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Transcription tuned by S-nitrosylation
underlies a mechanism for Staphylococcus
aureus to circumvent vancomycin killing

Xueqin Shu 1,2, Yingying Shi 1,2, Yi Huang1,2, Dan Yu 3 &
Baolin Sun 1,2,4,5

Treatment of Staphylococcus aureus infections is a constant challenge due to
emerging resistance to vancomycin, a last-resort drug. S-nitrosylation, the
covalent attachment of a nitric oxide (NO) group to a cysteine thiol, mediates
redox-based signaling for eukaryotic cellular functions. However, its
role in bacteria is largely unknown. Here, proteomic analysis revealed
that S-nitrosylation is a prominent growth feature of vancomycin-intermediate
S. aureus. DeletionofNOsynthase (NOS) or removal of S-nitrosylation from the
redox-sensitive regulator MgrA or WalR resulted in thinner cell walls and
increased vancomycin susceptibility, which was due to attenuated promoter
binding and released repression of genes involved in cell wall metabolism.
These genes failed to respond to H2O2-induced oxidation, suggesting distinct
transcriptional responses to alternative modifications of the cysteine residue.
Furthermore, treatment with a NOS inhibitor significantly decreased vanco-
mycin resistance in S. aureus. This study reveals that transcriptional regulation
via S-nitrosylation underlies amechanism for NO-mediated bacterial antibiotic
resistance.

Staphylococcus aureus is a major human pathogen that causes diverse
severe infections, ranging from superficial skin infections to life-
threatening endocarditis and septicemia1,2. The emergence of multi-
drug resistance has caused S. aureus infection a global concern,
especially resistance to vancomycin, a drug of last resort2–5. A growing
body of research focuses on the resistancemechanisms and antibiotic
discovery6–13. Nitric oxide (NO), a toxic gas but an important signaling
molecule, was first reported to be synthesized in eukaryotes by NO
synthase (NOS) and plays an essential role in regulating physiological
and immune functions14,15. S-nitrosylation, a posttranslational mod-
ification on cysteine thiol mediated by NO, has been found to
drive a large part of the ubiquitous influence of NO on mediating
cellular functions, such as cardiomyocyte dysfunction, inflammation

and apoptosis, thereby providing a prototype of redox-based cellular
signaling mechanisms regulated by S-nitrosylation16–19. Furthermore,
several gram-positive microorganisms, including S. aureus, possess
a bacterial NO synthase (bNOS), which is highly homologous
to the oxygenase domain of eukaryotic NOS, to generate NO
endogenously20,21. bNOS was reported to play an important role in
protecting bacteria against a wide spectrum of antibiotics22,23, but the
precise underlying mechanism remains elusive. The endogenous
S-nitrosylation and redox sensors in bacteria are less well studied,
except OxyR, which serves as a master regulator of S-nitrosylation in
Escherichia coli24. A previous study used exogenous NO to treat
S. aureus and found that approximately 5.8% of proteins encoded in
the S. aureus genome underwent S-nitrosylation, revealing that AgrA is
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a direct target of host NO to inhibit toxin production25. In the present
study, we demonstrated an endogenous NO-mediated S-nitrosylation
regulatory mechanism for vancomycin-intermediate S. aureus (VISA)
to circumvent vancomycin killing.

Results
S-nitrosylation is a prominent growth feature of S. aureus
S-nitrosylation patterns were analyzed in a clinically isolated VISA
strain XN10826, which has been identified as a staphylococcal cassette
chromosome mec (SCCmec) type III, multilocus ST239, and spa type
037 methicillin-resistant S. aureus (MRSA), by liquid chromatography-
mass spectrometry (LC–MS)/MS. A proteomic analysis identified 484
unique S-nitrosocysteine residues in 302 proteins in 10.1% of the total
proteins encoded in the S. aureus genome (Supplementary Data 1). The
dataset included constituents of proteins with roles in some central
processes, such as energy production and conversion, translation and
ribosomal biogenesis, transcription and regulators, nucleotide trans-
port and metabolism, as well as a few proteins in less represented
pathways (Fig. 1a). These data demonstrated that S-nitrosylation is a
prominent feature of growth in S. aureus.

Identification of the transcription factor MgrA as a target of
S-nitrosylation
Bacteria have evolved transcription factors to sense the redox status of
the environment and to respond by adjusting gene expression24,27.
Here, we observed that amajor proportion (8.9%) of the S-nitrosylated
proteins in S. aureuswere involved in transcription; this included some
classic regulators, such as MgrA, WalR, SarR, SarS, and ArcR (Fig. 1b).
These results suggested the existence of a transcriptional regulatory
network driven by S-nitrosylation to balance nitrosative stress in
S. aureus. We therefore focused on transcriptional regulators in the
mass spectrometry dataset.MgrA, a global regulatoryprotein involved
in autolytic activity, multidrug resistance, and virulence28–31 was found
to be S-nitrosylated at the unique cysteine residue Cys12 (Fig. 1c).
This residue is within the MarR-type helix-turn-helix (HTH) DNA
binding domain and located at the interface of the protein dimer30

(Fig. 1d, e). This was consistent with the results of a previous study,
which identifiedMgrACys12 as an S-nitrosylation site through addition
of extra NO to the S. aureus strain NCTC832525. To further confirm
MgrA as an NO target, an S-Nitrosylation Western Blot Kit (90105,
Pierce) in which NO-modified thiols are replaced with a stable TMT
label was employed. In consistent with the proteomic analysis, western
blot result (Fig. 1f) showed that S-nitrosylated MgrA was obviously
detected in the wild-type (WT) strain, but not in the NOS knockout
(Δnos) strain, indicating that S-nitrosylation formation of MgrA is
dependent on theNOgenerated fromNOS. Our results thus suggested
that in the absence of exogenous NO, MgrA undergoes endogenous
S-nitrosylation induced by NO generated from NOS.

NO-mediated MgrA S-nitrosylation promotes vancomycin
resistance in VISA
MgrA was reportedly involved in the regulation of vancomycin
resistance30,32,33. Next, we investigatedwhether S-nitrosylation ofMgrA
affected the vancomycin resistance of VISA. Allelic replacement was
performed to generate the mgrAC12S mutant strain by replacing the
cysteine residue with a serine, which cannot be S-nitrosylated. The
minimum inhibitory concentration (MIC) of vancomycinwasevaluated
in theWT andmgrAC12Smutant strains. This was conducted using the
broth microdilution method in Mueller-Hinton II (MH II) medium fol-
lowing criteria set by the Clinical and Laboratory Standards Institute
(CLSI).We observed a significant decrease in theMICof vancomycin in
the mgrAC12S mutant strain, from 8 μg/mL to 4 μg/mL, while the
parent VISA strain grew well under 6 μg/mL vancomycin (Fig. 2a). This
suggested thatMgrA S-nitrosylation is important for themodulationof
vancomycin susceptibility. To test the effect of endogenous NO on

vancomycin resistance in S. aureus, the growth rate was compared
between the WT and Δnos strain in vancomycin-containing medium.
The Δnos strain showed a growth defect in medium containing
4μg/mL vancomycin (Fig. 2a). The susceptibility of theWT andmutant
strains to vancomycin was further evaluated with plate-sensitivity
assay. Both mutants exhibited significant susceptibility to vancomycin
in a concentration-dependent manner on plates containing vancomy-
cin, whereas the WT strain displayed resistant growth under the same
conditions (Fig. 2b). The occurrence of VISA is usually accompanied by
a decrease in sensitivity to daptomycin and teicoplanin34, we thus also
measured daptomycin or teicoplaninMIC of theWT and Δnosmutant.
Similar to the results what we observed from vancomycin, the Δnos
mutant showed decreased MIC in medium containing daptomycin or
teicoplanin (Supplementary Fig. 1). These results suggested a strong
dependence of S. aureus resistance on the endogenous NO level.

The NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME)35,36

was next used to investigate whether inhibition of NOS activity could
affect the vancomycin resistance of S. aureus. When 2 μg/mL vanco-
mycin was added, the WT strain showed a slight decrease in growth
rate, which was further inhibited by addition of 40 mM L-NAME
(Fig. 2c). This indicated a strong dependence of S. aureus on NO levels
for vancomycin resistance. To determine whether this effect was
generalizable, the VISA strain Mu50 was also treated with L-NAME.
We found a similar inhibitory effect of L-NAMEonMu50 as observed in
XN108 (Fig. 2d). To demonstrate that the growth inhibition effect of
L-NAME was not due to L-NAME itself, it was used to treat Δnos bac-
teria.We hypothesized that if the growth inhibition observed in Fig. 2c
wasdue to nonspecific activity of L-NAME, treatment of theΔnos strain
with L-NAME would also induce significant growth inhibition. How-
ever, L-NAME did not inhibit Δnos growth. In fact, it showed a small
growth stimulation effect, whereas a growth inhibition was found in
the WT when added with 40 mM L-NAME (Supplementary Fig. 2a, b).
This is possibly due to the fact that L-NAME is an L-Arginine analog and
bacteria may use it for growth when NOS is absent in cells. Thus, the
results suggested that the growth inhibition caused by L-NAME was a
result of NOS activity inhibition rather than an effect nonspecific to
L-NAME. Together, these data demonstrated that VISA requires
S-nitrosylation of MgrA to regulate vancomycin resistance, which is
dependent on endogenous NO.

MgrA S-nitrosylation facilitates vancomycin resistance in a NO-
dependent manner
We next explored whether NO addition could compensate the defec-
tive growth of Δnos or mgrAC12S in vancomycin-containing medium.
Growth medium containing 2 μg/mL vancomycin was supplemented
with the exogenous NO donor sodium nitroprusside (SNP). The addi-
tion of 1 or 5 μM SNP, but not 20 μM, could restore the decreased
growth of Δnos to some extent (Fig. 3a–c). This suggested a protective
role of low-concentration NO in the defense of S. aureus against van-
comycin. In contrast, themgrAC12S growth rate did not recover when
SNPwas added (Fig. 3d–f). Moreover, we observed that the addition of
SNP caused an obvious and dose-related inhibitory effect on the
growth of both the WT andmgrAC12S strains (Fig. 3d–f), with a much
stronger inhibitory effect onmgrAC12S. This indicated that the lack of
MgrA S-nitrosylation severely impaired the ability of S. aureus to
defend against excessive nitrosative stress. These results indicated
that low-concentration NO and the induction of MgrA S-nitrosylation
were required for S. aureus vancomycin resistance.

S-nitrosylation of MgrA contributes to cell wall thickness and
integrity
VISA strains typically show thickened cell walls, which allow increased
capture of vancomycin molecules by free D-Ala–D-Ala residues,
protecting cells from vancomycin killing37. The role of MgrA
S-nitrosylation in determining cell wall thickness was therefore
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Fig. 1 | Identification of the transcription factor MgrA as a target of
S-nitrosylation. a Summary of MS identified NO-modified proteins in S. aureus
categorized by biological pathway. b Transcriptional regulators identified to be
S-nitrosylated are listed. c Higher-energy collision dissociation mass spectrum of
the cystine 12-containing peptide from MgrA. S-nitrosylated cysteine was labeled
with isobaric iodoTMT and marked with io. The cysteine residue Cys12 of MgrA is

located within the MarR-type HTH domain (d) and located at the interface ofMgrA
dimer (e). f S-nitrosylation of MgrA purified from the XN108WT or Δnos strain was
detected by western blot. S-nitrosylated MgrA (MgrA-SNO) was detected with an
anti-TMT antibody. Total MgrA (MgrA-His) was detected with an anti-His antibody.
Data are representative of n = 3 biological replicates. Source data are provided as a
Source Data file.
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investigated via transmission electronmicroscopy (TEM). The cell wall
of the WT strain exhibited an average thickness of 61.35 ± 2.96 nm,
whereas the mgrAC12S mutant had a significantly thinner cell wall
(44.93 ± 2.87 nm, p < 0.0001). The Δnos cells also had decreased cell
wall thickness (51.57 ± 1.84 nm,p =0.0001), but thedifference from the
WTwas not as visually apparent as that of themgrAC12Smutant strain
(Fig. 4a, b). Therefore, these results demonstrated that S-nitrosylation
ofMgrACys12 is important formaintaining uniformcell wall thickness.

To determine the mechanism by which MgrA S-nitrosylation
affected cell wall thickness, we first investigated whether regulation of
cell wall synthesis was involved. Quantitative reverse transcription
(qRT)-PCRwas performed in theWTandmutant strains to examine the
transcriptional levels of genes that have previously been reported to
regulate cell wall synthesis. However, most of these targets showed
negligible changes in themgrAC12S or Δnosmutant strains compared
to the WT strain (Supplementary Fig. 3), indicating that NO-mediated
S-nitrosylation of MgrA did not specifically induce signaling change in
the pathway associated with cell wall synthesis.

MgrA reportedly regulates transcription of genes involved in cell
wall metabolism and autolysis, which is important for cell wall turn-
over and integrity38–40. Thus, wemeasured the autolytic activity of the
WT and mutant strains induced by 0.2% (v/v) Triton X-100 in Tri-HCl
buffer. ThemgrAC12Smutant strain showed a significantly faster rate
of autolysis than the WT strain. Consistent with this observation, the
Δnosmutant also exhibited an increased autolysis rate (Fig. 4c, d). To
examine the effect of NO on autolysis, SNP was added to Tri-HCl
buffer containing WT, Δnos, or mgrAC12S bacteria. We observed
that the increased autolysis rate of the Δnos mutant strain could be
rescued by SNP, but SNP could not rescue the autolysis activity
of mgrAC12S, and had no influence on the WT strain (Fig. 4c, d).
This result was consistent with our above notion that NO could

compensate the growth inhibition of the Δnos mutant in medium
containing vancomycin. These results suggested that NO-mediated
S-nitrosylation of MgrA played an important role in the maintenance
of cell wall thickness and integrity, which is primarily achieved
through altering autolytic activity.

S-nitrosylation ofMgrA drives transcriptional signaling through
autolysis-related genes
We then explored whether the effect of MgrA S-nitrosylation on
S. aureus autolysis resulted from functional control of autolysis-
associated gene expression. qRT-PCR analyses were therefore per-
formed in the WT and mgrAC12S mutant strains to measure
the expression of sarV, lytN, and altA38,41. The results showed that the
transcriptional levels of lytN and sarV, but not altA, were significantly
upregulated in themgrAC12Smutant strain compared to theWT strain
(Fig. 4e). This was consistent with previous findings thatMgrA acts as a
repressor of autolysis genes in a direct or indirect manner31,42, sug-
gesting that MgrA S-nitrosylation negatively regulated autolysis in S.
aureus by promoting transcriptional repression of genes involved in
autolysis.

Based on our finding that NO can compensate the decreased
growth rate of VISA in medium containing vancomycin, we investi-
gated whether NO conveyed the signal for vancomycin resistance
through transcriptional regulation by MgrA. The WT and mgrAC12S
mutant strains were treated with 0.2 or 1mM SNP. qRT-PCR analyses
showed that addition of either 0.2 or 1mM SNP significantly down-
regulated both lytN and sarV in the WT strain. In contrast, there was
no noticeable change in these genes in the mgrAC12S mutant strain.
This suggested that removal of the S-nitrosylation from MgrA
Cys12 severely impaired NO-mediated signal transduction for tran-
scriptional regulation of lytN and sarV (Fig. 4f).
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Fig. 2 | NO-mediated MgrA S-nitrosylation promotes the resistance of VISA to
vancomycin. a MICs were assessed after the WT S. aureus XN108, mgrAC12S
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replicates. CFUcolony-forming units. Growth curve of theWTVISA strainXN108 (c)
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***p ≤0.001; ****p ≤0.0001. Source data are provided as a Source Data file.
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Interestingly, we found that MgrA S-nitrosylation regulated the
transcription of genes involved in autolysis, while a previous study
showed that oxidation of MgrA at Cys12 likely induces signaling in a
different regulatory pathway30. To determine whether S-nitrosylation
and S-oxidation of this single residue inMgrA control distinct signaling
pathways, H2O2 was used to oxidize Cys12 in MgrA, and the effects on
lytN and sarV expression in the WT and mgrAC12S strains were mea-
sured. Compared to NO treatment, treatment with 0.05, 0.2, or 1mM
H2O2 all failed to decrease the transcription of lytN or sarV in eitherWT
or mgrAC12S strains (Fig. 4g). This indicated that H2O2-mediated
S-oxidation of MgrA and NO-mediated S-nitrosylation of MgrA likely
drived different regulatory pathways. Distinct transcriptional respon-
ses controlled by alternative posttranslational modifications of a
transcriptional regulator has also been observed in the global reg-
ulator OxyR in E. coli24; it may therefore be a general signal-delivery
strategy used by bacteria to execute functions precisely and
specifically.

Removal of MgrA S-nitrosylation impairs its DNA binding in
gene promoters
How can MgrA S-nitrosylation affect gene transcriptional control? It
has been reported that MgrA regulates gene transcription through
association with gene promoters40,42. We reasoned that the con-
tribution of MgrA S-nitrosylation to downstream gene regulation
may be a result of its promoter binding capacity. Chromatin immu-
noprecipitation (ChIP)-qPCR was used to evaluate the effect of
S-nitrosylation on MgrA occupancy at the lytN and sarV promoters
in vivo. WTMgrA showed significant enrichment in these promoters,
but the C12S mutant exhibited no obvious binding (Fig. 5a, b),

indicating a dependence of MgrA on S-nitrosylation to associate with
the lytN and sarV promoters.

Interestingly, a previous study found thatoxidation ofMgrACys12
influences MgrA dimerization and DNA binding activity30. Thus, to
verify that the observed decrease in DNA binding ability of MgrA was
due to the loss of S-nitrosylation, we examined the effect of endo-
genous NO on the DNA binding ability of MgrA. MgrA occupancy was
measured at the promoters of lytN and sarV in theWTandΔnos strains.
ChIP-qPCR results showed that NOS knockout caused an obvious
decrease in MgrA binding to the lytN and sarV promoters (Fig. 5c, d).
These results suggested that NO-mediated S-nitrosylation of MgrA at
Cys12 affected its DNA binding ability in vivo, consequently interfering
with gene transcription.

To further verify that S-nitrosylation affected the ability of MgrA
to associate with DNA, we used a fluorescein amidite (FAM)-
labeled probe containing the promoter fragment and compared
the DNA binding affinity between the WT and C12S-mutant MgrA
by performing gel-shift experiments in vitro. Consistent with
the results in vivo, the WTMgrA showed a marked shift on the native
gel, while loss of S-nitrosylation impaired the binding efficacy
of MgrA with the lytN and sarV promoters (Fig. 5e, f). These data
confirmed our proposed regulatory mechanism for MgrA and high-
lighted the importance of S-nitrosylation for the DNA binding ability
of MgrA.

To provide additional evidence for the proposed regulatory
mechanism, we constructed anmgrAC12A mutant in the WT and Δnos
strainswith allelic replacement.Wefirstmeasured the vancomycinMIC
of these strains. Consistent with results from the mgrAC12S mutant,
the mgrAC12A mutant also showed a decreased MIC at 4 μg/mL in

Fig. 3 | NO is required for S-nitrosylation on MgrA to facilitate vancomycin
resistance. The WT and Δnos strains (a–c) or the WT and mgrAC12S strains (d–f)
were grown inMH IImedium containing 2μg/mL vancomycin in 96-well plates with
shaking at 200 rpm for 48h at 37 °C. OD600 was monitored to evaluate the growth

when different concentrations of SNP were added. N-0, N-1, N-5 or N-20 represents
0, 1, 5 or 20 μM SNP respectively. Data are means of n = 3 biological replicates with
SD. Two-sided two-way ANOVA, *p ≤0.05; **p ≤0.01; ***p ≤0.001; ****p ≤0.0001; ns
not significant. Source data are provided as a Source Data file.
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comparison to the WT strain (Supplementary Fig. 4). In addition, the
mgrAC12A mutation in the nos knockout background did not further
decrease the vancomycin MIC (Supplementary Fig. 4).

Then, the effect of NO donor on the growth of the mgrAC12A
mutant was measured in MH II medium containing vancomycin. We
found that addition of SNP (1, 5, or 20 μM) could not compensate the
defective growth of the mgrAC12A mutant but exhibited a sig-
nificant and dose-dependent inhibitory effect (Supplementary Fig. 5),
which was consistent with our findings in the mgrAC12S strain.

The autolytic activity and transcription of genes that involved in
autolysis in themgrAC12A mutant were also measured. We found that
the mgrAC12A mutant showed increased autolytic activity when com-
paredwith theWT strain, which is comparable to that of themgrAC12S

mutant and could not be compensated by treatment with NO donor
(Supplementary Fig. 6a). qRT-PCR analyses showed that lytN and sarV
were upregulated in the mgrAC12A mutant compared with the WT
strain (Supplementary Fig. 6b), which is also consistent with results in
the mgrAC12S mutant strain. Furthermore, we treated the mgrAC12A
mutant strains with 0.2 or 1mM SNP as did in Fig. 4f. NO donor
treatment did not induce significant changes in lytN and sarV expres-
sion in the mgrAC12A mutant strain (Supplementary Fig. 6c), which
further confirmed our conclusion that removal of the S-nitrosylation
from MgrA Cys12 severely impaired NO-mediated signal transduction
to lytN and sarV. Collectively, these data demonstrated a role of
S-nitrosylation atMgrACys12 inmodulating vancomycin susceptibility
in S. aureus.

Fig. 4 | Redox-signal transduction by MgrA to vancomycin resistance is
achieved by regulating cell wall thickness and cell autolysis. a, b Cell wall
thickness was measured by transmission electron microscopy (TEM). Representa-
tive TEM images of the WT, mgrAC12S and Δnos strains cultured with shaking at
220 rpm for 16 h at 37 °Care displayed (a). Scale bar = 500nm. Cellwall thickness of
n = 5 individual cells from each strain were measured three times randomly and
expressed asmeanswith SD (b). TritonX-100-induced autolysis of theWT andΔnos
strains (c) or the WT and mgrAC12S strains (d) was measured in Tri-HCl buffer
supplemented with or without 5 μM SNP (displayed as N-5 or N-0). The percentage

of the initial OD600 was displayed. Data aremeans of n = 3 biological replicates with
SD. e The transcriptional levels of the indicated genes that reported to regulate
autolysis activity were tested in theWT andmgrAC12Smutant strains by using qRT-
PCR. Data aremeans ofn = 3 biological replicateswith SD. The transcriptional levels
of lytN and sarV were measured in both strains after incubation with different
concentrations of SNP (f) orH2O2 (g) as indicated.Data aremeans ofn = 3biological
replicates with SD. Two-sided unpaired Student’s t-test, *p ≤0.05; ***p ≤0.001;
****p ≤0.0001; ns not significant (b, e, f, g). Source data are provided as a Source
Data file.
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S-nitrosylation of WalR confers vancomycin resistance
Then, we wondered whether other S-nitrosylated transcriptional reg-
ulators may also contribute to vancomycin resistance in VISA and
whether the S-nitrosylation-mediated mechanism may be general-
izable to other regulators. WalR, the response regulator of the two-
component regulatory system WalKR, which has been reported to
regulate autolysis and cellwallmetabolism in S. aureus40, was identified
as S-nitrosylated at Cys67 (Supplementary Fig. 7a). Cys67 is located in
the receiver domain that accepts the signal from the cognate histidine
kinase43 (Supplementary Fig. 7b, c). S-nitrosylation of WalR was also
detected by western blot, as shown in Supplementary Fig. 8,
S-nitrosylatedWalRwasobviously detected in theWT strain, but not in
the Δnos strain, indicating that S-nitrosylation formation of WalR is
dependent on the NO generated from NOS. To determine whether
WalR S-nitrosylation modulated vancomycin resistance in S. aureus, a
walRC67S substitution strain was generated and vancomycin MIC was
measured. Similar to the results observed in themgrAC12Smutant, the
walRC67S mutant strain exhibited a significant reduction in the van-
comycin MIC from 8 μg/mL to 4 μg/mL (Fig. 6a, b), which was con-
sistent with the previous findings that WalR plays a role in regulating
vancomycin resistance44,45. ThewalRC67Smutant strain also exhibited
significant growth defects on plates containing vancomycin (Fig. 6c).
These data indicated that NO-mediated S-nitrosylation of WalR also
exerts an enhancement for VISA to exhibit vancomycin resistance.

A significant decrease in cell wall thickness was also observed in
the walRC67S mutant strain (54.87 ± 4.04 nm, p =0.0198) (Fig. 6d, e).
In addition, the role of S-nitrosylation in WalR function was deter-
mined by comparing the autolysis rate between theWT andwalRC67S
mutant strains. The walRC67S mutant strain displayed increased

autolytic activity compared with the WT strain (Fig. 6f). qRT-PCR
analyses showed that sle1 and atlA, which are involved in autolysis and
are reportedly regulated byWalR, were significantly upregulated in the
walRC67S mutant strain (Fig. 6g). ChIP-qPCR analyses showed that
NOS knockout also caused an obvious decrease inWalR binding to the
sle1 and atlA promoters (Fig. 6h). These results were consistent with
our findings for MgrA, suggesting that redox-signal transduction
through S-nitrosylation to gene transcription by these regulators is
likely a general regulatory model in S. aureus.

To investigate the effects of MgrA and WalR double mutation on
vancomycin resistance, we constructed an mgrAC12S/walRC67S dou-
ble mutant. We found that this double mutant grew as well as the WT
strain, which probably because that single mutation in either mgrA or
walR did not cause growth defective. Rather, these mutants showed
increased growth as compared to the parent strain (Supplementary
Fig. 9a). The MIC of vancomycin was compared between the WT,
mgrAC12S,walRC67S, andmgrAC12S/walRC67S strains. We found that
the mgrAC12S/walRC67S mutant showed growth defect at 4 μg/mL
vancomycin, with no significant difference compared to themgrAC12S
orwalRC67Smutant (Supplementary Fig. 9b), which is consistent with
the observation that the Δnos strain retained a MIC of 4μg/mL. This
may be because although MgrA and WalR are both transcriptional
regulators influencing similar genes involved in autolysin production,
they are likely not collaborators, and thus do not have coordinated
function and are not dependent on one another to regulate vanco-
mycin resistance31,46. Besides, several genes, such as vraTSR, graSR and
rpoB, have also been reported to contribute to vancomycin resistance
in S. aureus and important for VISA development47, which are likely
independent of NO-mediated S-nitrosylation.

Fig. 5 | Removal ofMgrA S-nitrosylation impairs its DNA binding activity. ChIP-
qPCRwasused to evaluate the occupancy of endogenousWTMgrAorMgrAC12S at
the promoters of lytN and sarV (a, b), and the occupancy of endogenous WTMgrA
in theWTorΔnos strains (c,d).Data aremeans ofn = 3biological replicateswith SD.
Two-sided unpaired Student’s t-test, ****p ≤0.0001. DNAbindingefficacy ofWTand
C12SmutantMgrA at lytN (e) or sarV (f) promoterswas compared by using gel-shift

assay. Different concentrations of purified MgrA or MgrAC12S protein were incu-
batedwith a FAM-labeled probe containing theMgrA binding sequence on the lytN
or sarV promoter region. The probe concentrations were indicated as plytN or
psarV. The upper bands represent probes bound with protein; the lower bands
represent free probes. Data are representative of n = 3 biological replicates. Source
data are provided as a Source Data file.
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Discussion
In summary, this study demonstrated endogenous S-nitrosylation as a
key mechanism for regulation of vancomycin resistance in S. aureus
and as an important area of future bacterial research. VISA uses a
mechanism involving transcriptional regulators (such as MgrA and
WalR) to sense endogenous NO, causing S-nitrosylation and inducing a
transcriptional signal to circumvent vancomycin killing (Fig. 7). This

study provides valuable insights for the clinical treatment of VISA and
other antibiotic-resistant pathogens.

MgrA belongs to the MarR family regulators, which are widely
distributed among bacteria and regulate diverse microbial physiolo-
gical processes. Intriguingly, some other regulators, including SarA
and SarZ in S. aureus and OhrR in Bacillus subtilis, also contain
this conservative redox-sensitive cysteine residue as that in MgrA

Fig. 6 | WalR adopts S-nitrosylation to confer vancomycin resistance. a MICs
were assessed after the WT and walRC67S mutant strains were grown under van-
comycin conditions in a 96-well plate with shaking at 200 rpm for 48h at 37 °C.
Data are representative of n = 3 biological replicates. b The difference in MICs
observed in a is displayed. c The growth of both strains on normal condition or
medium containing different concentrations of vancomycin as indicated on agar
plateswasmeasured by a plate-sensitivity assay. CFU colony-forming units.d, eCell
wall thickness was measured by transmission electron microscopy (TEM). Repre-
sentative TEM images of the WT and walRC67S strains cultured with shaking at
220 rpm for 16 h at 37 °C aredisplayed (d). Scale bar = 500 nm.Cellwall thickness of
n = 5 individual cells from each strain were measured three times randomly and

expressed as means with SD (e). f Triton X-100-induced autolysis of the WT and
walRC67S mutant strains was measured in 96-well plate with shaking at 200 rpm
for 8 h at 37 °C. The percentage of the initial OD600 was displayed. Data are means
of n = 3 biological replicates with SD. g The transcriptional levels of selected genes
that were reported to regulate autolysis were tested in all the strains by using qRT-
PCR. Data aremeans ofn = 3 biological replicateswith SD.hChIP-qPCRwas used to
evaluate the occupancy of WT WalR or WalRC67S at promoters of sle1 and altA in
theWT andΔnos strains. Data aremeans of n = 3 biological replicates with SD. Two-
sided unpaired Student’s t-test, *p ≤0.05; **p ≤0.01; ***p ≤0.001; ****p ≤0.0001; ns
not significant (e, g, h). Source data are provided as a Source Data file.
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(Supplementary Fig. 10). This indicates that S-nitrosylation may affect
antibiotic resistance or other cellular functions through a similar
mechanism in other bacterial species.

The S-nitrosylated cysteine in MgrA is critical for transcriptional
activation of downstream genes that are involved in cell autolysis.
S-oxidation of the same cysteine residue has been found to initiate a
distinct regulatory signal. It is important to note that this unique
cysteine in MgrA is sometimes phosphorylated48, and oxidation of
Cys12 in the S. aureus strain Newman causes antibiotic resistance30,
suggesting that S. aureus uses modification of Cys12 as a versatile
mechanism for responding to cellular nitrosative or oxidative stress
and defending against antibiotics. Future studies will uncover other S-
nitrosylation-mediated signaling pathways in bacteria.

NOS has also been reported to influence S. aureus virulence23,49,
sensitivity to oxidative stress23,35 and heme stress50; it also plays
essential roles in regulating electron transfer to maintain membrane
bioenergetics36 and modulates aerobic respiratory metabolism and
cell physiology51. Bacterial NOS-derived NO also plays important
roles in regulating the formation, swarming, and dispersal of bac-
terial biofilms52,53. These findings suggest a key role of bacterial NOS
or NOS-derived NO in the global regulation of S. aureus physiological
phenotypes. It is thus worth exploring themechanisms bywhich NOS
is regulated. The regulatory mechanism mediated by S-nitrosylation
may be universal and could be applied to regulation of other phy-
siological phenotypes, and it should therefore be further explored in
the future.

Here, we found that the NOS inhibitor L-NAME and vancomycin
showed a synergistic antibacterial effect on S. aureus. Introducing a
NOS inhibitor as a co-treatment with other antibiotics is thus a
potential strategy for clinical treatment of severe S. aureus infection.

However, L-NAME is also an effective inhibitor of mammalian NOS54,
and further research is therefore required to discover a bacteria-
specific NOS inhibitor.

Host-derived NOS and NO have been suggested to have roles in
controlling S. aureus infections25,55–60. NO produced by host immune
cells has been shown to have broad activity against diverse pathogens
and to inhibit Staphylococcus virulence15,25. However, it has been found
that NO produced by bacteria promotes bacterial virulence and drug
resistance35. Thus, it would be useful to understand whether host cell-
produced NO could affect bacterial antibiotic susceptibility. The pre-
sent study provides a key insight that bacteria may use host-produced
NO to resist antibiotic killing during infection. This is a promising
direction for future study and potential improvement of antibiotic
therapeutic strategies.

Methods
Bacterial strains, plasmids, and growth conditions
The bacterial strains and plasmids used in this study are listed
in Supplementary Table 1. XN108 is a clinical VISA. S. aureus and E. coli
strains were stored in 15% glycerol broth at −80 °C and subcultured
before being used for any experiment. S. aureus strains were
grown with shaking at 220 rpm in tryptic soy broth (TSB; 211825,
Difco)mediumor on TSA (TSB addedwith 15 g agar A per liter) plates
at 37 °C. E. coli strains were grown with shaking at 220 rpm in LB
medium (10 g tryptone, 5 g yeast extract and 5 g NaCl per liter)
medium or on LA (LB added with 15 g agar A per liter) plates at 37 °C.
When required, different antibiotics were added, 150 μg/mL
ampicillin sodium salt or 50 μg/mL kanamycin sulfate for E. coli and
15μg/mLchloramphenicol for S. aureus strainswere supplemented in
medium.

Fig. 7 | Mechanism of S-nitrosylation signal transduction to vancomycin
resistance. S. aureus has evolved saNOS to generate NO. When the NO signal is on,
MgrA andWalR undergo S-nitrosylation on the cysteine thiol, thereby initiating the
transcriptional repression signals to the downstreamgenes such as lytN and sarV to
inhibit autolysin expression, which leads to a thickened cell wall and increased
resistance to vancomycin. When the NO signal is off, the autolysin production will

be increased, thus resulting in accelerated cell wall degradation and
increased susceptibility to vancomycin. The lytN gene encodes an autolysin pro-
tein. The sarV gene encodes a SarV protein, which is a positive regulator of auto-
lysin genes. GlcNAc, N-acetylglucosamine. MurNAc, N-acetylmuramic acid.
Pentapeptide, L-Ala–D-Gln–L-Lys–D-Ala–D-Ala.
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Primers
Primers used in this study are listed in Supplementary Table 2.

Construction of mutant S. aureus strains
To create mutant strain, the temperature sensitive plasmid pBTs was
used as previously described61. The DNA fragment contains the
upstream and downstream of the mutation site were amplified from
XN108 wide-type strain genomic DNA. Primer pair of nos-up-F-KpnI/
nos-up-R and nos-dn-F/nos-dn-R-SacI were used for nos knockout, pri-
mer pair of mgrA(C12S)-up-F-KpnI/mgrA(C12S)-up-R and mgrA(C12S)-
dn-F/mgrA(C12S)-dn-R-SalI were used for mgrA(C12S) point mutation
and primer pair of walR(C67S)-up-F-EcoRI/walR(C67S)-up-R and
walR(C67S)-dn-F/walR(C67S)-dn-R-KpnI were used for walR(C67S)
point mutation. The fragments were digested with indicated endonu-
clease (Thermo Scientific) and cloned into the plasmid pBTs with T4
ligase (EL0013, Thermo Scientific). The resulting plasmid was first
introduced into E. coli Trans1-T1 (cultured at 37 °C) for replication, and
then transformed into S. aureus strain RN4220 for modification and
subsequently transformed into S. aureus strain XN108. Then, allelic
replacement mutant was selected. The overnight cultures of plasmid
containing S. aureus in TSB addedwith 15μg/mL chloramphenicol at 30
°C were diluted 1:200 into TSB without antibiotics, and cultured at 42
°C for induction of homologous recombination. Every generation of
the strain cultured at 42 °Cwere picked out and cultured on TSA plates
containing 15 μg/mL chloramphenicol. Single clones were picked out
and cultured in TSBwithout antibiotics at 30 °C for two generations for
plasmid loss. The cultures were diluted and cultured on TSA plates
containing 100ng/mL anhydrotetracycline. Single clones were picked
out and cultured in TSB without antibiotics and then in TSB containing
15 μg/mL chloramphenicol at 37 °C in 96-well plates. The clones
that can only grow in TSB without antibiotics will be further confirmed
by PCR and sequencing for the identification of allelic replacement
mutants.

Construction of protein expression plasmids
To construct the protein expression plasmids pETMgrA and pETM-
grA(C12S), the full-length mgrA and mgrAC12S ORFs were amplified
from XN108 wild-type and mgrAC12S mutant strain genomic DNA
respectively using primer pairs of MgrA-ex-F-BamHI/MgrA-ex-R-SalI.
The DNA fragments were digested with indicated endonuclease and
then cloned into the expression vector pET28a (+). The recombinant
expression plasmids were transformed into E. coli BL21 (DE3).

To construct the protein expression plasmid pLIMgrA-His, the full-
length mgrA ORF was amplified from XN108 wild-type strain genomic
DNA using primer pairs of ex-pLI-MgrA-His-F-EcoRI/ex-pLI-MgrA-His-R-
BamHI. To construct the protein expression plasmid pLIWalR-His, the
full-length walR ORF was amplified from XN108 wild-type strain geno-
mic DNA using primer pairs of ex-pLI-WalR-His-F-EcoRI/ex-pLI-WalR-
His-R-BamHI. The fragments were digested with indicated endonu-
clease and cloned into the plasmid pLI50. The resulting plasmid was
first introduced into E. coli Trans1-T1 for replication, and then trans-
formed into S. aureus strain RN4220 formodification and subsequently
transformed into XN108 wild-type and Δnos strains.

Antibiotic sensitivity assays
The MICs of vancomycin were determined using a microdilution
technique according to NCCLS guidelines in Mueller-Hinton II (MH II;
212322, Difco) medium. Overnight cultures of S. aureus strains were
1:100 diluted into fresh TSB and grown to mid-exponential phase
before the number of bacterial cells were normalized and diluted to
approximately 5 × 105 CFU (colony-forming units) permilliliter inMH II
mediumwith gradient concentrations of vancomycin. The plates were
incubated at 37 °C with shaking for 24–48 h before being visualized.

The plate-sensitivity assay was performed with fresh cultures
grown to an OD600 of 0.5 in TSB. The number of bacterial cells from all

strains were normalized to approximately 5 × 106 CFU mL−1 with PBS,
followed by three 10-fold serial dilutions. Then 5 μL of each bacterial
sample was spotted onto the LA plates containing gradient con-
centrations of vancomycin. All plates were incubated at 37 °C for 24 h.

Transmission electron microscopy (TEM)
To detect morphological changes of the mutants, a transmission
electron microscopy (TEM) (FEI) was used. Samples were prepared as
previously described62. One milliliter of overnight cultured strains
were harvested by centrifugation at 5000 × g for 5min, washed twice
with 1mL PBS buffer (pH 7.2), resuspended in 1mL 2.5% (v/v) glutar-
aldehyde and incubated overnight at 4 °C. Then glutaraldehyde-fixed
samples were washed three times with 1mL PBS buffer with soft
shaking for 20min, and postfixed in 2.0% (w/v) osmium tetroxide
overnight at roomtemperature. Sampleswerewashed three timeswith
1mL PBS buffer, dehydrated through an ethanol series (l mL 30%, 50%,
70%, 80%, 90% and 100% ethanol) and washed three times with 1mL
acetone. Sampleswere embedded in 500μL LRWhite resin series once
with the acetone/LRWhite resin ratio of 1:1 for 1 h, 1:3 for 3 h, and twice
with total LR White resin for 6 h at room temperature. Samples were
picked out into a new tube added with 250 μL LR White resin,
embedded overnight at room temperature and then polymerized at
70 °C for at least 15 h. Samples were thin sectioned and observed with
TEM operated at an accelerating voltage of 120 kV.

Triton X-100-induced autolysis assay
Overnight-grown bacterial cells were diluted to an OD600 of 0.05 in
TSB and grown to an OD600 of 0.8 at 37 °C. Cells were harvested by
centrifugationat 5000× g for 3min andwashed twicewith 50mMTris-
HCl buffer (pH 7.5). Pellets were resuspended in the same buffer
containing 0.2% (v/v) Triton X-100 and incubated at 37 °Cwith shaking
at 180 rpm. The lysis was checked by measuring the progressive
decrease in absorbance (OD600) at one-hour intervals by using a
microplate reader (Elx800, Bio-Tek).

Total RNA extraction and qRT-PCR
The overnight cultures of S. aureuswere diluted to anOD600 of 0.05 in
fresh TSB and cultivated to mid-exponential phase (OD600 = 1). The
cells were collected by centrifugation at 12,000 × g for 1min and then
immediately treated with 0.9mL of RNAiso plus (108-95-2, TaKaRa)
and lysed with 0.1-mmdiameter-silica beads in a FastPrep-24 auto-
mated system (MP Biomedicals). The residual DNA removal and cDNA
synthesis were achieved by using a PrimeScript RT reagent kit with
gDNAeraser (RR047A, TaKaRa). qRT-PCRwas performedwith SYBR Ex
Taq premix (RR420A, TaKaRa) using the StepOne real-time PCR sys-
tem (Applied Biosystems). The cDNA quantity measured by real-time
PCR was normalized to the abundance of pta cDNA63. All qRT-PCR
assays were repeated at least three times.

Protein expression and purification
The BL21 (DE3) strain, containing the protein expression plasmid
pETMgrA or pETMgrA(C12S), was grown in LB with 50 μg/mL kana-
mycin at 37 °C to an OD600 of 0.6–0.8 and induced with 0.5mM iso-
propyl-β-D-1-thiogalactopyranoside (IPTG) at 16 °C overnight. Cells
were harvested by centrifugation and proteins were purified with a
His-tag Protein Purification Kit (P2226, Beyotime) following the man-
ufacturer’s recommendation. Protein purity was analyzed by 15% SDS-
PAGE, and followed by a determination of protein concentration using
a Bradford Protein Assay Kit (P0006C, Beyotime) with bovine serum
albumin as the standard.

S-nitrosylated protein detection by western blot
S-nitrosylated protein was detected using an S-Nitrosylation Western
Blot Kit (90105, Pierce) with somemodification referring to a previous
study25. Protein samples were protected from light until labeling

Article https://doi.org/10.1038/s41467-023-37949-0

Nature Communications |         (2023) 14:2318 10



reagent addition. The WT S. aureus XN108 and Δnos strains with
pLIMgrA-His or pLIWalR-His plasmid were constructed for the
expression of His-tagged MgrA or WalR. Overnight culture of these
bacterial cells were diluted to an OD600 of 0.05 in 100mL TSB with 15
μg/mL chloramphenicol and grown to an OD600 of 1.0 at 37 °C. One
milliliter 0.5ML-argininewere added as the substrate ofNOS to induce
the production of NO for 1 h. Cell pellets with 200 OD600 were har-
vested by centrifugation at 5000 × g for 10min and resuspended in
6.5mL lysis buffer (50mM Tris pH 8.0, 1% Triton X-100, 0.5mM DTT)
with 100 μg/mL lysostaphin (LSPN-50, AMBI) for 30min incubation at
37 °C with shaking at 220 rpm. Then proteins were purified with a His-
tag Protein Purification Kit (P2226, Beyotime) following the manu-
facturer’s recommendation. The protein concentrations were deter-
mined using a Bradford Protein Assay Kit with bovine serum albumin
as the standard.

Protein samples were prepared at 0.85mg/mL. For each 200 μL
sample, 7.3mL HENS buffer, 480 μL 25% SDS and 160 μL 2M methyl
methanethiosulfonate (MMTS) were added, vortexed vigorously for
1min to mix and incubated for 90min at 50 °C with vortexing every
5min to block free cysteine thiols. Protein precipitation was per-
formed by adding six volumes of acetone pre-chilled at −20 °C and
freezing at −20 °C for at least 1 h to remove MMTS. Samples were
centrifuged at 10,000 × g for 5min at 4 °C, washed three times with
2mL acetone and resuspended in 50 μL HENS buffer. To label
S-nitrosylated proteins, samples were addedwith 1μL labeling reagent
and 2μL of 1M sodium L-ascorbate and incubated for 90 min at 30 °C
with shaking. Protein was precipitated by adding six volumes of pre-
chilled acetone and freezing at −20 °C for at least 1 h to stop labeling,
and resuspended in 40 μL HENS buffer. S-nitrosylation of equal con-
centrations of protein were detected by western blot. S-nitrosylated
protein was detectedwith an anti-TMT antibody (90075, Pierce) with a
dilutionof 1:1000. Total proteinwasdetectedwith ananti-His antibody
(M30975, BOSTER) with a dilution of 1:1000. Full scans of the blots
have been supplied in the Source Data file.

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation assay was adapted and modified
from a previous study64. S. aureus strains were grown in TSB at 37 °C to
an OD600 of 1. Cells were pelleted at 5000 × g for 3min at 4 °C and
cross-linked with 1% formaldehyde in PBS (pH 7.4) for 15min at room
temperature. The cross-link was stopped by adding glycine to a final
concentration of 125mM with incubation for 10min at room tem-
perature. Cells were then pelleted and washed twice with 10mL ice-
cold PBS. FiveOD600 of pellets were resuspended in 500μL lysis buffer
(50mM Tris pH 8.0, 1% Triton X-100, 0.5mM DTT) with 100 μg/mL
lysostaphin and incubated at 37 °C for 30min. The lysed cells were
added with Complete Protease Inhibitor Cocktail (K1007, APExBIO)
and placed on ice to cool. Samples were then sonicated with a Bior-
uptor Plus sonicationdevice (Diagenode) at lowpower for seven cycles
with 15 s on and 15 s pulses. After centrifugation at 12,000× g for 15min
at 4 °C, the DNA concentration of supernatant was adjusted to 40 μg/
mL, and thendiluted 1:100 inChIPbuffer (16.7mMTrispH8.0, 150mM
NaCl, 1% Triton X-100, 2mM EDTA). Five microliters of the diluted
samples were saved as input sample at−20 °C, and another 500μLwas
incubated with 2 μg of anit-MgrA polyclonal antibody (commercially
prepared by MerryBio) or anit-WalR polyclonal antibody (commer-
cially prepared by Genscript) or the corresponding IgG antibody
(2729S, Cell Signaling Technology) overnight at 4 °C with gentle
rotation. Then, 20 μL Protein A-Dynabeads slurry (10001D, Invitrogen)
was added and incubated at 4 °C for another 3 h. The beads were
washed twice with 1mL of ice-cold buffer sequentially: wash buffer 1
(20mM Tris pH 8.0, 150mM NaCl, 0.1% SDS, 1% Triton X-100, 2mM
EDTA), wash buffer 2 (20mM Tris pH 8.0, 350mM NaCl, 0.1% SDS, 1%
Triton X-100, 2mMEDTA), LiCl buffer (10mMTris pH 8.0, 0.25M LiCl,
1% NP40, 1% sodium deoxycholate; 1mM EDTA) and TE buffer (10mM

Tris pH 8.0, 1mM EDTA). Rotate for 5min with each buffer and care-
fully remove the supernatant. Resuspend beads in 200 μL elution
buffer, incubate at 37 °C for 1 h and harvest the supernatant. Equal
elution buffer was also added to the input samples. All samples were
added with 8 μL NaCl (5M) and incubated at 65 °C overnight. Four
microliters RNase A (10mg/mL) were added and incubated at 37 °C for
1 h. Then 4 μL proteinase K (10mg/mL), 4 μL EDTA (0.5M, pH 8.0) and
8 μL Tris-HCl (1M, pH 6.5) were added and incubated at 45 °C for 3 h.
The total DNA were extracted with 300 μL of 25:24:1 phenol/chloro-
form/isoamyl alcohol. DNApelletwas dissolve in 200μL distilledwater
for qPCR quantification.

Electrophoretic mobility shift assay
A FAM-labeled 217-bp fragment representing position 5–221 bp
upstream of the sarV start codon, or a 281-bp fragment representing
position −102 to +221 bp upstream of the lytN start codon, were
incubated at room temperature for 1min with various amounts of
purified MgrA or MgrAC12S protein in 10 μL of binding buffer (20mM
Hepes pH 7.6, 1mM EDTA, 10mM (NH4)2SO4, 30mM KCl, 1mM
dithiothreitol and 0.2% (w/v) Tween-20). The reaction mixtures were
analyzed in an4.0%nondenaturingpolyacrylamidegel. Theband shifts
were detected by Amersham Typhoon NIR (GE) and analyzed by Ima-
geQuant TL 8.1. Full scans of the gels have been supplied in the Source
Data file.

Stable isotope label of S-nitrosylated protein
S. aureus strains were collected at OD600 of 1 and resuspended in lysis
buffer (8M urea, 1% Triton-100, 10mM dithiothreitol, and 1% Protease
Inhibitor Cocktail). Samples were lysed with 0.1-mmdiameter-silica
beads in a FastPrep-24 automated system (MP Biomedicals) and
sonicated three times on iceusing a high intensity ultrasonicprocessor
(Scientz). The remaining debris was removed by centrifugation at
12,000 × g at 4 °C for 10min. Protein concentration was determined
with BCA kit (Beyotime Biotechnology) after the supernatant collec-
tion. Proteinwasprepared at 1–2mg/mL in at least 1mL ofHENSBuffer
and adjusted equally. One milligram protein was used for each reac-
tion. Each sample were incubated with 20mM MMTS to block free
cysteine thiols. S-nitrosylated cysteines thiols were then reduced to
free thiols by 10mM sodium ascorbate and irreversibly labeled with
isobaric iodoTMT according to the manufacturer’s protocol for
iodoTMTsixplex Isobaric Mass Tag Labeling Kit (90103, Thermo Sci-
entific). Excess tag is removed by acetone precipitation.

MS
LC–MS/MS was applied to identify S-nitrosylated proteins. Samples
labeled with isobaric iodoTMT were digested with trypsin and frac-
tionated into fractions by high pH reverse-phase HPLC using Thermo
Betasil C18 column (5 μm particles, 10mm ID, 250mm length).
Briefly, peptides were first separated with a gradient of 8% to 32%
acetonitrile (pH 9.0) over 60min into 60 fractions. Then, the pep-
tides were combined, frozen and lyophilized using a vacuum con-
centrator. To enrich S-nitrosylated peptides, tryptic peptides
dissolved in IP buffer (100mM NaCl, 1 mM EDTA, 50mM Tris-HCl,
0.5% NP40, pH 8.0) were incubated with pre-washed Anti-TMT
Antibody beads (90076, Thermo Scientific) at 4 °C overnight with
gentle shaking. Then the beads were washed four times with IP buffer
and twice with H2O. The bound peptides were eluted from the beads
with 0.1% trifluoroacetic acid. Finally, the eluted fractions were
vacuum-dried and desaltedwithC18ZipTips (Millipore) according to
the manufacturer’s instructions.

For LC–MS/MS analyses, the tryptic peptides were dissolved in
solvent A (0.1% formic acid, 2% acetonitrile in water) and directly loa-
ded onto a home-made reversed-phase analytical column (25-cm
length, 75/100μm i.d.). Peptides were separated with a gradient from
7% to 22% solvent B (0.1% formic acid in 90% acetonitrile) over 26min,
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22% to 35% in 8min, 35% to 80% in 3min, and climbed to 80% in 3min
and then holded at 80% for the last 4min, all at a constant flowrate of
450 nl/minon anEASY-nLC 1000UPLC system (ThermoScientific). The
peptides were subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Orbitrap FusionTM (Thermo Scientific) cou-
pled online to the UPLC. The electrospray voltage applied was 2.0 kV.
The m/z scan range was 350–1550 for full scan. Intact peptides were
detected in the Orbitrap at a resolution of 60,000. Up to 20 most
abundant precursors were then selected for further MS/MS analyses
with 15 s dynamic exclusion. The Higher-energy collision dissociation
(HCD) fragmentation was performed at a normalized collision energy
(NCE) of 35% and the fragments were detected in the Orbitrap at a
resolution of 15,000. Automatic gain control (AGC) target was set at
5E4, with an intensity threshold of 5000 ions/s and a maximum injec-
tion time of 200ms. The resulting MS/MS data were processed using
MaxQuant search engine (v.1.5.2.8). Tandem mass spectra were sear-
ched against the NCBI S. aureus strain XN108 database (2992 entries)
concatenated with reverse decoy database. Trypsin/P was specified as
cleavage enzyme allowing up to 2 missing cleavages. The mass toler-
ance for precursor ions was set as 20 ppm in First search and 5 ppm in
Main search, and the mass tolerance for fragment ions was set as
0.02Da. Carbamidomethyl on Cys was specified as fixed modification.
AcetylationonproteinN-terminal, oxidation onMet, deamidation (NQ)
on Gln and Asn, and Iodo TMT-6plex var were specified as variable
modifications. FDR was adjusted to <1% and minimum score for pep-
tides was set >40.

Structural illustration
The structure of the MgrA dimer was downloaded from PDB: 2BV630,
and the structure of the receiver domain of WalR was downloaded
from PDB: 3F6P43. All the protein structure graphics were generated
with PyMOL Molecular Graphics System.

Statistical analysis
Statistical analysis were performed using Excel (Microsoft 2021) or
Prism 9 (GraphPad) software. The number of biological replicates and
statistical methods are indicated in the figure legends. Statistical sig-
nificance was calculated using the two-sided unpaired Student’s t-test
or two-wayANOVA. All error bars show standard deviations (SD) of the
mean. Statistical significance was defined as p values ≤ 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
A reporting summary for this article is available as Supplementary
Information file. The main data supporting the findings of this study
are available within the article and its Supplementary Information files.
Additional details on datasets and protocols that support the findings
of this study will be made available by the corresponding author upon
reasonable request. The raw data of the proteomics generated in this
study have been deposited in iProX database under accession code
PXD041143 and are publicly available. Source data are provided with
this paper.
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