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Purpose: As a kind of opportunist pathogen, Staphylococcus epidermidis (MRSE) can cause nosocomial infections and easily evolve
into resistant bacteria. Among these, methicillin-resistant Staphylococcus epidermidis (MRSE) exhibit significantly higher rates. Our
previous study showed that Patrinia scabiosaefolia (PS) possessed strong antibacterial activity against MRSE. However, the
mechanism of PS against MRSE is not clear.

Methods: Here, a tandem mass tag-based (TMT) proteomic analysis was performed to elucidate the potential mechanism of PS
against MRSE. We compared the differential expression proteins of MRSE under PS stress.

Results: Based on a fold change of >1.2 or < 1/1.2 (with p value set at <0.05), a total of 248 proteins (128 up-regulated proteins, 120
down-regulated proteins) were identified. Bioinformatic analysis showed that proteins including arginine deiminase (arcA), ornithine
carbamoyltransferase (arcB) and carbamate kinase (arcC), serine—tRNA ligase (serS), phenylalanine-tRNA ligase beta and subunit
(pheT), DItD (dlt), d-alanyl carrier protein (dlf), accumulation-associated protein (SasG), serine-aspartate repeat-containing protein
C (SdrC) and hemin transport system permease protein HrtB (V7aG) played important roles in mechanism of PS against MRSE.
Conclusion: In summary, these results indicated that arginine deiminase pathway (ADI) pathway, protein synthesis, cell wall
synthesis, biofilm formation and uptake of iron were related to mechanisms of PS against MRSE. Our findings provide an insight
into the the mechanism of PS against MRSE, and may be valuable in offering new targets to develop more anti-MRSE drugs.
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Introduction
Staphylococcus epidermidis (S. epidermidis) is a commensal Gram-positive, coagulase-negative bacterium, which
colonize on the human skin." In recent years, S. epidermidis has gained substantial interest because it has become the
most important cause of nosocomial infections.” It is listed as one of the most often isolated bacterial in nosocomial
bloodstream infections, cardiovascular infections, and infections of the eye, ear, nose, and throat by the 1998 National
Nosocomial Surveillance System Report (Hospital Infections Program, National Center for Infectious Diseases, Center
for Disease Control and Prevention, Public Health Service, US Department of Health and Human Services, Atlanta, GA,
1998).% Alarmingly, its specific antibiotic resistance genes and biofilm formation make its treatment very complicated,
which present a danger to human health.®> Similar to methicillin resistant Staphylococcus aureus (MRSA), methicillin-
resistant S. epidermidis (MRSE) exhibit B-lactam resistance. Recently, hospital isolates of MRSE is as high as 75-90%.*
The emergence of MRSE infections emphasizes the need for antimicrobial drug design to yield new treatments before the
pathogens become resistant to the last-resort antibiotics.

Since ancient times, Traditional Chinese Medicine (TCM) have a long history of use for the treatment of infectious
diseases.” There are some TCM compounds referred to as nonantibiotics from medicinal plants, which possess moderate
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to powerful antibacterial activities, such as berberine.® These TCM either have direct antimicrobial activities or increase
the efficacy of an antibiotic.” In our previous study, Patrinia scabiosaefolia (PS) possesses strong antibacterial against
MRSE (MIC:5mg/mL). PS has a long application story in China, which is also named “Bai Jiang Cao” recorded in the
“Sheng Nong’s Herbal Classic”. Pharmacology researches showed that PS possesses sedative, antibacterial, antivirus,
anti-tumor activities, and protective effects of liver and gallbladder. Meng et al reported that the extracts of PS oral liquid
had significant antibacterial properties against Staphylococcus aureus, while they had different degrees of inhibitory
effects on Staphylococcus albus, Streptococcus B, Escherichia coli, and Pseudomonas aeruginosa.® However, the
mechanism of PS against MRSE is not known.

Proteomics has been rapidly employed to explore the mechanisms of TCM.*? With recent advancement in proteo-
mics, researchers have been to explore the mechanism of bacterial resistance mechanisms.'®'" It is useful in revealing the
potential targets and analyzing major components of physiological pathways.'? Therefore, a tandem mass tag-based
(TMT) proteomic analysis was performed to elucidate the potential mechanism of PS against MRSE.

Materials and Methods
Determination of Minimal Inhibitory Concentration with Patrinia scabiosaefolia and

Methicillin Against Methicillin-Resistant Staphylococcus epidermidis

Methicillin-resistant Staphylococcus epidermidis (MRSE) was previously induced and preserved in our lab. Minimal
inhibitory concentration (MIC) assay of Patrinia scabiosaefolia (PS) and methicillin were done as previously
reported.'” Briefly, MRSE was grown overnight at 37 °C.The overnight cultures were diluted in sterile physiological
saline, which correspond to 1x10® colony-forming units/mL. After that, the above cultures were diluted again with TSB
till a culture concentration of 1x10° colony-forming units/mL was obtained. Finally, 100 mL of samples were added to
a 96-well plate containing serial dilutions of PS (0.039—80mg/mL) or methicillin (0.0625-128ug/mL) in culture
medium. Control bacterial culture and medium were cultivated in the absence of PS or methicillin. The MIC was
defined as the lowest concentration of PS and methicillin to visually inhibit growth. The above assays were repeated 3
times.

TMT-Based Quantitative Proteomics Analyses

TMT-based quantitative proteomics analyses were implemented as Cao described.'® Total proteins from MRSE treated
with 1/2 MIC PS (2.5 mg/mL) and untreated were extracted by the method of trichloroacetic acid (TCA)-acetone
precipitation. The extracted protein were quantified by Bradford assays, using BSA as a standard. Then the protein
reduction, alkylation, digestion, TMT labeling and sample cleanup were continued. Protein samples (100 pg) were
solved in 100 mM TEAB to total volume 100 pL and were then treated with 10 mM tris (2-carboxyethyl) phosphine
(TCEP) for 1 h at 55 °C. Afterward, they were alkylated at room temperature in the dark with 17 mM iodoacetate for
30 min. Finally, the alkylated samples were mixed with about six-time volume of ice-cold acetone and put under —20
°C overnight. The alkylated proteins were digested by Trypsin. After centrifugation at 10,000 xg for 20 min, the
supernatants were collected and freeze-dried and subsequently labeled with the tandem mass tag (TMT). The labeled
samples were mixed at equal amounts and were then desalted with C18 spin tips and freeze-dried. All prepared
samples were stored at —80 °C until LC-MS/ MS analysis. Furthermore Liquid chromatography—mass spectrometry
(LC-MS/MS) analyses were carried out. The parameters for Ion Trap analyzer were normal mass range, rapid scan
rate, and centroid data type. Finally, protein identification, quantification, classification and interaction prediction were
analyzed. SEQUEST HT search engine configured with Proteome Discoverer 1.4 workflow (Thermo Fisher Scientific,
Bremen, Germany) was used for mass spectrometer data analyses. The latest B. napus protein databases (downloaded
from http://www.uniprot.org/ and http://www.genoscope.cns/) were configured with SEQUEST HT for searching the

datasets. For quantitative analysis, a protein must have at minimum one unique peptide match with TMT ratios. A >1.2
or <1/1.2 -fold cutoff value was used to identify up-regulated and down-regulated proteins with a p value of <0.05.
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Bioinformatics Analysis
Based on Gene Ontology (GO) terms, differentially expressed proteins (DEPs) were analyzed by using the online
OmicsBean bioinformatics resource (http://www.omicsbean.com), which is a multi-omics data analysis tool that can be

applied to dynamic results.'” The cellular component, biological process and molecular function for upregulated and
downregulated proteins were enriched according to GO annotation. In addition, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway of altered proteins was categorized utilizing the same resource. In view of differential
expression degree, downregulated or upregulated proteins were further divided into two groups, including Q1 (<0.769),
Q2 (0.769-0.833) or Q3 (1.2-1.3>), Q4 (>1.3). The DEPs from main GO and kegg cluster were received by the above
cluster analysis, and protein-protein interaction was further analyzed by string (http://www.string-db.org). Finally, the

main proteins related to the mechanism of PS against MRSE were inferred.

The Quantitative RT-PCR (qRT-PCR)

In order to verify the above inference, the selected differential proteins were validated at the mRNA level by qPCR
analysis. Four proteins were chosen from the altered proteins (Table 1). Meanwhile, 16sRNA was used as an internal
control and the primers used for the target genes are listed in Table 2. Total RNA was extracted using Total RNA
extraction (Omega, Beijing, China) and cDNA synthesis (Takara, Dalian, China) of MRSE with and without PS were
done according to the manufacturer’s instructions. qRT-PCR was carried out using SYBR Premix Ex Taq on StepOne
Real-Time PCR System. The reaction conditions were 94°C for 10 min followed by 40 cycles of amplification at 94°C
for 15s and 60°C for 60s.'® The assays were repeated 3 times.

Each containing three replicates for all genes and the relative fold changes were calculated using the 2—AACt method
as described. Significance of the differences between mean values was determined with Student’s z-test.

Table | Proteins Chosen for Investigation of DEPs in MRSE Under PS Stress

Protein ID Portein Name Gene Name | Average Main Function
iTRAQ Ratio
u6C447 Arginine deiminase arcA 0.633 Arginine deiminase cataly arginine to citrulline.
AOA7I0ALSI Phenylalanine-tRNA PheT 0.752 Phenylalanine—tRNA ligase beta subunit plays crucial roles in
ligase beta subunit protein biosynthesis by catalyzing the synthesis of aminoacyl-
tRNAs.
D4FNT3 Protein DItD ditD 0.58 Protein DItD is necessary for incorporation of d-Ala into lipoteichoic
acid, which is one of anionic polymers to compose cell wall.
AOA3GIRLZ5 | Accumulation- SasG 0.682 Accumulation-associated protein, as a family of surface proteins,
associated protein were responsible for the initial attachment with host cells and that

attachment regarding as important step in biofilm formation.

Table 2 Primers for RT-PCR

Gene Name Primer Sequences Size (bp) Annealing Temp (°C)

arcA F:5-TGTAAAATAAAGGTTGGGC-3 121bp 60
R:5-AAATAAAATCATGGCTGGC-3

PheT F:5-GAGAAGGACCAATAGT-3 | 12bp 60
R:5-AATGAAAGTCAAGAAT-3

ditD F:5-CATTGGGATGTTTTGC-3 296bp 60
R:5-GTTCCTTATTGGTGCG-3

SasG F:5-TAAGGACATAAACGGA-3 108bp 60
R:5-TCTAAAAACGAGGAAT-3
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Statistical Analysis
Values were expressed as means + SDs. The statistical differences among the different groups were compared by 1-way
ANOVA, significant means were separated using Tukey’s Honest significant difference and p < 0.05.

Results
Minimal Inhibitory Concentration of Patrinia scabiosaefolia and Methicillin Against

Methicillin-Resistant Staphylococcus epidermidis
The methicillin MIC against MRSE was 32 pg/mL. According to CLSI, the MIC of methicillin indicated resistance.
Meanwhile, the PS MIC of against MRSE was 5 mg/mL. Recently, there was no standard to determine the TMC
antibacterial activity. According to the literature about TMC antibacterial activities, PS showed anti-MRSE activity.'*"’
A Global View of Quantitative Proteomics Analyses Employing TMT-Labeling Based Approach
To gain a global view of PS against MRSE, proteomes of MRSE inoculated with and without PS were comparatively
identified using TMT-label based quantitative proteomics approach. A total of 11,891 unique peptides and 1855 proteins
were identified and annotated in all samples (Supplementary Table S1). Based on a fold change of >1.2 or < 1/1.2 (with

p value set at <0.05), 248 proteins were considered as differentially expressed proteins (DEPs) (Supplementary Table

S2). 128 DEPs were up-regulated and 120 DEPs were down-regulated (Figure 1). According to fold change, down-
regulated DEPs were further divided into Q1 (<0.769) and Q2 (0.769-0.833). Similarly, up-regulated DEPs were further
divided into Q3 (1.2-1.3) and Q4 (>1.3) (Figure 1).

Go Annotation and KEGG Pathway Analyzed the DEPS of PS Against MRSE

Bioinformatics were used to analyze the functional clusters of DEPs of PS against MRSE. According to the Go ontology
enrichment, DEPs covered a wide range of cellular components, molecular functions, and biological processes. In cellular
components analysis, most of the DEPS were clustered at up-regulated (Q3), which belonged to ribosome (Figure 2A). In
molecular functions analysis, most of DEPs were gathered at up-regulated (Q3 and Q4), which were related to carbon—sulfur
lyase activity, cystathionine gamma-—synthase activity and cystathionine gamma—lyase activity (Figure 2B). In biological
processes analysis, the DEPS were averagely classified into up-regulated and down-regulated. Among these, the up-regulated
DEPs were mainly clustered cellular catabolic process, peptide biosynthetic process and peptide metabolic process
(Figure 2C).The down-regulated DEPs were mainly clustered at Q1, which were appropriate to cellular amino acid metabolic
process and carboxylic acid metabolic process (Figure 2C). In addition, KEGG pathway analysis was applied to better
understand the PS against MRSE. It can provide a comprehensive, systematic and direct understanding of cell biology and
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Figure | Significantly differential proteins of MRSE in 2.5mg/mL PS stress using TMT-based quantitative proteomics. (A) The horizontal axis is the relative quantitative
protein value after Log2 logarithm conversion, and the vertical axis is the difference significance test p-value value after -Log|0 logarithm conversion. The red dots indicate
up-regulated proteins, and blue dots indicate down-regulated proteins. (B) The number of DEPs. Q| (<0.769) and Q2 (0.769-0.833) represent down-regulated proteins, and
Q3 (1.2-1.3) and Q4 (>1.3) represent up-regulated proteins.
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drug mechanisms of action. Generally, 21 pathways were identified as statistically significant (p < 0.05).Among these, up-
regulated DEPs were mainly clustered at map03010 Ribosome, map00270 Cysteine and methionine metabolism and
map00920 Sulfur metabolism. The down-regulated DEPs were mainly clustered at map00220 Arginine biosynthesis and
map05150 Staphylococcus aureus infection (Figure 2D).

Interaction Network Analysis of EPs in MRSE Revealed Novel Defense Mechanisms
Based on the above Go annotation and KEGG pathway analysis, the up-regulated were major in ribosome, carbon—sulfur
lyase activity, cystathionine gamma—synthase/lyase activity, cellular catabolic process, peptide biosynthetic/metabolic
process, cysteine and methionine metabolism, sulfur metabolism. And then, the clustered DEPs were analyzed online by
the STRING database. As shown in Figure 3A, DEPs were mainly from the two clusters including ribosome and sulfur
metabolism. Similarly, the down-regulated were major in cellular amino acid metabolic process, carboxylic acid
metabolic process, arginine biosynthesis and Staphylococcus aureus infection. Afterwards, DEPs apart from
Staphylococcus aureus infection were analyze online by the STRING database.As shown in Figure 3B, DEPs were
mainly from the two clusters, which separately constituted a related network in response to PS stress. One cluster was
involved in arginine biosynthesis. Another cluster was related to protein synthesis.
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Figure 2 Go annotation and KEGG pathway of DEPs: gene ontology terms for subcellular location distribution. (A) cellular component (B) biological process (C) molecular
function (D) main KEGG pathway.

Investigation of PS on Genes Expression Involved in Arginine Biosynthesis, Cell Wall

Synthesis and Staphylococcus aureus Infection

To identify the veracity of proteomics data, four genes in accordance with DEPs involved in the arginine biosynthesis,
cell wall synthesis and Staphylococcus aureus infection were assessed by qRT-PCR. Similar to the proteomics data, we
observed an decrease in arginine deiminase (arcA), phenylalanine—tRNA ligase beta and subunit (pheT), Protein DItD
(dlt) and accumulation-associated protein (SasG) (Figure 4).

Discussion
S. epidermidis has ever been regarded for a long time as relatively innocuous, whereas it has now generally been
accepted as a pathogen.'® And, it has become the most important cause of nosocomial infections. Nosocomial isolates of
S. epidermidis are often resistant to the majority of the antimicrobials available.'” More seriously, most studies report
a prevalence of methicillin resistance of around 75% occur in this species, which is often accompanied by resistance to
many other antimicrobial agents belonging to different families.'® Our previous study showed PS had stronger
antibacterial activity. In order to better apply PS, the mechanism of PS against MRSE should be explored. TCM,
which involves the use of various herbal ingredients with multiple targets, is considered an effective alternative.'’
However, it is extremely difficult to clearly identify the detailed mechanism of TCM formulas using conventional
research methods. Proteomics as a powerful and systematic approach for large-scale protein analysis, is useful in
revealing the potential targets or biomarkers of pharmaceutical products and analyzing major components of physiolo-
gical pathways.”’ And in our previous study, proteomics were already experienced in analyzing antibacterial and
resistance mechanism of coagulase-negative Staphylococcus.'® So, this method was suitable to explore the mechanisms
of TMC.»’

In this study, TMT-label based quantitative proteomics approach was applied to explain the mechanism of PS against
MRSE. Consequently, 128 up-regulated DEPs were identified, and mainly part of ribosome and sulfur metabolism.
Ribosome was the site of protein synthesis,'” and protein were necessary for life. We inferred that the reason for the
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increasing translation expression can be due to the fact that the ribosome attacks the function of PS and the major role
that ribosome plays in living cells.'” The expression of target subunits for survival can be seen as a strategy of MRSE
against PS. Therefore, we inferred that the increasing expression ribosome can be seen as a survival strategy of MRSE
against PS. In addition, sulfur is a vital element for all living organisms since it is required for the synthesis of proteins
and essential cofactors.?' Our proteomics analysis showed that DEPs related to sulfur metabolism including cysteine
synthase, sulfite reductase and adenylyl-sulfate kinase were up-regulated. It may be as a defensive mechanism which
MRSE deploy to protect itself against the activity of PS.

In addition, 120 down-regulated DEPs were identified, and mainly belonged to arginine catabolic pathway, protein
synthesis and Staphylococcus aureus infection pathway, and notably some novel potential antibacterial mechanisms of
PS against MRSE were revealed. In arginine catabolic pathway, arginine deiminase (arcA), ornithine carbamoyl
transferase (arcB) and carbamate kinase (arcC) were classified into arginine deiminase pathway (ADI). The ADI was
one of the main arginine catabolic pathways in Gram-positive bacteria. Arginine conversion to citrulline is catalyzed by
arginine deiminase, ornithine transcarbamylase phosphorolyzes citrulline to ornithine and carbamoyl phosphate, and
carbamate kinase further catalyzes phosphotransfer and generates ATP, CO2, and NH 3.>> The ADI pathway can protects
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Figure 4 The mRNA levels of four genes were respectively analyzed by qPCR method in MRSE with and without PS.

bacterial cells from stress conditions. In Staphylococcus aureus, the activation of the ADI pathway conveyed resistance
to vancomycin.”® In addition, studies have also indicated an arcA knockout mutant Streptococcus suis weaken the
survival under acidic conditions.>* Thus, the ADI pathway may play a significant role in the survival of bacteria under
diverse stress conditions. In our study, arginine deiminase (arcA), ornithine carbamoyltransferase (arcB) and carbamate
kinase (arcC) of MRSE were down-regulated in protein and RT-PCR under PS stress. So, We can deduce that the
mechanism of PS against MRSE was related to ADI.

Next, down-regulated proteins of serine—tRNA ligase (serS), phenylalanine—tRNA ligase beta and subunit (pheT)
were sorted into protein synthesis. Aminoacyl-tRNA synthetases have long been known to participate in protein
synthesis®> The aminoacyl-tRNA synthetase enzymes play crucial roles in protein synthesis by catalyzing the synthesis
of aminoacyl-tRNAs.%® Once these enzymes are inhibited, protein biosynthesis is halted, which in turn results in the
attenuation of bacterial growth under both in vitro and infectious conditions.>” Consequently, these enzymes have been
a focus of recent research for antibacterial drug. In clinical, mupirocin is currently the world’s most widely used topical
antibiotic to control MRSA as a kind of inhibitor which selectively inactivates bacterial isoleucyl-tRNA synthetase.”® In
our study, serine—tRNA ligase (serS), phenylalaninetRNA ligase beta and subunit (pheT) were down-regulated at
protein, which illustrated PS against MRSE by inhibiting protein synthesis.

At last, down-regulated proteins about Staphylococcus aureus infection pathway were analyzed, which were consist of
Protein DItD (dlf), d-alanyl carrier protein (dlf), accumulation-associated protein (SasG), serine-aspartate repeat-containing
protein C (SdrC) and hemin transport system permease protein HrtB (/7aG). Among these proteins, DItD (d/f) and D-alanyl
carrier protein (dlf) were part of proteins related to cell wall synthesis. The cell wall of most Gram-positive bacteria is
composed of the lipoteichoic acid (LTA) and wall teichoic acid (WTA).*>*° And the dlt operon is responsible for the
d-alanylation of lipoteichoic and wall teichoic acid which comprises five ORFs encoding the proteins named DItA—E.*'
Our data showed that DItC and DItD were down-regulated, demonstrating that PS can inhibit MRSE cell wall synthesis.

In addition, serine-aspartate repeat-containing protein C (sdrC) and accumulation-associated protein (SasG) were
related to biofilm formation. Biofilms are a community of microorganisms that attaches to biological and non-biological
surfaces, which lead to 10—1000 times more resistant to antimicrobial agents than planktonic and recurrent infections or
chronic inflammation.>* Among these, accumulation-associated protein, as a family of surface proteins, were responsible
for the initial attachment with host cells and that attachment regarding as important step in biofilm formation.*> Thus, PS
can control of MRSE infections by controlling attachment.

Moreover, hemin transport system permease protein HrtB was also involved in Staphylococcus aureus infection
pathway. The hemin transport system in our study was belong to ABC transporter. In Staphylococcus aureus, the main
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iron intake is from heme-containing protein in host, and the heme from host was transported from periplasm to cytoplasm
by ABC transporters.*® Iron is the essential nutrient for the growth and survival of most bacterial pathogens.>® Therefore,
we induced one of mechanism of PS against MRSE by blocking the uptake of iron.

Conclusion

In summary, ADI pathway, protein synthesis, cell wall synthesis, biofilm formation and uptake of iron were related to
mechanism of PS against MRSE. Our data provided a further insight into the mechanism of PS against MRSE, and may
be valuable in offering new targets to develop more anti-MRSE drugs.
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