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As demands for new antibiotics and strategies to control methicillin-resistant Staphylococcus aureus (MRSA)
increase, there have been efforts to obtain more accurate and abundant information about the mechanism of
the bacterial responses to antibiotics. However, most of the previous studies have investigated responses to
antibiotics without considering the genetic differences between MRSA and methicillin-susceptible S. aureus
(MSSA). Here, we initially applied a multi-omics approach into the clinical isolates (i.e., S. aureus WKZ-1
(MSSA) and S. aureus WKZ-2 (MRSA)) that are isogenic except for the mobile genetic element called
staphylococcal cassette chromosome mec (SCCmec) type IV to explore the response to B-lactam
antibiotics (oxacillin). First, the isogenic pair showed a similar metabolism without oxacillin treatment. The
quantitative proteomics demonstrated that proteins involved in peptidoglycan biosynthesis (MurZ, PBP2,
SgtB, PrsA), two-component systems (VrsSR, WalR, SaeSR, AgrA), oxidative stress (MsrAl, MsrB), and
stringent response (RelQ) were differentially regulated after the oxacillin treatment of the isogenic isolates.
In addition, targeted metabolic profiling showed that metabolites belonging to the building blocks (lysine,

glutamine, acetyl-CoA, UTP) of peptidoglycan biosynthesis machinery were specifically decreased in the
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Accepted 17th July 2020 oxacillin-treated MRSA. These results indicate that the difference in metabolism of this isogenic pair with
oxacillin treatment could be caused only by SCCmec type IV. Understanding and investigating the antibiotic

DOI: 10.1039/d0ra05407k response at the molecular level can, therefore, provide insight into drug resistance mechanisms and new
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1. Introduction

Staphylococcus aureus, a Gram-positive bacterial species, is
found asymptomatically colonizing approximately 20-30% of
the healthy population in the nares, on the skin, and in the
gastrointestinal tract." However, this species can cause very
serious infection once these bacteria are able to penetrate
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internal tissues and/or blood vessels.> Currently, especially,
global spread of methicillin-resistant S. aureus (MRSA) is noto-
rious for complicating the treatment of infection.™* Even, MRSA
accounts for approximately 50% of S. aureus infection cases and
becomes resistant to almost all antibiotics.' Therefore, there is
an urgent need to develop new antibiotic compounds and/or
therapeutic strategies, and numerous studies are underway in
an effort to control MRSA.>*

B-Lactam antibiotics are agents that contain p-lactam rings,
including penicillin and its derivatives.” B-lactam antibiotics
inhibit S. aureus by interfering cell wall synthesis via their
affinity to penicillin-binding proteins (PBPs), enzymes partici-
pating in the peptidoglycan cross-linking step through trans-
peptidation and transglycosylation.® However, MRSA is known
for having two mechanisms of resistance to these antibiotics: (1)
B-lactamase, an enzyme produced by MRSA, hydrolyzes B-lac-
tam antibiotics and prevents binding to PBPs.® (2) PBP2a,
a transpeptidase, confers antibiotic resistance because it is not
inhibited by B-lactam antibiotics and can maintain peptido-
glycan cross-linking.*

Several studies addressing antibiotic resistance mechanisms
and bacterial responses to antibiotics have been conducted to
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develop new antibiotics and/or therapeutic strategies for treat-
ing MRSA infection.*>*”® In particular, since the development of
omics technologies such as next-generation sequencing and
mass spectrometry, new studies have been reported that analyze
entire biological systems to investigate antibiotic resistance
mechanisms.*®° Although these studies have observed changes
in cell physiology by comparing antibiotic treatment and
control groups, investigations of the influence of antibiotic
resistance genes on cell metabolism are insufficient. Because an
experimental design that controls for other genetic differences
is required to observe only the influence of antibiotic resistance
genes, the introduction of model strains that are genetically
identical except for the sequence of interest is important.

In this study, we used a multi-omics approach to explore the
response to oxacillin of S. aureus WKZ-1 (MSSA) and S. aureus
WKZ-2 (MRSA)," a isogenic clinical strain pair except for
a mobile genetic element called staphylococcal cassette chro-
mosome mec (SCCmec) type IV, containing the mecA gene
conferring oxacillin resistance, integrating quantitative non-
targeted proteomics and targeted metabolomics information.
First, we confirmed that S. aureus WKZ-1 and WKZ-2 are
isogenic except for SCCmec type IV, and a minimal inhibitory
concentration test was performed to determine oxacillin treat-
ment concentration. The quantitative multi-omics analysis was
performed by liquid chromatography-mass spectrometry (LC-
MS)-based label-free quantitative proteomics and LC-MS-
based targeted metabolomics using an internal library of 134
metabolites. We, through this approach, were able to observe
the influence of SCCmec type IV on the response to oxacillin
without effects of unnecessary genetic background by intro-
ducing the isogenic model and using the multi-omics approach,
and we expect these findings to contribute to basic research to
control antibiotic-resistant bacteria.

2. Materials and methods

2.1 8. aureus strain, culture condition and oxacillin
treatment

The Staphylococcus aureus WKZ-1 and WKZ-2 strains,' which
are isogenic except for SCCmec type IV, were used in this study.
These bacterial strains were obtained through BEI Resources.
Both bacterial strains were grown aerobically at 37 °C on 100 mL
of tryptic soy broth (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) with shaking at 250 rpm. First, we conducted an
minimum inhibitory concentration (MIC) test for oxacillin
(Sigma-Aldrich, St. Louis, MO, USA) using the broth micro-
dilution method." The MIC values for S. aureus WKZ-1 and
WKZ-2 were determined to be 1 mg L™" and 64 mg L7,
respectively, and we treated with oxacillin equal to 0.5 of the
MIC as subinhibitory concentration. Oxacillin was treated at the
mid-exponential growth phase, and proteome and metabolome
sample preparation were performed after 1 h 30 min.

2.2 Whole genome sequencing

Genomic DNA was extracted from S. aureus WKZ-1 and WKZ-2
strains using a blood and cell culture DNA Midi kit (Qiagen,
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Hilden, Germany). The de novo assembly of the S. aureus
genome was performed at Macrogen (Seoul, Republic of Korea)
using both the Illumina HiSeq X-Ten (150 bp paired-end
sequencing) and PacBio RSII (Pacific Biosciences, Menlo Park,
CA, USA) platforms. Ultimately, for S. aureus WKZ-1 and WKZ-2,
12 321 200 and 14 500 754 paired-end reads were generated by
Mlumina sequencing, and 99 380 and 79 864 long reads were
generated by PacBio sequencing. Subreads generated from
PacBio RS II were assembled using the Hierarchical Genome
Assembly Process (HGAP) 3 protocol with default options. The
assembly was corrected using high-quality HiSeq 2500 reads by
Pilon v1.21. Gene prediction was accomplished by Rapid
Annotation using the Subsystem Technology SEED viewer
(RAST; http://rast.nmpdr.org/).”> A genomic alignment dot plot
was generated for S. aureus WKZ-1 and WKZ-2 using D-
GENIES."

2.3 Intracellular metabolite extraction

A cell pellet was obtained from 10 mL of culture by centrifu-
gation at 4000 rpm at 4 °C for 10 min and washed twice with
0.85% NacCl at 4 °C. 400 pL of 80% cold methanol (—80 °C,
HPLC grade, Fisher Scientific, Fair Lawn, NJ, USA) was added to
each cell pellet. After samples were vortexed for 1 min, they were
incubated at —80 °C for 20 min. After samples were vortexed for
1 min again, they were filtrated through a 0.22 um PVDF filter to
remove cell debris. Metabolite samples were stored at —80 °C
before analysis.

2.4 Targeted metabolomics

An aliquot (90 pL) of each intracellular metabolite sample was
transferred to a microtube, and 10 pL of 10 pg mL ™" 1-
phenylalanine-13C9, 15N (Sigma-Aldrich, St. Louis, MO, USA)
was added as an internal standard. Prepared samples were
transferred to LC vials, and LC-MS/MS analysis was performed.
Analysis was performed using a 1260 Infinity Binary HPLC
system (Agilent, Santa Clara, CA, USA) combined with a 6420
Triple Quadrupole LC-MS system (Agilent, Santa Clara, CA,
USA). LC separation was on a Luna NH2 column (250 x 2 mm, 5
pm particle size, Phenomenex, Torrance, CA, USA) using
a gradient solvent A (20 mM ammonium acetate (HPLC grade,
Fisher Scientific, Fair Lawn, NJ, USA) and 20 mM ammonium
hydroxide (HPLC grade, Fisher Scientific, Fair Lawn, NJ, USA) in
95 : 5 water : acetonitrile, pH 9.5) and solvent B (acetonitrile).
The LC gradient was: 0 min, 85% B; 15 min, 0% B; 28 min, 0% B;
30 min, 85% B; 40 min, 85% B. Flow rate was 0.5 mL min~* 10
uL of each prepared metabolite sample was injected for LC-MS/
MS analysis. The electrospray ionization voltage was 4 kV. Agi-
lent MassHunter Qualitative Analysis (version B.07.00) software
was used to extract MS peak areas. Peak area was normalized
using intracellular protein concentration and peak area of
internal standard.

2.5 Statistical analysis for metabolomics

Statistical analysis was performed using MetaboAnalyst 4.0 and
the R statistical programming environment.* When there were
3 or more missing values in both groups, the corresponding
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metabolites were removed from the list, and the missing values
of the remained metabolites were estimated by the half-of-the-
minimum imputation method. The p-value was calculated by
a nonparametric method, and a false discovery rate (FDR)-
adjusted p-value was used for further study. Subsequently, the
metabolites with a fold-change of 1.5 times or more and a p-
value of 0.05 or less were defined as quantitatively significant.

2.6 Protein sample preparation for MS analysis

Cell pellets were obtained in the same manner described above.
Cell pellets were resuspended in 5 mL of water (HPLC grade,
Fisher Scientific, Fair Lawn, NJ, USA) and sonicated by a probe
sonicator (Sonics & Materials, Inc, CT, USA) to cell lysis. Protein
samples were obtained by modified trichloroacetic acid (TCA)-
acetone precipitation.” Briefly, after cell lysates were mixed
with the same volume of 20% TCA in acetone at 20 °C and
incubated on ice for 5 min, samples were centrifuged at 15 000
x g at 4 °C for 3 min, and then supernatants were removed.
Protein pellets were washed with absolute acetone at —20 °C
and 80% acetone at —20 °C. Protein pellets were resolubilized in
8 M urea. For protein reduction, dithiothreitol (DTT : protein
1: 50, w/w) was added to the sample, and samples were incu-
bated at 55 °C for 15 min. Protein was alkylated by treating
iodoacetamide (IAM : protein = 1 : 10, w/w), and samples were
incubated in the dark for 15 min. After buffer change with
25 mM ammonium bicarbonate buffer (sample : buffer =1 : 4,
v/v), trypsin (trypsin : protein 1 : 25, w/w) was added followed by
digestion overnight at 37 °C. Peptides were purified using a Sep-
pak Plus C18 cartridge (Waters, Milford, MA, USA) and dried
with a centrifugal vacuum concentrator (Vision Scientific, Seoul,
Republic of Korea).

2.7 Quantitative proteomics

The dried sample was dissolved in solvent A (water/acetonitrile
(98 : 2 v/v), 0.1% formic acid) for analysis. Analysis was per-
formed using Ultimate 3000 RSLCnano LC system (Thermo
Scientific, Waltham, MA, USA). A Q Exactive Hybrid
Quadrupole-Orbitrap (Thermo Scientific, Waltham, MA, USA)
equipped with a nanoelectrospray ionization source was used in
combination with the nano-HPLC. The sample was trapped in
an Acclaim PepMap 100 trap column (100 pm X 2 cm, nano-
Viper C18, 5 um, 100 A, Thermo Scientific, Waltham, MA, USA).
Then, 98% of solvent A was used to wash the column at a flow
rate of 4 uL min~' for 6 min. After washing, the sample was
separated at a flow rate of 350 nL min~". LC separation was on
an Acclaim PepMap 100 capillary column (75 pm x 15 cm,
nanoViper C18, 3 um, 100 A, Thermo Scientific, Waltham, MA,
USA) using gradient solvent B (0.1% formic acid in acetonitrile)
and solvent A. The LC gradient was: 0 min, 2% B; 30 min, 35%
B; 40 min 90% B, 45 min, 90% B; 60 min, 5% B. Through
a coated silica tip (PicoTip emitter, New Objective, Woburn, MA,
USA), separated peptides were electrosprayed. The ion spray
voltage was 2100 eV. Xcaliber software version 3.1 was used to
collect MS data. The Orbitrap analyzer scanned precursor ions
with a mass range of 350-1800 m/z with 70 000 resolution at m/z
200. For collision-induced dissociation (CID), up to the 15 most
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abundant precursor ions were selected. The normalized colli-
sion energy was 32. Mass data are acquired automatically using
proteome discoverer 2.2 (Thermo Scientific, Waltham, MA,
USA).

Protein identification and label-free quantification (LFQ)
were performed by MaxQuant (version 1.6.2.3) a software
program based on the Andromeda search engine.'®"” Proteins
were identified by searching MS and MS/MS data of peptides
against protein sequence database generated using RAST.™
Carbamidomethylation of cysteines was set as a fixed modifi-
cation. Oxidation of methionine and N-terminal acetylation
were set as variable modifications. Up to two missed cleavages
were allowed. The “Match between runs” option was enabled.
Statistical analysis of LFQ data was performed by LFQ Analyst
and the R statistical programming environment.'® Perseus-type
missing value estimation was used, and the significance was
determined using the adjusted p-value. Proteins with a fold-
change of 1.5 times or more and a p-value of 0.05 or less were
defined as quantitatively significant. To match gene name and
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Fig. 1 (A) The genome comparison of S. aureus WKZ-1 and S. aureus

WKZ-2. A dot plot was generated using D-GENIES. The red box indi-
cates the SCCmec type IV region. (B) The bacterial growth curve of all
experimental groups in this study. Indications are time points that
oxacillin treatment and sampling for proteomics and metabolomics.
Error bars indicate standard deviation (n = 3).
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protein function derived from the SEED server, the AureoWiki 2 Result and discussion

was used.*®
3.1 Multi-omics based characterization of antibiotic

response in clinical isogenic isolates

As mentioned above, using the isogenic model is crucial to
observe the influence of only genetic elements associated with
antibiotic resistance. Thus, we introduced the isogenic strain
pL of culture supernatant was infused into a C8 column (ZOR- pair S. aureus WKZ-1 and WKZ-2 to examine how SCCmec type IV
BAX SB-C8, 2.1 x 30 mm, 3.5 um, Agilent, Santa Clara, CA, USA)  appied by community acquired (CA)-MRSA contributes to
connected to Waters 2795 separation module (Waters, Milford, 4, tipiotic resistance. To confirm genetic identicality, whole-
MA, U.SA). Delta to.xir.l was eluted by 0.05% trifluoroacetic ac%d genome sequencing was performed; that these strains are
(TFA) in double distilled water (eluent A) and 0.05% TFA in isogenic except for the SCCmec type IV element is confirmed by
acetonitr?le (eluent B) at a ﬂow. rate.r of 0.3 mL min " for 10 min. genome comparison (Fig. 1A).

The gradient program for elution is as follows: 0% eluent B for To avoid complete inhibition of bacterial growth and
1.5 min; 0% to 50% of eluent B for 1 min; 50% t0 100% of eluent  gj\y1taneously provide sufficient stimulation, we treated each
B for 4 min; 100% eluent B for 2.5 min; 0% eluent B for 1 min.  gyain with oxacillin equal to 0.5 of the MIC as subinhibitory
The separated delta toxin was ionized and analyzed by the . . .entration. After treatment with oxacillin, the optical
conjunct Waters ZQ 2000 MS system (Waters, Milford, MA, USA) density (OD) was measured to confirm that growth occurred
equipped with an electrospray ionization (ESI) source. Ion ,yap though lower than control (Fig. 1B). To confirm for an
source parameters are as follows: capillary voltage, 3.3 kV; cone ;... diate response induced by oxacillin, the sampling was
voltage, 50 V; source temperature, 120 °C; desolvation temper-  herformed in early-stage (1 h 30 min after oxacillin treatment).
ature, 350 °C; desolvation gas flow, 900 L h™"; cone gas flow, Quantitative investigations of metabolome and proteome were
50 L h™. Ions were analyzed in the positive ion full scan mode performed (Fig. 2A).

for the range of m/z 600 to 1600. Scan time is 1 s with an inter- As aresult, a total of 1018 proteins were identified in bottom-
scan delay of 0.1 s following parameters. The production of =\, 1roteomics, and 90 metabolites were identified in targeted
delta toxin was measured by integrating the extracted ion  perapolomics using 133 internal metabolites multiple reaction

chromatograms based on the m/z 1504 and 1003 of doubly- and monitoring (MRM) library. When comparing MSSA and MRSA
triply-charged ions, respectively.

2.8 Delta toxin quantification by LC-MS

Delta toxin was quantified as described previously.”® Briefly, 5
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Fig. 2 (A) The overall workflow of this study. (B) Volcano plot of proteomic analysis for oxacillin treated MSSA and oxacillin treated MRSA. Red
color indicates relative high expression in oxacillin treated MRSA and blue color indicates relatively low expression in oxacillin treated MRSA.
Proteins with fold change > 1.5 and with adjusted p-value < 0.05 were considered statistically significant (n = 4). Indications are proteins dis-
cussed in this study. (C) Principal Component Analysis (PCA) plot of proteomic analysis for all experimental groups. Control groups (MSSA and
MRSA without oxacillin) were had high similarity with each other and the experimental group (MSSA and MRSA with oxacillin) were not similar to
other ones.
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(without oxacillin treatment), there was no significant quanti-
tative difference in any proteins except for PBP2a in the pro-
teomic analysis (Fig. S1t); also, only 2 metabolites (alpha-
ketoglutarate, CMP) out of 88 detected metabolites were
significantly different in the metabolomic analysis. On the other
hand, when comparing oxacillin-treated MSSA and MRSA, there
were quantitative differences in proteome and metabolome
(Fig. 2B and C). In the proteomic analysis, several proteins
participating in peptidoglycan synthesis, two-component
system, oxidative stress, stringent response were observed.
Also, in the metabolomic analysis, amino acid and derivatives
were significantly down-regulated in oxacillin-treated MRSA,
and some metabolites belong to nucleoside derivatives (e.g.,
inosine, adenosine, AMP and etc.), carboxylic acids (e.g., lactic
acid, citrate and etc.), CoAs (e.g., acetyl-CoA), vitamins (e.g:,
carnitine and biotin etc.) were differentially regulated (Fig. 3).
Although this phenomenon (decreased intracellular metabolite
level) were consistent with the previous study, the mechanism
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underlying the results is still unknown.** In previous research,
when comparing proteomes of the non-antibiotic treatment
groups of MRSA and MSSA, 30% of the proteome was differ-
entially detected, and vice versa.® However, as a result of omics
analysis using the isogenic strain model, our study showed
there is no difference in metabolism between MSSA and MRSA
(without oxacillin treatment), and this demonstrates that we
were able to observe more precisely the responses to oxacillin
induced by SCCmec type IV. All metabolomics and proteomics
data in this paper were available on ESI.}

3.2 Peptidoglycan biosynthesis

Peptidoglycan constitutes the cell wall of Gram-positive
bacteria, and it is targeted by various antibiotics.****> B-Lac-
tam antibiotics such as oxacillin inhibit cell wall synthesis by
affecting PBPs, enzymes associated with cell wall cross-linking;
it is known that cell death eventually occurs by osmotic
lysis.***** In the proteomic analysis, proteins related to
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Fig. 3 Heatmap of the result of the metabolomic analysis (n = 5). (A) Displayed metabolites are amino acids and derivatives. (B) Displayed
metabolites are nucleoside and derivatives. (C) Displayed metabolites are carboxylic acids or CoA's or vitamins. Red color indicates relatively high
abundance and blue color indicates relatively low abundance. Most amino acids were less abundant in oxacillin treated MRSA.
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peptidoglycan biosynthesis were up-regulated in oxacillin-
treated MRSA. Increased expression of UDP-N-acetylglucos-
amine 1-carboxyvinyltransferase (MurZ) and penicillin-binding
protein 2 (PBP2) and, although not significant, monofunc-
tional biosynthetic peptidoglycan transglycosylase (SgtB) was
detected at a higher level (Fig. 4A). In addition, foldase protein
PrsA, which indirectly affects peptidoglycan biosynthesis, was
detected at significantly higher levels in oxacillin-treated MRSA
than oxacillin-treated MSSA (Fig. 4A). PrsA influences post-
translocational folding of several cell wall associated proteins
and exoproteins; in particular, it plays a role in the post-
transcriptional maturation of PBP2a.**** These results show
that MRSA seems to maintain cell wall integrity by up-regulating
the peptidoglycan biosynthetic pathway against oxacillin and
are consistent with findings of previous investigations (e.g.,
microarray and proteomic studies).*®

Several substrates (e.g., ATP, nucleotide-activated precursors,
and amino acids) are essentially consumed for peptidoglycan
biosynthesis. In metabolomic analysis, lysine, glutamine,
acetyl-CoA, and UTP were at lower intracellular levels in
oxacillin-treated MRSA than oxacillin-treated MSSA (Fig. 4B).* It
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is predicted that the decrease in these metabolites is the result
of the promotion of peptidoglycan production to resist oxacillin
stress; these results are consistent with metabolomic studies
with cell wall inhibitors.>* Taken together, we speculate that
MRSA tolerates oxacillin stress by up-regulating enzymes belong
to the peptidoglycan biosynthetic pathway and by consuming
intracellular metabolites corresponding to building blocks for
peptidoglycan.

3.3 Two-component system (TCS)

Quantitative differences in proteins belonging to two-
component systems (TCS), serving a role sensing and
responding to environmental conditions, are observed between
oxacillin-treated MRSA and MSSA. First, up-regulation of VraS
and VraR proteins constituting the VraSR TCS, which are known
to be induced by external cell wall affecting agents such as -
lactam antibiotics, was observed in oxacillin-treated MRSA
(Fig. 5A). VraSR is known for positively regulating proteins (e.g.,
PBP2, SgtB and MurZ) by signal transduction and for playing
a crucial role in oxacillin resistance.”® In addition, VraT was
detected at higher levels, and this protein is required for

A
Fold-change
Proteinname  Function (oxa_WKz-2/ P-value
oxa_WKz-1)

Peptidoglycan biosynthesis
Murz UDP-N-acetylglucosamine 1-carboxyvinyltransferase (Peptidoglycan monomer synthesis) 1.95 *
PBP2 Transglycosylation and transpeptidation of peptidoglycan 1.75 *
SgtB Transglycosylation of peptidoglycan 1.63 0.257
PrsA Foldase protein (Posttranscriptional maturation of PBP2a) 2.14 *
B I MSSA w/ oxacillin [l MRSA w/ oxacillin
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Fig. 4

(A) Table of proteins responsible for peptidoglycan biosynthesis. The indicated protein functions were derived from the SEED server. (B)

Abundance levels of metabolites consumed as peptidoglycan building-block. Gray color indicates oxacillin treated MSSA and red color indicates
oxacillin treated MRSA. The symbol (*) indicates a statistically significant difference (n = 5, p < 0.05). Error bars indicate standard deviation.
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A
Fold-change
Proteinname  Function (oxa_WKZ-2/ P-value
oxa_WKZz-1)
VraSR Two-component system
VraS Sensor histidine kinase VraS 2.69 *
VraR Two component transcriptional regulator VraR 1.39 0.0619
VraT Transporter associated with VraSR 2.27 0.15
WalKR Two-component system
WalR Two-component response regulator SA14-24 0.45 *
SaeSR Two-component system
SaeS Sensor histidine protein kinase SaeS (EC 2.7.13.3) (exoprotein expression protein S) 0.71 ¥
SaeR Response regulator SaeR (Staphylococcus exoprotein expression protein R) 0.54 *
SaeP FIG01107853: hypothetical protein (auxiliary protein) 0.48 »
SaeQ FIG01108426: hypothetical protein (auxiliary protein) 0.47 0.146
Accessory gene regulator (agr) system
AgrA Response regulator of the competence regulon ComE 0.41 0.093
B x [ MSSA w/ oxacillin -~ € [ MSSA w/ oxacillin
26 ] B MRSA w/ oxacillin 7.E+06 E & B MRSA w/ oxacillin
25 4 6.E+06 1 I
o o ] * ] T
£ 24 A 5.E+06 4
< g ]
2 23 Z AE+06 -
g 5y | e ]
L 22 A o 3.E+06 1
2 2 :
o 21 A ~  2.E+06 A
g ;
20 A 1.E+06 4
19 0.E+00 1
SBI Emp/Map Delta toxin

Fig. 5

(A) Table of proteins belonging to two-component systems mentioned in this paper. The indicated protein functions were derived from

the SEED server. Gray color indicates MSSA with oxacillin and red color indicates MRSA with oxacillin. (B) LFQ intensity levels of SBl and Emp/Map
belong to virulence factors. (C) Quantitative analysis of the expression of delta toxin. Gray color indicates oxacillin treated MSSA and red color
indicates oxacillin treated MRSA. The symbol (*) indicates a statistically significant difference (n = 4, p < 0.05). Error bars indicate standard

deviation.

oxacillin resistance with the VraSR TCS and known for playing
a major role in cell wall stress response (Fig. 5A).2° As a result,
up-regulation of the VraRS TCS is responsible for the induction
of the vra regulon by oxacillin and, consequently, affects the
overexpression of proteins participating in peptidoglycan
biosynthesis (e.g., SgtB, MurZ, and PBP2).

Second, in our results, it was confirmed that WalR consti-
tuting the WalKR TCS was significantly reduced from oxacillin-
treated MRSA than oxacillin-treated MSSA (WalK was not
detected) (Fig. 5A). Furthermore, it was confirmed that WalR
was down-regulated in oxacillin-treated MRSA compared to
MRSA without oxacillin (Fig. S2t). Activation of WalKR posi-
tively regulates the expression of genes involved in cell wall
turnover and degradation and up-regulates several major viru-
lence factors by stimulating the SaeSR TCS.”” In particular, the
previous experiment with the constitutively active form of WalR
in S. aureus confirmed that the release of peptidoglycan
increased.”” Therefore, these results show that MRSA down-
regulates the WalKR TCS more than under normal conditions
to reduce cell wall degradation to maintain an intact cell wall

27870 | RSC Adv, 2020, 10, 27864-27873

against oxacillin. It is predicted that the down-regulation of the
WalRK TCS affected the expression of virulence factors by down-
regulating the SaeRS TCS, which will be described later.
Third, down-regulation of the SaeRS TCS was observed
(sensor histidine kinase SaeS, response regulator SaeR, and two
auxiliary proteins (SaeP and SaeQ)) (Fig. 5A). The SaeRS TCS
positively regulates over 20 virulence factors of S. aureus.”®
These results are consistent with reports from previous studies
that oxacillin reduces transcription by the P1 promoter, which
can express all four genes belonging to the sae operon.”® Also,
among these virulence factors, IgG-binding protein (SBI) and
extracellular adherence protein of broad specificity (Eap/Map)
were significantly reduced from oxacillin-treated MRSA than
oxacillin-treated MSSA (Fig. 5B). Therefore, it can be predicted
that MRSA reduces the expression of several virulence factors by
down-regulating the SaeRS TCS when treated with oxacillin.
Fourth, down-regulation of the accessory gene regulator A
(AgrA) belonging to the agr system was observed (Fig. 5A). The
agr system regulates the expression of numerous virulence
factors by responding to cell population density (i.e., quorum

This journal is © The Royal Society of Chemistry 2020
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sensing).?**® The agr system comprises RNA II including agrA
and RNA III encoding 4ld gene (delta toxin).*® The reduction of
AgrA level might be due to a down-regulation of the agr system.>
To validate the effect of down-regulation of the agr system, we
quantitatively measured the extracellular delta toxin via LC-MS
profiling. Interestingly, the level of delta toxin was also signifi-
cantly reduced from oxacillin-treated MRSA than oxacillin-
treated MSSA (Fig. 5C). This observation might support that
the expression of PBP2a in MRSA interferes the agr system and
oxacillin acts as a quorum-sensing inhibitor to MRSA.**

Taken together, MRSA seems to try to maintain cell integrity
by up-regulating the peptidoglycan biosynthetic pathway and
down-regulating the cell wall turnover and degradation path-
ways through the VraSR and WalKR TCS against oxacillin
treatment (Fig. 6). Additionally, the down-regulation of the
WalKR, SaeRS TCS, and agr system is expected to reduce the
expression of several virulence factors.

3.4 Oxidative stress

S. aureus expresses methionine sulfoxide reductases (Msr), which
reduce methionine sulfoxide, against reactive oxygen species
(ROS) to regain function that has been lost due to oxidation by
ROS (Fig. 7B).*> There are two types of Msr enzymes (MsrA and
MsrB), and three MsrA proteins (MsrAl, MsrA2 and MsrA3) and
one MsrB protein is encoded in S. aureus.® In our results, it was
confirmed that MsrA1 and MsrB were significantly up-regulated
in oxacillin-treated MRSA compared to oxacillin-treated MSSA
(Fig. 7A) and were overproduced in the oxacillin-treated group
compared to the control group (Fig. S31). In previous studies, it
was confirmed that S. aureus affected only the MsrAl and MsrB
loci among the four Msr genes when exposed to cell wall-active
antibiotics, causing overproduction of MsrAl and MsrB.*
These results are consistent with our results.

In general, B-lactam antibiotics are believed to have a bacte-
ricidal effect by binding to PBPs to inhibit cell wall synthesis
and induce cell lysis.** On the other hand, evidence that p-lac-
tam antibiotics inhibit pathogens without major bacteriolysis
has been reported.**® Due to reports showing these opposite
results, many studies have been conducted on the mechanism
of inhibition of B-lactam antibiotics. In this context, studies

Oxacillin

P Cell wall Expressmn
Peptidoglycan . . Quorum
[biosynthesis t] [degradatlon'] [of virulence ']4—[ sensing ]

(turnover) factor
Illustration of the role of these TCSs and the effect of oxacillin.

Fig. 6
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Fig.7 (A) LFQ intensity levels of MsrAl and MsrB (Methionine sulfoxide
reductases). Gray color indicates oxacillin treated MSSA and red color
indicates oxacillin treated MRSA. The symbol (¥) indicates a statistically
significant difference (n = 4, p < 0.05). Error bars indicate standard
deviation. (B) The mechanism of repair by methionine sulfoxide
reductase against oxidative stress.

have shown that B-lactam antibiotics contribute to growth
inhibition through ROS production in several bacteria,
including S. aureus.,>** and, more recently, studies showing
that there is no correlation between antibiotics and ROS have
also been published.**** These controversial research results
exist, but recent evidence that antibiotics affect cell metabolism
to generate ROS has been reported.** Therefore, we assume that
B-lactam antibiotics can induce ROS and affect cells in S. aureus
and predict that MRSA resists ROS produced by oxacillin
through Msr proteins.

3.5 Stringent response

The stringent response is a mechanism that regulates the
expression of several genes by the synthesis of the alarmone (p)
ppGpp and is induced by nutrient starvation and various envi-
ronmental stresses.”> Our results confirmed that RelQ, an
enzyme involved in the stringent response, was overproduced in
oxacillin-treated MRSA and are consistent with previous studies
that oxacillin induces RelQ expression (Fig. S4t).** S. aureus
harbors the (p)ppGpp synthetase Rel/SpoT homolog (RSH) and
two small alarmone synthetase (RelQ and RelP).** Among these
proteins, RelQ was found to play a major role in mecA gene
expression in the deletion mutant model, and an increase in -
lactam resistance was observed in the overexpression model of
this protein.*> Therefore, our results show that the B-lactam
resistance of MRSA is strongly associated with the stringent
response mediated by RelQ.
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4. Conclusion

We observed the response to oxacillin more accurately by the
proteomic and metabolomic approach using the clinical strains
S. aureus WKZ-1 and WKZ-2, which are isogenic except for the
presence of SCCmec type IV. First, it was confirmed that, as in
previous microarray and proteomics data, cell wall integrity was
maintained through the up-regulation of the peptidoglycan
biosynthetic pathway. In particular, this pathway was double-
checked with up-regulation of enzymes and consumption of
metabolites involved in this pathway. Second, although, VraSR
is already known for being up-regulated to increased peptido-
glycan biosynthesis by cell wall inhibitors, our results
confirmed that VraSR, WalKR, SaeSR, and agr system are regu-
lated by oxacillin. It is speculated that MRSA regulates virulence
and cell wall-related metabolism induced by oxacillin through
TCS, and this phenomenon is consistent with previous studies
using mutant models. Third, it was observed that methionine
sulfoxide reductase, which is involved in oxidative stress, is up-
regulated by oxacillin. For this reason, we propose that there
may be a correlation between the oxacillin inhibition mecha-
nism and oxidative stress, and Msr may affect these interac-
tions. Last, the up-regulation of RelQ, an enzyme mediating the
stringent response, which is known for having an important
effect on antibiotic resistance, was observed. In summary, we
propose the isogenic strain model, which has the advantage of
confirming the response to antibiotics, and differentially regu-
lated metabolic pathways of MRSA induced by oxacillin were
identified using this model. Therefore, this study demonstrates
the importance of using isogenic strains to investigate antibi-
otic mechanisms and indicates that multi-omic technologies
are advantageous for studies of the mechanisms of action of
antibiotics and responses to antibiotics. Furthermore, we will
use this platform in future studies to discover control mecha-
nisms and new targets for multidrug-resistant bacteria.
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