was not able to associate
with the cell wall since the extracts had been prepared from washed cell pellets. The
decreased concentration of the AtlA band in strain S. aureus VC40 was, to a lesser
degree, also observed for S. aureus VraS(VC40). In contrast, all other strains, including
the revertant strain S. aureus VC40R, showed comparable AtlA profiles in the zymo-
gram. The altered AtlA profiles of S. aureus VC40 and S. aureus VraS(VC40) went hand
in hand with the reduced lysis of purified, D-Ala-free PGN of these strains by their own
crude autolysin extracts. Less than 10% of the PGN from S. aureus VC40 and S. aureus
VraS(VC40) were lysed after an incubation for 2 h, demonstrating a significant differ-
ence compared with the other strains, which lysed up to 38% of the PGN (Fig. 2B).

Wall teichoic acids inhibit autolysis in VISA. The isolated cell walls, i.e., the pepti-
doglycan with teichoic acids still attached, of all VISA strains showed an increased phos-
phate concentration, which translates to an increased WTA content (Fig. 3A). This result
was most pronounced for the revertant strain S. aureus VC40R with 62% more WTA. S.
aureus VC40 and S. aureus VraS(VC40) increased the WTA concentration by 26% and 38%
compared with their parent strains. Both PBP4 and AtlA activity are dependent on wall
teichoic acids as temporal and spatial regulators (16) and a higher concentration of tei-
choic acids in VISA cells has been reported (21). In order to judge the effect of teichoic

TABLE 1 UPLC analysis of purified PGN

Strain Crosslinking (%) Monomers (%) Dimers (%) Rest (%)a

RN4220DmutS 71.39 10.25 14.73 75.02
VC40 62.89 14.26 21.69 64.05
VC40R 69.50 9.39 17.95 72.66
NCTC8325 69.83 11.17 16.44 72.39
VraS(VC40) 72.1 8.91 15.15 75.94
aRest sums up all trimers, tetramers, and higher multimers.

FIG 2 (A) Zymogram of isolated crude autolysin extract of all strains (volume adjusted to represent a
similar amount of cells for all strains based on OD600) tested against M. luteus cells. Different
fragments of the major autolysin AtlA are annotated (PP, propeptide; AM, amidase subunit with two
repeat domains; GL, glucosaminidase subunit with one repeat domain). The figure shows a
representative experiment; the zymogram was repeated three times. (B) Lysis assay measured after 2
hours of incubation with crude autolysin extract of each strain (volume adjusted to represent a
similar amount of cells for all strains based on OD600) and purified PGN with WTA without D-alanine
substitutions of each strain (*, P , 0.05; ***, P , 0.0005).
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acids on the lysis characteristics of VISA cell walls, the lysis of different cell wall prepara-
tions was tested with purified AtlA. Removal of D-Ala substitutions from WTA, via incuba-
tion in 0.1 M NaOH, led to an increase in autolysis, which was more prominent for VSSA
strains (Fig. 3B). Strikingly, in VISA strains, only the complete removal of WTA increased
the lysis to an extent, which surpassed the lysis of the PGN isolated from vancomycin-sus-
ceptible strains. This effect was most notable in strain S. aureus VC40 and might be due to
the low cross-linking of the peptidoglycan in this isolate.

Wall teichoic acids are indispensable for vancomycin insensitivity in strain VC40.
The importance of teichoic acids for the resistance of VISA strains against vancomycin
was further underlined by an observed synergy between vancomycin and tunicamycin
in these strains (see Fig. S3 in the supplemental material). Tunicamycin is an antibiotic
that prevents the first step of WTA biosynthesis, and it showed a synergistic effect with
vancomycin for S. aureus VC40 (fractional inhibitory concentration [FIC] index, 0.125)
and approached synergy for the revertant S. aureus VC40R (FIC index, 0.5). The vanco-
mycin MIC of S. aureus VraS(V40) did decrease in the presence of tunicamycin,
although the FIC index (0.75) did not indicate a synergism. In contrast, the control S.
aureus RN4220DmutS showed no decrease in the vancomycin MIC with increasing tuni-
camycin concentrations (FIC index, 2).

FIG 3 (A) Phosphate content of the isolated cell walls of different S. aureus strains, with S. aureus
RN4220DmutS set to 100% (*, P , 0.05; **, P , 0.005; ***, P , 0.0005). (B) Lysis of cell wall fragments
after different treatments, which were measured after 1 hour of incubation with 2-mg/ml AtlA. Namely,
pasteurized whole cells, PGN with WTA and D-alanine substitutions, PGN with WTA after removal of D-
alanine substitutions, and PGN without WTA were used as the substrates (*, P , 0.05; **, P , 0.005;
***, P , 0.0005). (C) N-acetyl-D-glucosamine substitution of the WTA based on sugar concentration
in relation to the phosphate concentration with S. aureus RN4220DmutS set to 100% (**, P , 0.005;
***, P , 0.0005). (D) D-Alanine substitution of the WTA based on D-alanine concentration in
relation to the phosphate concentration with S. aureus RN4220DmutS set to 100% (**, P , 0.005;
***, P , 0.0005).
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The wall teichoic acids of S. aureus VC40 contain significantly more N-acetyl-D-
glucosamine and D-alanine. Interestingly, S. aureus VC40 displayed an increased sub-
stitution of WTA with both N-acetyl-D-glucosamine (GlcNAc) and D-alanine (Fig. 3C and
D). The S. aureus VC40 WTA accumulated over 2.7 times the amount of sugar and 1.4
times the amount of D-Ala compared with the parent strain. The other two VISA strains
had a significantly increased GlcNAc substitution of the WTA, but to a lesser degree
than S. aureus VC40, and S. aureus VC40R was on par with the VSSA strain S. aureus
NCTC8325. Regarding the D-alanine content, neither S. aureus VC40R nor S. aureus VraS
(VC40) had an increased substitution, and S. aureus VC40R even showed a decrease in
D-alanine per mole phosphate. This result was because the revertant strain S. aureus
VC40R had the same amount of D-alanine as the parental strain but a significantly
higher phosphate content. Decoration with D-Ala esters confers a positive charge to
the otherwise negatively charged WTA polymers (22). An increase in D-alanine content
in the cell wall should therefore decrease the overall negative charge, which was tested
with the cytochrome c binding assay. Indeed, S. aureus VC40 had a drastically
decreased ability to bind cytochrome c (see Fig. S4 in the supplemental material).

Phage typing indicates additional alterations of the WTA of S. aureus VC40.
Besides their involvement in PBP4 and AtlA activity, the WTAs are also epitopes for the
human immune response and receptors for phage interaction (23, 24). In this regard,
the glycosylation pattern of the WTA is crucial since Podoviridae phages require
b-GlcNAc residues on the WTA for adsorption (25) and Siphoviridae phages adsorb to
a-GlcNAc (24) and most probably also to b-GlcNAc residues (26). In contrast,
Myoviridae attach to the anionic backbone of WTAs (24). Phage typing showed that all
strains were susceptible to Myoviridae and that, therefore, the WTA of all strains was
still accessible for phages. In addition, S. aureus RN4220DmutS, which has lost all inte-
grated phages as well as restriction enzyme activity, was—unlike the other strains—
susceptible to nearly all phages of the international phage set, which are all
Siphoviridae (Table 2). In stark contrast, apart from Myoviridae, the VISA strain S. aureus
VC40 was infected only by Podoviridae and S. aureus VC40R showed lysis only with
some Siphoviridae. The other strain pair S. aureus NCTC8325 and S. aureus VraS(VC40)
did not differ significantly with regard to their susceptibility to the different phage fam-
ilies. In conclusion, the results indicated that in contrast to the parental strain and the
revertant strain S. aureus VC40R, S. aureus VC40 may possess b-glycosylated WTAs.

S. aureus VC40 has b-glycosylated wall teichoic acids. To further investigate the
glycosylation patterns, an NMR analysis of the WTAs of S. aureus RN4220DmutS, S. aur-
eus VC40, and the revertant S. aureus VC40R was performed. A positive control for a
strain harboring only b-glycosylated WTAs was represented by a double knockout of
both glycosidase genes (tarM and tarS) harboring the plasmid pTX15 for the inducible
expression of tarS in the presence of xylose, namely, S. aureus RN4220DtarMDtarS
pTtarS (Fig. 4A). The spectra clearly showed the absence of b-1,4-GlcNAc residues for S.
aureus RN4220DmutS and S. aureus VC40R. S. aureus VC40 had both types of glycosyla-
ted WTAs in a ratio of 1:3 in favor of b-1,4-GlcNAc. Whole-genome sequencing had
indicated intact copies of tarM (a-1,4-GlcNAc) and tarS (b-1,4-GlcNAc) in S. aureus
RN4220DmutS and S. aureus VC40 (27, 28), and the genome sequence analysis in this
study also confirmed that S. aureus VC40R and S. aureus VraS(VC40) harbor intact cop-
ies of both enzymes. Interestingly, the S. aureus pTtarS strain did not show any differ-
ence in its vancomycin MIC in BHI and MH media compared with the empty vector
control, irrespective of the presence of xylose.

b-Glycosylated wall teichoic acids lead to a decreased binding affinity of AtlA
to the cell wall. The difference in the glycosylation pattern between S. aureus VC40
and its related strains could influence the susceptibility to autolysis. Therefore, an assay
to determine the amount of AtlA bound to the cell walls was performed for all strains.
A set amount of purified AtlA was incubated for 15 min with purified PGN of each
strain, without D-Ala substitution on the WTA, as well as with buffer to serve as a posi-
tive control. Then, the suspensions were centrifuged and pasteurized M. luteus cells
were added to the PGN-free supernatants. Lysis of cells by AtlA still present in the
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supernatant was observed and compared with the positive control (no cell walls) to
estimate the content of unbound AtlA. S. aureus RN4220DmutS was used as a refer-
ence, and the amount of AtlA adsorbed from this supernatant was set to 100%
(Fig. 4B) which amounted to 62% of the added AtlA. All three VISA cell wall fractions
bound significantly less AtlA than their respective parent strains. The S. aureus VC40
cell wall had the lowest affinity to AtlA of all strains tested and adsorbed only about
23% compared with S. aureus RN4220DmutS. S. aureus VraS(VC40), which previously
also had shown decreased autolysis and an altered autolysis profile (Fig. 2A and B),

FIG 4 (A) 1H NMR spectra of purified WTA monomers from S. aureus RN4220DtarMDtarS pTtarS (I), S. aureus RN4220DmutS (II), S. aureus VC40 (III), and S.
aureus VC40R (IV). Arrows indicate the 1H proton of the a-1,4-GlcNAc and b-1,4-GlcNAc residues on ribitol phosphate and the water peak, respectively. The
figure shows a representative experiment; the analysis was performed in triplicate. (B) AtlA binding assay to determine the amount of bound AtlA on PGN
with WTA after the removal of D-alanine substitutions. S. aureus RN4220DmutS set to 100%. (*, P , 0.05; **, P , 0.005; ***, P , 0.0005). (C) 1H NMR
spectrum of purified WTA monomers from S. aureus VC40R grown in medium with 4% NaCl. Arrows indicate the 1H proton of the a-1,4-GlcNAc and b-1,4-
GlcNAc residues on ribitol phosphate and the water peak, respectively. The figure shows a representative experiment, and the analysis was performed in
triplicate.
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adsorbed the second smallest amount of bound AtlA. Although the revertant S. aureus
VC40R had not exhibited decreased lysis (Fig. 2B), it bound only 66% of AtlA compared
with S. aureus RN4220DmutS. Interestingly, the presence of only b-glycosylated WTA in
the S. aureus pTtarS strain decreased the quantity of bound AtlA significantly com-
pared with a strain deleted for both glycosylation enzymes TarS and TarM. A small but
significant decrease was also seen for the empty vector control.

Salt stress induces b-glycosylation of the wall teichoic acids and decreases the
vancomycin susceptibility of the revertant strain S. aureus VC40R dramatically.
Recently, it was shown that the b-glycosylated WTA is favored at the expense of the
a-glycosylated form when grown on medium with high salt concentrations (29). To
see if salt stress and in turn an increased amount of b-1,4-GlcNAc substituted WTA
influence vancomycin susceptibility, an MIC in medium with 4% NaCl was performed.
Interestingly, most strains did not show any difference in either medium (Table 3).
Most notably, the S. aureus VC40R strain quadrupled the MIC of vancomycin in both
media upon the addition of salt. It reached the same vancomycin susceptibility in MH
medium as its progenitor S. aureus VC40. In order to verify the incorporation of b-gly-
cosylated sugars in the presence of salt, the WTA was purified from S. aureus VC40R
that had been incubated in medium with 4% NaCl and analyzed by NMR. The spectrum
showed both peaks for a-1,4-GlcNAc and b-1,4-GlcNAc (Fig. 4C). In addition, the strain
also displayed susceptibility to Podoviridae when incubated on agar containing 4%
NaCl (results not shown).

DISCUSSION

The three main characteristics of most clinically relevant and laboratory-generated
VISA strains are an increased cell wall diameter with a decreased cross-linking, a
decreased autolysis, and attenuated virulence. These characteristics are well docu-
mented for a large number of isolates (11, 12), but the underlying mechanisms need
further research. Indeed, the three VISA strains of this study exhibit these features to
some extent as well.

The most important characteristic for the decreased vancomycin susceptibility is
the cell wall of S. aureus. Vancomycin forms hydrogen bonds with the D-Ala-D-Ala ter-
minus of lipid II and/or the free PGN pentapeptides (12). An increase in cell wall thick-
ness and a decrease in cross-linking lead to an increase in free D-Ala-D-Ala residues in
the PGN. Therefore, the ability to absorb vancomycin into the cell wall is directly pro-
portional to these metrics. In turn, this binding of vancomycin prevents the diffusion of
vancomycin to lipid II in the cell wall biosynthetic complex (15), which is the reason for
the high vancomycin MIC of S. aureus VC40. The cost of a decrease in PGN cross-linking
for S. aureus cells is a reduction in cell wall stability caused by a larger mesh size (30).
To balance the low level of peptide bridges, the cells need to decrease their autolysis.
Here, it is shown that S. aureus VC40 counters the decrease in cross-linking by a modifi-
cation of wall teichoic acids, especially by b-glycosylation, to hinder AtlA activity and
thus protect its fragile PGN.

A decreased autolysis, because of an altered autolysin profile, specific mutations, a
decreased expression, or a decreased affinity toward the PGN, leads to improper cell
separation and an increased cell wall thickness. Autolysins in S. aureus are regulated
via the TCS WalRK and most likely processed through proteases regulated by the

TABLE 3 Susceptibility testing for vancomycin of different strains after 48 h in BHI and MH
medium with and without the addition of 4% NaCla

Strain

Susceptibility result (mg/ml) by medium

BHI BHI+ 4% NaCl MH MH+ 4 % NaCl
RN4220DmutS 2 2 1 1
VC40 64 64 16 16
VC40R 4 32 2 16
VraS(VC40) 4 4 4 4
aShows a typical result of one of three experiments.
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msaABCR operon (31, 32). WalK carries a mutation in S. aureus VC40 (6). Interestingly,
real-time PCR measurements of ssaA, lytM, atlA, and sceD transcripts suggested that
most autolysins in S. aureus VC40 including AtlA are upregulated (6). It seems that an
altered processing of AtlA, potentially via Ssp serine and cysteine proteases, which are
negatively regulated by msaABCR (32), are responsible for the autolysin profile in the
zymogram. This factor, together with the reduced affinity of the autolysin toward the
PGN due to the b-glycosylated WTA, as well as an increase in overall WTA concentration,
reduced the autolysis in S. aureus VC40, despite the increase in autolysin expression.

The role of wall teichoic acids in vancomycin resistance is incompletely understood.
In 2003, Sieradzki and Tomasz (33) found a quantitative or qualitative change in the
WTA in the vancomycin intermediate progeny of the clinical isolate JH1. All VISA strains
in our study had an increased WTA concentration with an increased GlcNAc substitu-
tion and, in the case of S. aureus VC40, also an increase in D-alanine. Increased wall tei-
choic acid production and D-alanylation are also common among daptomycin-resistant
clinical isolates, which are often cross-resistant to vancomycin (34). This finding also
applies to S. aureus VC40 which shows cross-resistance to daptomycin (6). In a paper
by Peschel et al. (35) the strains lacking D-alanine substitutions on the WTA exhibited
an increased susceptibility to glycopeptide antibiotics. D-Alanylation of the WTA is gov-
erned by the dlt operon, which is GraSR dependent. With an increase in positively
charged D-alanine residues, the cell wall is less susceptible toward cationic antimicro-
bials since the D-alanine substitution impedes the ionic interaction of the cationic van-
comycin with the negatively charged teichoic acids (36). This charge-dependent
decrease in binding of vancomycin could also play a role in the S. aureus VC40 pheno-
type. Interestingly, this strain has an additional mutation in mprF, coding for a mem-
brane protein that modifies anionic phosphatidylglycerol with L-lysine and thereby
diminishing the affinity of the cytoplasmic membrane for cationic antimicrobial pep-
tides. Through allelic exchange, it could be demonstrated that this mutation alone had
no effect on the adsorption of cytochrome c to the cell envelope of S. aureus VC40,
which was therefore influenced solely by the WTA D-alanylation (see Fig. S5 in the sup-
plemental material).

The checkerboard MIC assay underlines the importance of the WTA for the reduced
susceptibility toward vancomycin for S. aureus VC40. WTAs also have a connection to
methicillin resistance in strains with PBP2a. Inhibiting the first enzyme of WTA synthe-
sis TarO sensitizes MRSA to b-lactams (37). However, a synergistic effect of vancomycin
and tunicamycin on any of the MRSA tested was not reported. Brown et al. (38) further
showed that the glycosylation pattern is important for the sensitization to b-lactams.
In S. aureus VC40 and its revertant strain S. aureus VC40R, the glycosylation of WTA also
seemed to have a major impact on the phenotype. Both strains showed a strong
reduction in phage susceptibility. A contrast in phage typeability in isogenic VISA/VSSA
pairs was also observed by Gustafson et al. (39). In our study, the reason for the ab-
sence of phage typeability of S. aureus VC40 was the difference in the glycosylation
pattern of the WTA. Myoviridae recognize the backbone of the WTA and show that this
polymer is still accessible for phages in all strains. Podoviridae attach only to cell walls
with b-glycosylated WTA (40), which is the case for S. aureus VC40, S. aureus
NCTC8325, and S. aureus VraS(VC40). The NMR analysis of S. aureus VC40 and its rela-
tives confirmed these results.

Glycosylation of S. aureus wall teichoic acids is influenced by the salt concentration
in the environment. The b-GlcNAc anomer is integrated preferentially into the WTA
under high salinity at the expense of the a-GlcNAc anomer (29). On the other hand,
salt stress decreases the transcription of the dlt operon and in turn the D-alanylation of
the WTA as well (41). Here, it could be shown that 4% NaCl leads to the incorporation
of the b-1,4-GlcNAc anomer in the S. aureus VC40R TA. S. aureus NCTC8325 and S. aur-
eus VraS(VC40) may also integrate a mixture of alpha and beta sugars in the absence of
salt stress, as both are lysed by Podoviridae as well as Siphoviridae. The incorporation of
b-1,4-GlcNAc into the WTA resulted in a stunning decrease of the vancomycin
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susceptibility in the revertant strain S. aureus VC40R. In contrast, growth of the parental
strains S. aureus RN4220DmutS under high salt concentrations and the overexpression
of TarS, which should both induce the b-glycosylation of WTA, did not alter the sus-
ceptibility toward vancomycin in these strains. Likewise, S. aureus VraS(VC40) displayed
no decreased vancomycin susceptibility in medium with NaCl. However, this strain already
contained b-glycosylated WTA, as shown from the lysis by Podoviridae. From this finding,
it can be concluded that the b-glycosylation of the WTA leads only to a decrease in van-
comycin susceptibility when other VISA characteristics, like the walK mutation, low cross-
linking, and an increased cell wall diameter, are already present. The effect of osmolarity
on the vancomycin MIC is noted in some papers (42). Goldstein et al. (43) found that 14
clinical VISA isolates increased their vancomycin MIC in BHI medium with 4% NaCl up to
3-fold compared with that of medium without salt. Other MRSA and MSSA control strains
as well as the VISA strain Mu50 and hVISA strain Mu3 showed no effect. Interestingly, clini-
cal VISA strains of the clonal complex 5, like Mu50, Mu3, JH9, and others, often possess
only the tarS gene, which is responsible for the b-glycosylation of WTA (44). In contrast,
Howden et al. (45) showed in microarray experiments with clinical strain pairs that had
acquired resistance during treatment with vancomycin that three of five VISA strains had
significantly downregulated tarM, which was responsible for a-glycosylation of the WTA,
compared with their VSSA counterparts. It is established that wall teichoic acids are spatial
and temporal regulators of PBP4 and AtlA activity (16, 17). Both enzymes operate at the
cell division septum, which is devoid of mature WTA. Biswas et al. (46) suggested that the
negatively charged WTAs retain protons in the cell wall, which creates an acidic environ-
ment that leads to low AtlA activity. Here, it was shown that the substitution of WTA with
b-1,4-GlcNAc leads to a reduced binding of AtlA to the cell wall. This result presents a
novel connection between autolysis, WTA glycosylation, and reduced vancomycin suscep-
tibility in VISA strains and corresponds to early observations indicating that changes in the
cell wall biochemistry of laboratory and clinical VISA might affect the activity of AtlA (47).
However, this mechanism may be specific only for some VISA strains and depend on addi-
tional mutations present in strains S. aureus VC40 and S. aureus VC40R. Additionally, it
must be noted that the resistance level of S. aureus VC40 is far higher than that of clinical
isolates.

The strain S. aureus VC40 has two mutations in vraS, encoding a histidine kinase of
a cell wall damage-sensing TCS. VraS is a hot spot for mutations in clinical VISA strains,
although double mutations are rare and have not been described before. Only three
clinical teicoplanin-resistant strains from Kato et al. (48) have double mutations in VraS
(V138M/V236A, I5N/P246S, and A172T/F321L). These mutations in S. aureus VC40 lead
to a steady elevated expression of VraSR-regulated genes like vraS, lytM, and sgtB. The
introduction of these mutations into the S. aureus NCTC8325 background resulted in
the same effect (6). In S. aureus VC40R, the additional mutation in vraR abrogates phos-
phorylation and in turn would decrease the expression of regulated genes. Therefore,
any differences from the wild type, shared by S. aureus VC40 and S. aureus VraS(VC40)
and reversed in the S. aureus VC40R strain, have the potential to be linked to the vraSR
TCS. In this sense, the reduced autolysis and the increased substitution of the WTA
with sugars could be associated with the altered vraSR activity.

In conclusion, compositional changes in the WTAs are observed in many clinical
and laboratory VISA strains, either through quantitative modifications of WTA concen-
tration or D-alanylation (33–35). Here, it is shown for the first time that the glycosyla-
tion pattern of wall teichoic acids may be another facet of decreasing vancomycin sus-
ceptibility. The switch to a mixture of a- and b-GlcNAc substitutions on the WTA led to
an 8-fold increase in MIC in the revertant S. aureus VC40R and could be due to the
decrease in AtlA binding to the cell wall and subsequent decreased autolysis.

MATERIALS ANDMETHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains are listed in Table 4. S. aur-

eus strains were grown in tryptic soy broth (TSB; (Oxoid, Wesel, Germany) or brain heart infusion broth
(BHI; Oxoid) at 37°C, unless indicated otherwise.
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Molecular cloning procedures and protein purification. The primers used for molecular cloning
are listed in Table S1 in the supplemental material. All genes were amplified from S. aureus NCTC8325
genomic DNA. To generate a strain for the inducible expression of tarS under the control of the xylose-
inducible xylA promoter and the xylR repressor, the gene was ligated into the pTX15 vector (49) using
BamHI and NarI. The recombinant plasmid was shuttled into S. aureus RN4220DtarMDtarS by electropo-
ration. Tetracycline (25 mg/ml) was used as a selection marker. Transcription of the inducible gene was
achieved by supplementation with 0.5% xylose (Merck, Darmstadt, Germany).

For the C-terminal His-Tag fusion proteins of the response regulator VraR and the cognate histidine ki-
nase VraS, the genes were cloned into the pET22bDpelB vector (50). Each gene was ligated into the vector
using NcoI and XhoI/SalI and afterward introduced into Escherichia coli JM109 through CaCl2-transformation
and E. coli BL21(DE) through electroporation. Following the cloning of pET22bDpelB_vraR, the point muta-
tion of the revertant S. aureus VC40R was introduced into the plasmid using the QuikChange Lightning site-
directed mutagenesis kit from Agilent Technologies (Santa Clara, USA) according to the manufacturer’s
instructions. To avoid the formation of inclusion bodies, the expression strain E. coli BL21(DE) also contained
the pREP4groESL plasmid (49). Kanamycin (25 mg/ml) and ampicillin (40 mg/ml) were used as selection
markers.

For the N-terminal His-Tag fusion protein of the major autolysin of S. aureus AtlA, the gene was
cloned into the pQE-32 (Qiagen, Hilden, Germany) vector. To this end, atlA was ligated into the vector
using BamHI and XhoI. The vector was then shuttled into E. coli DC10B and subsequently introduced
into E. coli M15 (Qiagen) via CaCl2 transformation. Kanamycin (25 mg/ml) and ampicillin (40 mg/ml) were
used as selection markers.

Expression, purification, and dialysis of proteins were performed according to Türck and Bierbaum
(49) using 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG; Thermo Scientific, Schwerte, Germany) to
induce protein expression.

Phosphorylation of VraR. The phosphorylation of VraR and the VraR(M54T) variant with the cog-
nate kinase VraS was performed essentially as described in Gajdiss et al. (51). Afterward, the phosphoryl-
ation was evaluated by 12.5% Phos-Tag (Wako Chemicals, Neuss, Germany) SDS-PAGE (52).

Peptidoglycan purification and muropeptide analysis. The peptidoglycan purification and UPLC
analysis of a 6-ml overnight culture were performed as described previously (53). The cross-linking was
calculated from the peak areas according to the following formula (54):

ð1=2� dimersÞ1 ð2=3� trimersÞ1 ð3=4� tetramersÞ1 ð9=10�multimersÞ
sumof all areas

Transmission electron microscopy. The preparation of cells and transmission electron microscopy
were carried out as detailed in Berscheid et al. (6) using an EM 900 transmission electron microscope
(TEM; Carl Zeiss Microscopy, Oberkochen, Germany) at magnifications of 30,000- to 50,000-fold.

TABLE 4 Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference
Strains
Staphylococcus aureus
NCTC8325 Laboratory strain, MSSA, agr1 61
RN4220 Transformable laboratory strain, MSSA, agr2 27
RN4220DmutS mutS knockout mutant of S. aureus RN4220, mutator phenotype, agr2 18
VC40 Vancomycin-resistant mutant of S. aureus RN4220DmutS, agr1 6
VC40R Spontaneous revertant of S. aureus VC40 with additional exchange (M54T) in VraR, agr1 This study
VraS(VC40) Derivative of strain S. aureus NCTC8325 harboring the D242G and L114S exchanges of

S. aureus VC40 in VraS, agr1
6

RN4220DtarMDtarS Deletion mutant for both WTA glycosylases of S. aureus RN4220, agr2 62
Escherichia coli
JM109 E. coli cloning host 63
DC10B Universal staphylococcal cloning host 64
M15 Strain for recombinant gene expression 65
BL21(DE3) pREPgroESL Strain for recombinant gene expression, lDE3 lysogen, T7 RNA polymerase gene,

constitutive expression of chaperons
49

Micrococcus luteus
ATCC 4698 Sensitive indicator organism ATCC

Plasmids
pTX15 Xylose-inducible staphylococcal expression vector, Tetr 66
pTtarS pTX15 plasmid for xylose-inducible expression of tarS This study
pQE-32_AtlA Overexpression plasmid for AtlA without leader sequence This study
pET22bDpelB_VraR Overexpression plasmid for VraR This study
pET22bDpelB_VraR(M54T) Overexpression plasmid for VraR(M54T) This study
pET22bDpelB_VraS Overexpression plasmid for VraS This study
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Antimicrobial susceptibility testing and phage typing. MIC testing was performed in Mueller-
Hinton broth (Oxoid) or BHI broth using the colony suspension and broth microdilution method in 96-
well microplates with an inoculum of 105 CFU/ml as described by Wiegand et al. (55) and according to
CLSI standards.

Phage typing was carried out with the international set of phages as well as three Myoviridae (f K,
f SK311, and f 812) and three Podoviridae (f P68, f 66, and f 44) at routine test dilutions according to
the subcommittee on phage typing of staphylococci of the International Association of Microbiological
Societies.

Preparation of cell walls, purification of WTA, and analytical methods. For the isolation of cell
walls, the strains were incubated in 50-ml BHI overnight and then harvested. The pellet was washed
with 0.5 M citric acid buffer (pH 3), and the cells were lysed with glass beads in a Precellys 24 homoge-
nizer (Peqlab, Erlangen, Germany) at 6,000 rpm. A low pH (pH 3) was used to stabilize the base-labile D-
Ala residues on the teichoic acids. The lysate was centrifuged twice at low speed (3,000 � g for 5 min at
room temperature [RT]) to sediment cell debris. Then, the supernatant was centrifuged at high speed
(16,000 � g for 20 min at 4°C) to isolate the cell walls. These samples were then resuspended in 0.5 M
citric acid buffer (pH 3) with 2% SDS (Serva, Heidelberg, Germany) and incubated at 37°C with aeration
(50 rpm) for 2 h. The cell walls were then washed 4 times with 20 mM sodium acetate buffer (pH 4.75)
and freeze-dried.

The WTA purification was based on Covas et al. (56). Briefly, 20 ml of an overnight culture in BHI was
harvested, washed with 50 mM morpholineethanesulfonic acid (MES; Sigma-Aldrich) buffer (pH 6.5;
buffer 1), and boiled for 1 hour in 50 mM MES buffer (pH 6.5) with 4% SDS (buffer 2). Next, the samples
were washed successively with buffer 2, then with 50 mM MES (pH 6.5) with 2% NaCl (buffer 3), and
finally with buffer 1 and incubated for 4 hours at 50°C with aeration (180 rpm) in 20 mM Tris (pH 8) with
0.5% SDS and 20 mg/ml proteinase K (Sigma-Aldrich). Then, the samples were washed with buffer 3 and
washed thrice with H2O, before being resuspended in 0.1 M NaOH overnight at RT and aeration
(180 rpm) to release the WTA. Finally, the supernatants were neutralized with 1 M HCl and freeze-dried.

D-Alanine content was estimated enzymatically by the method of Graßl (57) after liberation from iso-
lated cell walls in 0.1 M NaOH at RT overnight. For the determination of D-glucosamine, the purified
WTAs were boiled for 2 hours in 4 M HCl, neutralized with 2 M NaOH, and analyzed with a D-glucosamine
assay kit (Megazyme, Wicklow, Ireland). The inorganic phosphate content was quantified for both isola-
tions according to Rouser et al. (58).

WTA preparation for NMR analysis. WTA was extracted according to Kho and Meredith (59) with
minor modifications. Briefly, S. aureus strains were grown overnight at 37°C in 500-ml TSB, harvested,
washed once with 50 mM MES buffer (pH 6.5), and resuspended in 20-ml 50 mM MES buffer (pH 6.5)
with 4% SDS. The samples were then boiled for 1 hour and centrifuged. Then, the pellets were washed
once with phosphate-buffered saline (PBS), thrice with 0.5% SDS, and thrice with H2O and incubated in
H2O at 60°C for 30 minutes. The cells were centrifuged and washed once with 30-ml H2O and incubated
overnight in 10 ml of a 0.2-mg/ml trypsin (Carl Roth, Karlsruhe, Germany) solution in 15 mM Tris-HCl (pH
7) at 37°C with aeration (180 rpm). After the trypsin digestion, the samples were washed once with 1 M
Tris-HCl (pH 7), once with 1 M Tris-HCl, 1 M NaCl (pH 7), thereafter again once with 1 M Tris-HCl (pH 7)
and thrice with H2O. To release the WTA, the pellets were then resuspended in 0.1 M NaOH and incu-
bated overnight at RT with aeration (180 rpm). The samples were centrifuged and the supernatants
were neutralized with 0.1 volumes of 3 M sodium acetate. To precipitate the WTA, 3 volumes of 95%
ethanol were added, and the samples were incubated overnight at 220°C. The WTA-containing solu-
tions were then centrifuged, and the pellets were washed six times with 95% ethanol. After the WTA pel-
lets were air-dried, they were freeze-dried successively once in H2O and twice in D2O (Sigma-Aldrich).
WTAs in D2O were then analyzed in an 1D H-NMR at 298 K and with 256 scans on a Bruker Avance III HD
700-MHz instrument.

Purification of crude autolysin extract and analysis of autolysin activity. Purification of autolysins
and zymographic analysis were performed essentially according to Gajdiss et al. (60). S. aureus strains
were grown in 100-ml TSB until exponential growth (optical density at 600 nm [OD600] of 1). Afterward,
all further steps were performed at 4°C. The cells were harvested and washed with double-distilled water
(ddH2O), and the autolysins were released by incubation in 50 mM Tris-HCl (pH 7) buffer with 3 M LiCl
(Merck) for 1 hour on ice. The autolysin extracts were adjusted to represent an equal number of cells,
based on optical density, for all cultures. Afterward, cells were removed by centrifugation, and the super-
natants with the crude autolysin extract were stored in 50% glycerol at 220°C.

The autolysin activity of the crude autolysin extracts were tested on peptidoglycans, which were iso-
lated as described above. A PGN suspension was adjusted to an OD600 of 0.5 in 50 mM Tris-HCl and
150 mM NaCl (pH 7) and incubated at 37°C with approximately a 1/10 volume of autolysins prepared as
described above. A control without autolysins was also used. The OD600 as an indicator of PGN digestion
was determined every 15 minutes using a UVi Line 9400 photometer (Schott Instruments, Mainz,
Germany). Additionally, autolysins were analyzed in a 10% SDS-acrylamide gel containing pasteurized
Micrococcus luteus cells. The gel was washed extensively with H2O and incubated overnight at 37°C in
zymogram buffer, consisting of 50 mM Tris-HCl, 10 mM CaCl2, 10 mM MgCl2, and 0.1% Triton X-100 (pH
7.5). To achieve a higher contrast, the gel was stained with 0.1% methylene blue (Merck) for 5 min.

Additionally, purified AtlA (2 mg) was tested against different PGN fractions, namely, pasteurized
whole cells, PGN with WTA containing D-Ala substitutions, PGN with WTA without D-Ala substitutions,
and PGN without WTA. Pasteurized S. aureus cells were prepared from an overnight culture, which was
incubated at 80°C for 20 min in ddH2O. PGN with WTA and D-Ala substitutions was purified as mentioned
above. The release of D-Ala was achieved by incubation of purified PGN in 0.1 M Tris-HCl (pH 8.5) at RT
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overnight. Finally, PGN without WTA was purified according to Kühner et al. (53). The purified AtlA was
also used to test the binding capacity of the respective PGN for AtlA. To this end, the PGN with WTA
without the D-Ala substitution was adjusted to an OD600 of 0.3 in 50 mM Tris-HCl and 150 mM NaCl (pH
7) and incubated with 0.2 mg/ml AtlA for 15 min at 37°C. Then, the PGN was sedimented (21,000 � g for
5 min at RT), and pasteurized M. luteus cells were adjusted to an OD600 of 0.5 in the supernatant. The
extent of cell wall degradation of M. luteus was directly proportional to the unbound autolysin contained
in the supernatant and could be quantified with a positive control consisting of 0.2-mg/ml AtlA.
Autolysin activity was measured as described above.

Genome sequence analysis and SNP identification. Genomic DNA from overnight cultures of S.
aureus strains VC40R and VraS(VC40) was purified using the MasterPure Gram-positive DNA purification
kit (Epicentre Biotechnologies, Madison, USA). Shotgun libraries with an insert size of approximately
300 bp were generated by fragmentation and end repair of DNA (Eurofins Genomics GmbH, Cologne,
Germany). The libraries were sequenced on Illumina MiSeq (v2 chemistry) instrument, and the obtained
reads were mapped on the genomes of the respective parent stains S. aureus VC40 (NCBI GenBank
accession number CP003033) and S. aureus NCTC8325 (NCBI GenBank accession number NC_007795).
Detection of single nucleotide polymorphisms (SNPs), insertions, and deletions was performed using the
VarScan (v2.3.5) software (Eurofins Genomics GmbH).

Statistical analysis. All experiments resulting in collectible data were performed at least in triplicate.
The statistical significance between mean values was determined by an unpaired Student’s t test with a
confidence interval of 95% using Prism (GraphPad Software, San Diego, USA).

Data availability. Illumina sequencing reads of S. aureus VC40R and S. aureus VraS(VC40) have been
submitted at the ENA under study accession number PRJEB43609.
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