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Abstract

The present study was aimed to investigate the effect of docosanol on the protein expression profile of methicillin-resistant
Staphylococcus aureus (MRSA). Thus, two-dimensional gel electrophoresis coupled with MALDI-TOF MS technique was
utilized to identify the differentially regulated proteins in the presence of docosanol. A total of 947 protein spots were identi-
fied from the intracellular proteome of both control and docosanol treated samples among which 40 spots were differentially
regulated with a fold change greater than 1.0. Prominently, the thiol-dependent antioxidant system and stress response proteins
are downregulated in MRSA, which are critical for survival during oxidative stress. In particular, docosanol downregulated
the expression of Tpx, AhpC, BshC, BrxA, and Ycel with a fold change of 1.4 (p=0.02), 1.4 (p=0.01), 1.6 (p=0.002),
4.9 (p=0.02), and 1.4 (p=0.02), respectively. In addition, docosanol reduced the expression of proteins involved in purine
metabolic pathways, biofilm growth cycle, and virulence factor production. Altogether, these findings suggest that docosanol
could efficiently target the antioxidant pathway by reducing the expression of bacillithiol and stress-associated proteins.

Keywords Methicillin-resistant Staphylococcus aureus - Docosanol - Two-dimensional electrophoresis - Proteome -

Antioxidants - Oxidative stress

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA), Gram-
positive bacteria from the phylum Firmicutes, is a superbug,
resistant to commonly deployed first-line B-lactam antibi-
otics [1]. Successful treatment is hampered due to bacte-
rial biofilms and constant adaptation to new antibiotics.
Biofilm-associated drug resistance plays a major role in the
pathogenesis of acute and chronic infections in clinical set-
tings. Medical devices such as oral implants, endotracheal
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tubes, prosthetic joints, contact lenses, urinary catheters,
heart valves, and pacemakers are susceptible to bacterial
colonization [2—-6]. Staphylococcus aureus utilizes numerous
strategies to defend itself from hostile environments such as
disinfectants, antibiotics, oxidative stress, and host defence
mechanism. One effective host-encoded strategy to kill S.
aureus is the production of high levels of oxidants; however,
S. aureus overwhelms the oxidative-killing mechanisms
mounted by immune cells [7].

During aerobic cellular respiration, oxygen reacts with
glucose for energy production and subsequently results in
primary byproducts such as carbon dioxide and water. But
when aerobic respiration is incomplete, it generates reactive
oxygen species (ROS) such as superoxide (O,"), hydrogen
peroxide (H,0,), and hypochlorous acid (HOCI) as normal
cellular metabolites. ROS is also produced by myeloperoxi-
dase that is released from the activated macrophages and
neutrophils during bacterial infection [8, 9]. However, patho-
genic bacteria are equipped with loads of immune-modula-
tory proteins to evade the host’s innate defence. The ROS
generated either from endogenous or exogenous sources
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have the ability to oxidize biological macromolecules such
as lipids, proteins, carbohydrates, fatty acids, and nucleo-
tides, thereby resulting in ROS-induced cellular damage. In
order to overcome the challenges induced by electrophilic
ROS, the antioxidant system comes into play to protect the
cell from damaging effects [10]. In particular, low molecu-
lar weight thiol systems such as glutathione (GSH) utiliz-
ing glutaredoxin (Grx) and thioredoxin (Trx) systems are
the central players in bacterial protection. Despite this, Grx
and Trx act as a backup system for each other. Studies with
strains defective in either Grx or Trx system showed no
significant effect on growth phenotype. However, mutant
strain (lacking both Grx and Trx) was found to be lethal.
Recently, analogs to GSH termed bacillithiol (Brx) and
mycothiol were found in low G+C Firmicutes and high G4+C
Actinobacteria, respectively [11]. But the specific function
of these low molecular thiols and their importance in bacte-
rial systems, especially in human pathogens remains to be
fully elucidated. The development of inhibitors against the
antioxidant system of MRSA is very promising and could
lead to new anti-MRSA drugs [12]. The antivirulence effect
of docosanol such as the survival rate of MRSA in healthy
human blood and the antioxidant property has been reported
earlier [13]. However, the mechanism by which docosanol
targets MRSA is not known. Thus, the present study was
conducted to probe how docosanol treatment affects MRSA
and the critical key players involved in the suppression of
virulence factors.

Materials and Methods
Bacterial Strains and Growth Conditions

All the chemicals used in this study were purchased from
Sigma Aldrich, USA, and GE Healthcare, USA unless oth-
erwise noted. S. aureus ATCC 33591 used in this study was
purchased from HiMedia Laboratories Pvt. Ltd. India. The
strain was grown in tryptic soy broth (TSB) supplemented
with 1% (w/v) sucrose [14] and incubated at 37 °C for 24 h
with constant rotation at 160 rpm. MRSA was treated with
500 pg/mL of docosanol (Sigma Aldrich, USA) [13]. In the
case of control, MRSA was treated with methanol.

Intracellular Protein Preparation

Control and treated cells (200 mL) were collected by centrif-
ugation at 7000xg, at 4 °C for 20 min. For intracellular pro-
tein extraction, the cell pellet was washed twice with distilled
water and resuspended in sample buffer (7 M urea, 2 M thio-
urea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate (CHAPS), 40 mM Dithiothreitol (DTT)). The
samples were sonicated in Vibra cell Ultrasonic Processor
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VCX-750, USA with an amplitude of 25%, 1000 J energy,
and a pulse of 10 s on and 10 s off. The whole process was
carried out on the ice. In Gram-positive bacteria, the intra-
cellular protease complex contributes to cell survival in a
stress environment [15] and moreover, they cleave the pep-
tide bond in active proteins. In order to prevent the activ-
ity of proteases, the cell lysates were sonicated in the pres-
ence of a bacterial protease cocktail (P8465, Sigma-Aldrich
USA), 5 mM Phenyl ethyl sulphonyl fluoride (PMSF), and
1 mM Ethylene diamine tetraacetic acid (EDTA). Cell debris
was removed by centrifugation at 11,000xg for 30 min at
4 °C and the supernatants containing intracellular proteins
were subjected to phenol extraction. An equal volume of
tris-saturated phenol was added to the protein sample and
incubated at 70 °C for 10 min followed by incubation at
4 °C for 15 min. The proteins in the organic phase were col-
lected by centrifugation at 10,000xg for 15 min at 4 °C and
precipitated with 3 volumes of ice-cold acetone. The tubes
were incubated at —20 °C for 10 min and the precipitated
proteins were recovered through centrifugation. Samples
were air-dried and dissolved in sample buffer [16]. The pro-
tein concentration was quantified through Bradford’s method
using BSA as the standard [17].

Two-Dimensional gel Electrophoresis (2DGE)

A protein concentration of 500 pg was mixed with rehydra-
tion buffer containing 7 M urea, 2 M thiourea, 2% CHAPS,
0.28% DTT, 0.002% Bromophenol blue, 0.5% IPG buffer
(pH 4-7; GE Healthcare, USA) and 1.2% destreak reagent.
For separation of proteins in first-dimension, samples were
applied to the slots of Immobiline DryStrip Reswelling Tray
and overlaid with the Immobiline DryStrips gel (IPG strips)
(pH 4-7 non-linear, 18 cm) (GE Healthcare, USA, Cat. No.
17123301). Passive in-gel rehydration was performed at
20 °C for 18 h. The IPG strip was transferred to the IPG
strip holder and covered with PlusOne DryStrip Cover Fluid
(Amersham Biosciences, UK, Cat. No. 17-1335-01) to pre-
vent drying. Isoelectric focusing (IEF) was performed in
Ettan IPGphor 3 isoelectric focusing unit (GE Healthcare,
USA) according to the manufacturer's instructions. After
IEF, the IPG strips were subjected to equilibration with equi-
libration buffer I containing 6 M urea, 30% glycerol (w/v),
2% SDS (w/v), and 1% DTT (w/v) in 50 mM Tris—HCI
buffer (pH 8.8) for 15 min and a second equilibration with
equilibration buffer II containing 6 M urea, 30% glycerol
(W/v), 2% SDS (w/v), and 2.5% iodoacetamide (IAA) (w/v)
in 50 mM Tris—HCI buffer (pH 8.8) for 15 min.

For second-dimension separation of proteins, the IPG
strips were placed on 22 cmx22 cm X 1 mm 12.5% SDS-
PAGE gel and overlaid with 0.5% agarose. Electrophoresis
was performed in Ettan DALT six apparatus (GE Health-
care, USA) with an initial constant voltage of 10 mA/gel
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for 1 h followed by 25 mA/gel until the tracking dye reaches
the bottom of the gel. After electrophoresis, gels were incu-
bated overnight in fixative solution (40% methanol (v/v),
10% glacial acetic acid (v/v), and 50% distilled H,0O) fol-
lowed by washing thrice with distilled water (each 20 min).
The gels were then stained using Coomassie Brilliant Blue
G-250 staining solution [10% orthophosphoric acid (v/v),
10% ammonium sulphate (w/v), 20% methanol (v/v) and
0.12% Coomassie Brilliant Blue (CBB, w/v)] for 12 h in gel
rocker [16, 18].

Image Analysis, In-Gel Digestion, and Peptide
Extraction

The gels were destained with distilled water prior to scan-
ning in Image Scanner III (GE Healthcare, USA) to remove
the excess dye from the gel-matrix background. Images
were documented and analysed using LabScan 6.0 software
and Image Master 2D Platinum 7 (GE Healthcare, USA),
respectively. The differentially expressed protein spots with
fold change > 1.0 were excised from the gel and completely
destained with 50% acetonitrile containing 25 mM ammo-
nium bicarbonate (NH,HCO;). The gel pieces were then
dehydrated using 100% acetonitrile for 10 min, vacuum
dried, and digested with 400 ng of trypsin (prepared in
10 mM NH,HCO;, 10% acetonitrile; Sigma-Aldrich, USA)
at 4 °C for 45 min. Samples were then overlaid with 50 pL
overlay solution (40 mM NH,HCO;, 10% acetonitrile) and
incubated at 37 °C for 16 h. Peptides were extracted using
50 pL extraction buffer containing 60% acetonitrile/0.1%
Trifluoroacetic acid (TFA) by sonication, followed by sub-
sequent extractions with 70% acetonitrile/0.1% TFA, 80%
acetonitrile/0.1% TFA, and 100% acetonitrile. The fractions
collected were pooled, vacuum dried, and resuspended in 5
pL resuspension buffer (0.1% TFA in 5% acetonitrile) [16].

MALDI-TOF/TOF/MS Analysis

The MALDI-TOF/TOF (AXIMA Performance, SHI-
MADZU, Japan) was calibrated with TOF- Mix™ (LaserBio
Labs, France) in positive reflector mode. The TOF- Mix™
consists of seven different peptides such as Bradykinin
1-7 (757.3992), Angiotensin II (1046. 5418), Angioten-
sin I (1296. 6848), Glul-Fibrinopeptide B (1570.6768),
N-acetyl renin substrate (1800.943), Adrenocorticotropic
Hormone (ACTH) fragment (1-17) (2093.0862), ACTH
fragment (18-39) (2465.1983) and ACTH fragment (7-38)
(3657.8576). Then, the peptides were sandwiched in 0.5
pL of a -cyano-4-hydroxy cinnamic acid matrix (Sigma-
Aldrich, USA, 10 mg/mL) on the sample plate. The spec-
tra of peptides were acquired in the form of monoisotopic
pattern and evaluated by Shimadzu launchpad-MALDI MS

software [19] and the peak harvesting was performed using
the same software.

Bioinformatic Analysis and Functional Insights
into Uncharacterized Proteins of MRSA

MS-FIT

The peptide mass fingerprinting (PMF) for the correspond-
ing protein was evaluated using the MS-FIT proteomic tool
(http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?
form=msfitstandard). The query sequences were analysed in
MS-FIT by setting a minimum number of matched peptide
masses as 4 [20]. The maximum mass tolerance was 50 ppm
after an internal calibration using Mix™ (LaserBio Labs,
France) and two missed cleavages for tryptic peptides were
allowed. The modifications accepted were carbamidome-
thyl cysteines as constant with oxidation of methionine and
acrylamide modified cysteines as the variable.

STRING and Gene Ontology (GO) Analysis

Differentially regulated proteins were analysed through the
STRING database (https://string-db.org/cgi/input.pl?sessi
onld=QjOYe9SUgXhy&input_page_active_form=multi
ple_identifiers) for protein—protein interaction network [21].
In STRING analysis, the functional and physical protein
associations were indicated in a full-network string with a
confidence score of 0.700 (high). The active interactions
sources comprise the experiments, databases, co-expression,
neighborhood, gene fusion, and co-occurrence. The maxi-
mum number of interactors were no more than 10 in both
the first and second shell. MCL clustering is used and the
network is clustered to an inflation parameter of 3. Gene
ontology (GO) analysis was performed to identify the key
genes involved in biological processes, molecular function,
and cellular components. Functional characterization of
uncharacterized proteins that are differentially regulated in
docosanol treatment in MRSA, was carried out according to
the protocol described by Lakshmi et al. [22].

Statistical Analysis

All the experiments were performed in biological replicates
with experimental triplicates for the proteomic analysis in
both MRSA control and treated samples (n=3). The differ-
entially regulated protein spots were analysed by Image mas-
ter 2D-platinum software. The differentially regulated spots
were selected based on the statistical analysis by one-way
ANOVA with p <0.05. For MALDI-TOF/TOF, the extracted
proteins were processed in experimental replicates (n=>5)
and the peptide mass fingerprinting (PMF) for each corre-
sponding protein sample was evaluated.
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Results and Discussion

Intracellular Proteome Analysis of MRSA Treated
with Docosanol

Proteins were resolved in 2DGE using a narrow range immo-
bilized pH gradient (IPG) strip (pI 4-7) and the gels were
scanned and documented using Image master 2D platinum
software for identification of differentially expressed pro-
teins. Zhang et al. [23] reported that IPG strip with a nar-
row pH range (4-7) resulted in better resolution, separation
of combined protein spots, and detection of low abundance
proteins. Similarly, S. aureus proteins separated on the pl
range of 4-7 displayed well separation and distribution of
protein spot throughout the region of pl 4-7 and allowed
for safe, accurate excision and image identification [24, 25].
Besides, S. aureus proteins associated with virulence factor
production, antimicrobial resistance, and oxidation—reduc-
tion process are spotted in the pl region of 4—7 [24]. There-
fore, the IPG strip with a pl range of 4-7 was used in this
current study for better resolution. A total of 947 spots
were identified in the intracellular proteome of both control
and docosanol-treated samples. From these, differentially
expressed spots with fold change > 1.0 were picked: based
on the statistical analysis from one-way ANOVA, consider-
ing all the triplicate gels with p value <0.05. Among 40
distinguished spots from intracellular proteins, two spots
were found to be upregulated and 38 spots were found to be
downregulated (Fig. 1). The list of differentially regulated
proteins following exposure to docosanol in MRSA is given
in Table 1. Functional protein—protein interaction network
predicted through STRING database is given in Fig. 2. The

Control |

Fig. 1 Two-dimensional gel electrophoresis showing intracellular
proteome from control and docosanol treated samples of MRSA.
Proteins were analysed in the pH range of 4 to 7 (non-linear; 18 cm
strip). Proteins were separated according to isoelectric point in the
first-dimension and then by size in the second-dimension. Protein

@ Springer

interacting partners of RpsB are RplK, RpsF, RpsG, RpsL,
RpsR, RpmB, RplL and hpf. Functional partners of PurQ
are PurK, PurM, PurN, and PurL; and AhpC is Tpx. The
edge intensity in Fig. 2 represents the high confidence score
of the predicted functional associations. Through MCL
clustering, proteins involved in major biological functions
were clustered into cell adhesion (SspB, FnbA), detoxi-
fication and anti-oxidation (AhpC, Tpx), ribosome and
translation regulator activity (AtpC, RimM, RpsB), purine
biosynthesis (Apt, PurQ), TCA cycle (AzoR, SucC), and
isoprenoid metabolism (Cmk and Fni). Among these cell
adhesion, detoxification and anti-oxidation, purine biosyn-
thesis, and TCA cycle are linked to biofilm development
[26-29]. Differentially regulated proteins were grouped into
three GO categories, biological process; molecular function;
and cellular component (Fig. 3). In the biological process,
the majority of the differentially regulated proteins were
involved in metabolic (including catabolic, cellular, cellular
nitrogen, organic substance, nitrogen compound, organoni-
trogen compound, phosphate-containing compound) and
biosynthetic processes (organonitrogen compound, organic
substance, cellular, aromatic compound, organophosphate,
organic, and heterocycle compound). In molecular func-
tion, the majority of the differentially regulated proteins
were involved in binding, organic or heterocyclic compound
binding, and catalytic activity. At the cellular level, the dif-
ferentially regulated proteins were primarily associated with
intracellular and cytoplasm. Protein list in all three catego-
ries includes AhpC, Apt, ArgS, ArsC, AtpC, AtpD, AzoR,
CrtN, Fni, FolE2, GpmA, MraZ, NadD, PgcA, PtpA, PtpB,
PurL, PurQ, RecR, RimM, RpIB, RpsB, RpsE, RpsG, RpsH,
RpsK, RpsS, RsbW, SrrA, SspB, SucC, UreB, And UreC.

| Treated I

100

P

spots (n=947) identified from the intracellular proteome of both con-
trol and docosanol treated samples. Differentially expressed protein
spots with fold change > 1.0 are marked in green (upregulated; n=2)
and red (downregulated; n=38) circles
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Table 1 List of differentially regulated proteins in MRSA upon treatment with docosanol

S.no. MW (Da)/pl Protein name UniProt ID  Gene name Fold change ~ANOVA¥*
Downregulated proteins

Proteins involved in antioxidant process
1 62,957/5.8  Putative cysteine ligase BshC Q6GHQS bshC 1.67423 0.002095
2 20,977/4.9  Alkyl hydroperoxide reductase C Q6GJR7 ahpC 1.43582 0.018934
3 18,005/4.6  Thiol peroxidase Q8NWS51 tpx 1.40798 0.028300
4 16,207/4.6  UPF0403 protein SAR1592 Q6GGI4 SAR1592 4.98156 0.018337
5 18,627/4.7  UPFO0312 protein MW2606 Q8NUH6 MW2606 1.45493 0.00837

Stress associated proteins
6 15,165/5.2  Urease subunit beta Q8NV9I0 ureB 1.69159 0.007651
7 18,475/5.6  Putative universal stress protein MW 1653 Q7A0NO MW1653 1.33193 0.020852

Proteins associated with purine metabolism
8 19,117/4.8  Adenine phosphoribosyltransferase P68781 apt 2.40972 482870
9 21,403/4.9  dITP/XTP pyrophosphatase P58995 MW1034 2.65243 1.71E7%
10 24,513/5.0  Phosphoribosylformylglycinamidine synthase subunit PurQ Q6GI16 purQ 2.15662 0.014347

Biofilm and virulence associated proteins
11 17,482/4.6  Low molecular weight protein-tyrosine-phosphatase PtpA Q6GFH6 PIpA 1.1288 0.043825
12 15,788/5.0  Low molecular weight protein-tyrosine-phosphatase PtpB Q7A0B9 ptpB 2.57108 0.004072
13 42,057/4.9  Succinate—CoA ligase [ADP-forming] subunit beta P66872 sucC 1.20415 4.50E~%*
14 113,619/4.6  Fibronectin-binding protein A ATX6I5 JfnbA 1.4588 0.033728
15 26,680/5.2  2,3-bisphosphoglycerate-dependent phosphoglycerate mutase ~ P65709 gpmA 2.22576 0.003304
16 7019/5.2  UPF0337 protein MW0793 Q7A1E3 MWO0793 1.24105 0.001998
17 18,186/9.7  Protein SprT-like P67728 MW1986 1.24428 0.038033

Other critical proteins
18 24,595/5.1  Cytidylate kinase P63807 cmk 1.6239 0.015647
19 22,490/5.4  HTH-type transcriptional regulator SAR2658 Q6GDM3  SAR2658 1.10477 0.045022
20 17,920/4.8  Serine-protein kinase RsbW Q8NVI5 rsbW 1.26239 0.015755
21 17,238/4.8  Transcriptional regulator MraZ Q6GHQ7 mraZ 2.07428 0.004743
22 14,844/5.6  ATP synthase epsilon chain Q6GEX3 atpC 1.91606 0.002441
23 29,095/5.4  30S ribosomal protein S2 Q6GHH9 rpsB 3.97255 0.022209
24 19,145/4.8  Ribosome maturation factor RimM Q6GHI6 rimM 1.20018 0.047695
25 19,073/4.9  Ribosome maturation factor RimM P66657 rimM 1.30272 0.05898
26 44,591/5.7  Staphopain B Q6GI35 sspB 1.60676 0.018606
27 38,769/5.1  Isopentenyl-diphosphate delta-isomerase Q8NVS55 Sfni 1.35708 0.044001
28 37,027/5.4  tRNA uridine (34) hydroxylase Q8NUH3 trhO 1.40007 0.002195
29 33,482/5.1  GTP cyclohydrolase FolE2 Q8NXX2  folE2 1.98712 9.61E~*
30 33,293/5.3  Arginase Q8NVE3 arg 1.63518 0.02596
31 44,996/5.6  UDP-N-acetylglucosamine 1-carboxyvinyltransferase 1 Q6GEX5 murAl 1.91077 0.006293
32 22,119/5.8  Putative acetyltransferase MW2476 Q8NURI1 MW2476 1.69156 0.004024
33 17,002/4.9  Uncharacterized N-acetyltransferase MW 1059 Q7A135 MW1059 1.24634 0.016056
34 30,975/4.8  Uncharacterized hydrolase SAR2661 Q6GDMO  SAR2661 1.40615 2.70E~%
35 23,333/5.0 FMN-dependent NADH-azoreductase Q6GKA4 azoR 2.53591 0.008689
36 29,449/4.9  Uncharacterized protein MW 1299 Q7A0WS MW1299 1.68461 0.048214
37 24,577/5.0  Uncharacterized oxidoreductase MW2403 Q8NUV9 MW2403 1.82239 241E*
38  62,428/5.8  Phosphoglucomutase Q8NUV4  pgcA 3.2874 2.38E~%

Upregulated proteins
39 23,502/4.6  Deoxyribose-phosphate aldolase 1 Q6GKG7 deoCl 4.00713 0.001501
40 22,104/5.6  Probable nicotinate-nucleotide adenylyltransferase P65503 nadD 1.11072 0.035087

*p value less than 0.05 is statistically significant
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Fig.2 Interacting protein part-
ners of differentially regulated
proteins, predicted through
STRING database. Colored
nodes represent the query pro-
teins and the first shell of inter-
actors; white nodes represent
the second shell of interactors.
Line thickness indicates the
degree of confidence prediction
of the interaction

cmk
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Downregulated proteins were mainly linked with biofilm and
virulence production.

Proteins Associated with Antioxidant Systems

Thiol peroxidase (Tpx) protein was downregulated with a
fold change of 1.4 (»p=0.02) during docosanol treatment.
In general, Trx and Grx are the major antioxidant systems
that confer resistance under oxidative stress. However, Grx
antioxidant system is absent in many Gram-positive bacteria
including Bacillus spp. and S. aureus, consequently making
Trx the substantial antioxidant system to maintain the cel-
lular redox homeostasis. Instead of Grx, S. aureus possesses
an alternative low molecular weight thiol system Brx [30].
The primary function of Brx is to maintain the reduced state
of the cell as well as the detoxification of reactive oxygen,
nitrogen and electrophilic species, antibiotics and alkylating
agents [11, 31, 32].

Protein BshC (putative cysteine ligase in bacillithiol pro-
duction) and BrxA (bacilliredoxin) were downregulated with
a fold change of 1.6 (p=0.002) and 4.9 (p=0.01), respec-
tively in docosanol treatment. BSH synthesis is induced
in response to oxidative stress mounted by neutrophils
or macrophages of the host system during infection [33,
34]. Generally, three genes are involved in the production
of BSH namely bshA, bshB, and bshC [35]. Pother et al.
[36] reported that BSH producing strains are more resist-
ant to antibiotic fosfomycin and sodium hypochlorite than
BSH-negative strains. In addition, the bacterial load in
upper-airway epithelial cells and murine macrophages was
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significantly disrupted in the BSH-negative strain. Whereas
the CFU load was comparatively higher in BSH producing
strains. Similarly, a mutation in bshA and bshC has been
shown to significantly affect the survival rate of S. aureus
in human whole-blood, independent of other enzymes [34].
The present study’s findings (spotted through proteomics
profiling data) were congruent with previous report of doc-
osanol on human whole-blood survival assay [13]. Thus,
down-regulation of BshC strengthens the viewpoint on BSH
production and S. aureus survival.

Alkyl hydroperoxide reductase C (AhpC) protein was
found to downregulated with a fold change of 1.4 (»p =0.02)
during docosanol treatment. Alkyl hydroperoxide peroxi-
dase takes part in the antioxidant process to detoxify the
organic hydroperoxide, by transferring electrons to AhpC.
Several studies are describing the production of ahpC in all-
time points of biofilm and their virulence properties through
in vivo studies [37]. Notably, docosanol treatment in MRSA
reduced the expression of AhpC to 1.4 fold.

Acidic Stress Associated Proteins

The protein urease subunit B (UreB), part of the urea deg-
radation pathway, was found to be downregulated with a
fold change of 1.6 (»p =0.007) during docosanol treatment.
When S. aureus is grown in excess glucose concentration, it
produces acetate through pyruvate and potentiates cell death
by presenting a low pH environment. In order to thrive in
such acidic conditions, S. aureus produces ammonia through
the urease cycle, which neutralize the effect of low pH and
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protect itself from the acidic environment. It has also been
reported that genes associated with the urease cycle are
highly transcribed during biofilm development. The impor-
tance of urease in establishing persistent chronic renal infec-
tion in the murine models has been reported by Zhou et al.
[38]. Hence, downregulation of UreB is envisaged to be
associated with biofilm development.

Proteins Associated with Purine Metabolism

Adenine phosphoribosyltransferase (Apt) which catalyses
the formation of AMP from adenine in the purine salvage
pathway was found to be downregulated with a fold change
of 2.4 (p<0.001) during docosanol treatment. Besides,
pyrophosphatases which catalyse the hydrolysis of non-
standard nucleotides such as dITP (deoxyinosine triphos-
phate), XTP (xanthosine triphosphate), and ITP (inosine
triphosphate) to their corresponding monophosphate deriva-
tives (IMP and XMP), in order to avoid the incorporation of
non-standard purine nucleotides into DNA/RNA, was found
to be downregulated with a fold change of 2.6 (p <0.001)
[39]. Also, Phosphoribosylformylglycinamidine synthase
subunit PurQ involved in the purine biosynthetic pathway
was downregulated with a fold change of 2.1 (p=0.01).
PurQ converts glutamine to glutamate to generate ammonia
[40]. Altogether, the downregulation of essential proteins
such as Apt, PurQ, and pyrophosphatase from purine path-
ways indicates that docosanol targets the purine metabolic
pathway in MRSA.

Biofilm and Virulence-Associated Proteins

Staphylococcus aureus secretes two low molecular weight
phosphotyrosine protein phosphatases, viz. PtpA and PtpB,
which dephosphorylate the tyrosyl phosphorylated protein.
Protein PtpA is secreted during macrophage infection and
thus deletion of ptpA gene in S. aureus affects intramac-
rophage survival and infectivity [41]. Here, docosanol treat-
ment reduced the expression of both PtpA and PtpB to 1.1
and 2.5 fold, respectively. Succinyl-coenzyme A synthetase
(sucC), a gene that has been reported to be highly expressed
under biofilm conditions [42, 43] was found to be downregu-
lated in docosanol-treated samples.

Despite the role of FnbpA in adherence and biofilm for-
mation in vitro conditions, in vivo studies have revealed the
indispensable role of FnbpA in biofilm development [44].
It plays a critical role in the accumulation phase of biofilm
development and host cell infection [45, 46]. In this study,
docosanol downregulated the expression of FnbpA with a
fold change of 1.4 (p=0.03).

Remarkably, docosanol treatment down-regulated the
GpmA expression (2.2 fold, p=0.003) in MRSA. S. aureus
has two variants of phosphoglycerate mutase viz. Gpml (a

primary enzyme, Mn-dependent) and GpmA (Mn-inde-
pendent). During infection, S. aureus utilizes glucose as the
primary carbon source through the glycolytic pathway. In
order to obstruct the pathogen from utilizing glucose mole-
cules, host defence pathways limits the metal availability for
glycolytic substrate and phosphoglycerate mutase, by pro-
ducing metal-chelating proteins (particularly, Mn-binding
calprotectin) through a process termed nutritional immu-
nity [47]. However, S. aureus has the other variant (GpmA,
Mn-independent) to overcome the metal-starvation stress.
It is a common strategy not restricted to S. aureus but also
to other Gram-positive as well as Gram-negative bacteria to
survive in the metal-deficit host environment. Furthermore,
AgpmA mutant sensitizes S. aureus to calprotectin while
AgpmlI mutant has no signficant effect. Sensitivity is reversed
when a plasmid encoding gpmA gene is expressed in AgpmA.
Thus, gpmA is critical to resist nutritional immunity in order
to maintain the glycolytic flux as well as for establishing the
infection in the host cell during metal-starvation [48].

Other Critical Proteins

Cytidylate kinase encoded by cmk was downregulated with
a fold change of 1.6 (p=0.01) during docosanol treatment.
Cytidylate monophosphate (CMP) kinase, belonging to
the nucleoside monophosphate kinase family, catalyses
the transfer of phosphate group from ATP to CMP. It is
involved in nucleoside precursor synthesis and is essential
for survival. Blocking of CMP kinase with antisense peptide
nucleic acid demonstrates antibacterial activity against S.
aureus. The essentiality of CMP kinase in survival has also
been validated through in vivo studies in which the bacterial
load was significantly reduced in antisense peptide nucleic
acid-treated mice [49]. In addition, the HTH-transcriptional
regulator, a DNA-binding protein that either activates or
represses the wide spectrum of virulence genes [50], was
downregulated (fold change: 1.1, p=0.04). RsbW, a negative
regulator of SigB [51], from sigB operon was downregulated
(fold change: 1.2, p=0.01) in docosanol treatment. Besides,
a cell division protein MraZ [52] was found to be down-reg-
ulated (fold change: 2.0, p =0.004) in docosanol treatment.

ATP synthase epsilon chain (AtpC) protein expression
was downregulated in docosanol treatment with a fold
change of 1.9 (p=0.002). It is encoded by azpC gene and is
a component of ATP synthase, involved in generating ATP.
A small-molecule diarylquinoline, a class of antibacterial
agents, is reported to eradicate the biofilm in S. aureus by
blocking the function of ATP synthase [53]. The present
findings correlate well with the findings of Balemans et al.
[53].

Proteins such as RpsB, RimM, Ycel (MW2606), and
MW1653 was downregulated with a fold change of 3.9
(»=0.02), 1.2 (p=0.04), 1.4 (p=0.00), and 1.3 (p=0.02),
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«Fig. 3 Gene ontology (GO) analysis of differentially regulated pro-
teins. Pie charts representing three GO categories. A Biological pro-
cesses, B molecular function and C cellular component

respectively during docosanol treatment. It has also been
observed that cells in the biofilm state experience more
stress response than the cells in the planktonic state. Ribo-
somal proteins are also reported to be highly expressed dur-
ing biofilm formation [42, 54]. Despite the role in protein
translation, recent studies on the interaction of positively
charged ribosomal proteins with anionic cell wall compo-
nents indicate the defensive mechanism in response to chal-
lenges from host response or antibiotics [54]. Significant
downregulation of ribosomal and stress proteins evidences
the antibiofilm efficacy of docosanol and these findings are
in accordance with physiological assays from the previous
report [13].

Staphopain B, a cysteine protease that inhibits the host’s
innate immune response [55], was downregulated with a
fold change of 1.6 (»p=0.01). Besides, isopentenyl-diphos-
phate delta isomerase (involved in isoprenoid biosynthesis),
tRNA uridine [34] hydroxylase (tRNA undergoes chemical
modification at 34th position to promote efficient decoding
process during protein synthesis) [56], GTP cyclohydro-
lase (involved in folate biosynthesis pathway) [57], argin-
ase (RocF, arginine biosynthesis pathway) [58] and UDP-
N-acetylglucosamine 1-carboxyvinyltransferase 1 (involved
in cell wall formation [59]) were downregulated.

The uncharacterized proteins that were differentially reg-
ulated during docosanol treatment in S. aureus were iden-
tified through comparative modeling and the list is given
in Table 2. In case of uncharacterized proteins that have
no structural homologs in the PDB database were identi-
fied through sequence homology and conserved domain
database.

YjbJ

Nakamura et al. [60], while studying the extended-spectrum
p-lactamase producing multidrug-resistant E. coli sequence
type 131 (ESBL- E. coli ST131), identified five proteins
such as YahO, YjbJ, YnfD, acid resistance chaperone protein
HdeA and cytochrome b562 with specific amino acid substi-
tution responsible for higher prevalence of drug resistance
and postulated that YjbJ (a stress-induced protein) interac-
tion with YahO might be associated with biofilm formation.
Also, they identified amino acid substitutions of Val59 to
Asp59, Asp60 to Ser60, and Thr63 to Lys63 were found
to be prevalent among YjbJ protein of ST131. Here, the
uncharacterized S. aureus UPF0337 protein MW0793 was
identified as YjbJ, and the reported amino acid substitutions
were located in S. aureus YjbJ through pairwise sequence
alignment (Fig. 4). Interestingly, semi conservation of Val to

Table 2 Structural and functional insight into uncharacterized proteins that were differentially regulated during docosanol treatment in MRSA, through comparative modelling technique

% of similarity Gene name Predicted function References

Homologous organism/
accession number

Protein name

S. aureus

between structural

homologs

accession
number

Pineda-Lucena et al. [71]

yjbJ (CsbD domain) Biofilm formation

42

Escherichia coli (strain

UPF0337 protein MW0793

Q7AIE3

/P68206

K12)
UPF0403 protein SAR1592  Bacillus subtilis (strain

Derewenda et al. [72]

Oxidative stress

brxA (bacilliredoxin, BrxA/

52.8

Q6GGI4

BrxB family)
ycel (Putative periplasmic

168)/P541

Stancik et al. [65] and Weber

Oxidative stress

UPF0312 protein MW2606

Q8NUH6

et al. [66]

polyisopren-oid binding

protein)

Miyoshi and Shinoda [67]

Zinc containing metalloprot- Virulence determinant

MW1986

P67728

eases (protein SprT-like)

Luo et al. [69]

Detoxification process and

Galactoside O-acetyltranst-

100

Putative acetyltransferase

Putative acetyltransfer-ase

Q8NURI

resistance

erase

SACOL2570/Q5HCZS5

Bacillus subtilis/Q34468

MW2476
Uncharacterized N-acetyl-

Evans [73]

Detoxification process and

ylbP, N-acetyltrans-ferase

453

Q7A135

Tkaczuk et al. [74]

stress stimuli

resistance
Protective effect during

Universal stress protein

35.51

plantarum/FQUMW3

Lactobacillus

transfer-ase MW 1059
Putative universal stress
protein MW 1653

Proteins that have no structural homologs in PDB database (indicated in hyphen sign) were identified through sequence homology and conserved domain database

Q7AONO
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Fig.4 Pairwise sequence alignment showing YjbJ protein sequence from S. aureus and E. coli. Red bars represent the specific amino acid sub-

stitution, responsible for higher prevalence of drug resistance in E. coli

Ile and conservation of Thr to Lys mutation were observed
in S. aureus YjbJ. However, the actual function associated
with YjbJ in S. aureus needs to be studied in detail.

BrxA

Based on sequence and structural homology, UPF0403
protein SAR1592 in S. aureus was identified to be thiol-
disulfide oxidoreductase BrxA [61], which is considered to
be involved in balancing the intracellular oxidative stress.
This novel bacilliredoxin contains CGC as a highly con-
served motif (belongs to DUF1094 family) and this feature
distinguishes them from the thioredoxin which contains
CXXC as a highly conserved motif [62, 63]. The role of
bacilliredoxin in vivo through the fusion of S. aureus Brx
and roGFP2 has been reported [64].

Ycel

UPF0312 protein MW2606 shows 33.3% similarity with
Ycel from Campylobacter jejuni. The gene encoding ycel
is a poly isoprenoid binding periplasmic membrane protein,
expressed in high pH conditions and induced under osmotic
stress in E. coli [65, 66]. However, the Ycel function in S.
aureus needs to be explored (Fig. 5).

Zinc-Containing Metalloprotease

Zinc-containing metalloproteases are reported to digest a
wide range of host proteins. They are produced by oppor-
tunistic human pathogens and are considered to be a lethal
factor. Zinc-metalloprotease in particular metzincins
shares HEXXHXXGXXH as a consensus motif with His
at places one, five, and eleven. However, S. aureus has
HEXXHXXXXXXXXGXXH as a consensus motif with
His at places one, five, and seventeen. Here, the position
of His residue indicates the location of the zinc ligand [67].
Interestingly, the position of the fifth zinc ligand (Tyr) was
retained at the 41st position in S. aureus (Fig. 6), which is
a characteristic feature of the serralysin family (SXMSY).
However, Met at 39th position of serralysin was found to
be replaced with Glu in S. aureus. Notably, other homologs
of spr-T like zinc-containing metalloprotease from Bacillus

@ Springer

and Staphylococcus spp. (which shares > 48% similarity with
spr-T like zinc-containing metalloprotease of S. aureus), was
found to be replaced with other amino acids (Fig. 6).

N-Acetyltransferase and Galactoside
O-Acetyltransferase

Acetyltransferase transfers the acetyl group from a wide
variety of substrates including aminoglycoside antibiotics
in pathogenic bacteria [68]. Galactoside O-acetyltransferase
(GAT), also known as thiogalactosidetransacetylase, is one
of the proteins from human pathogens that come under
the National Institute for Allergy and Infectious Diseases
(NIAID) Category A—C priority lists and it is mainly associ-
ated with toxin production and antibiotic resistance through
detoxification process [69]. S. aureus treated with an antibi-
otic fusidic acid has been shown to downregulate the GAT
gene [70]. Structures of uncharacterized proteins and their
respective templates along with QMQE scores are shown in
Fig. S1 and Table 3, respectively. The modelled structure
was deposited in the protein model database (PMDB) and
their corresponding Id is given in Table S1.

Lakshmi et al. [13] have shown downregulation of fnbA
gene through RT-PCR analysis and the result is consist-
ent with the downregulation of fnbA proteins in the cur-
rent study. Besides, most of the downregulated proteins in
this study were associated with biofilm development and
antioxidant system. These results are supported by biofilm
inhibition and H,O, assays, respectively [13]. In addition,
reduced protein expression of BshA was in accordance with
decreased survival of MRSA in human whole-blood survival
assay [34], as reported by Lakshmi et al. [13].

Conclusion

S. aureus encounters redox modulators such as ROS, reac-
tive nitrogen species (RNS), and reactive sulphur species
(RSS) by the host immune system during infection and anti-
biotic treatment. However, it utilizes thiol-based redox sen-
sors (brxA, brxB, and ypdA) to overcome oxidative stress.
Intriguingly, the study attempted to find the mechanism of
docosanol against MRSA revealed bacillithiol as the chief
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Fig.5 Interaction partners of
BshR. A Interaction partner
predicted through STRING
database and B gene co-occur-
rence analysis
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Fig.6 Multiple sequence alignment of spr-T like zinc-containing metalloprotease sequence from Bacillus and Staphylococcus spp. Conserved
regions and residues are highlighted in red box and blue triangles, respectively

Table3 List of uncharacterized proteins showing their respective
templates and GMQE score

S.no. Protein Template PDB ID GMQE score
1 YjbJ 1IRYK 0.63
2 BrxA 3FHK 0.81
3 YIbP 2PR1 0.79
4 Metalloprotease MW 1986 6MDX 0.46
5 GAT 3FTT 0.89
6 Universal stress protein 3S3T 0.49

target. In addition, it reduced the expression of critical pro-
teins that are essential for biofilm formation and virulence
production. Targeting redox-based system such as bacil-
lithiol is an emerging field of study to combat multi-drug
resistance in S. aureus. Therefore, the present work gathers
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insights into the drugs that target redox stress conditions.
However, the efficacy of docosanol could be made more
explicit by examining their activity in other clonal com-
plexes of MRSA. In the case of uncharacterized proteins,
further experiments are required to support the predicted
functions.
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