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The increase of methicilin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus (VRE) poses a worldwide and serious health
threat. Although new antibiotics, such as daptomycin and linezolid, have been
developed for the treatment of infections of Gram-positive pathogens, the emergence
of daptomycin-resistant and linezolid-resistant strains during therapy has now increased
clinical treatment failures. In the past few years, studies using quantitative proteomic
methods have provided a considerable progress in understanding antibiotic resistance
mechanisms. In this review, to understand the resistance mechanisms to four clinically
important antibiotics (methicillin, vancomycin, linezolid, and daptomycin) used in the
treatment of Gram-positive pathogens, we summarize recent advances in studies
on resistance mechanisms using quantitative proteomic methods, and also examine
proteins playing an important role in the bacterial mechanisms of resistance to the four
antibiotics. Proteomic researches can identify proteins whose expression levels are
changed in the resistance mechanism to only one antibiotic, such as LiaH in daptomycin
resistance and PrsA in vancomycin resistance, and many proteins simultaneously
involved in resistance mechanisms to various antibiotics. Most of resistance-related
proteins, which are simultaneously associated with resistance mechanisms to several
antibiotics, play important roles in regulating bacterial envelope biogenesis, or
compensating for the fitness cost of antibiotic resistance. Therefore, proteomic data
confirm that antibiotic resistance requires the fitness cost and the bacterial envelope is
an important factor in antibiotic resistance.

Keywords: quantitative proteomics, methicillin resistance, vancomycin resistance, linezolid resistance,
daptomycin resistance
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Introduction

Antibiotic resistance has posed a serious threat to the
worldwide public health in the past two decades. The
gradual increase in resistance rates of several important
pathogens, including methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant Enterococcus (VRE), multidrug-
resistant (MDR) Pseudomonas aeruginosa, imipenem-resistant
Acinetobacter baumannii, and third-generation cephalosporin-
resistant Escherichia coli and Klebsiella pneumonia, has become
an increasingly severe problem in many hospitals worldwide
(Lee et al., 2013). However, the decline in novel antibiotics that
are introduced in the market weakens the hope of overcoming
this threat by the development of new antibiotics. Most of
the antibiotic classes used in hospitals today were discovered
during the period 1930-1960. Only two new systemic classes
of antibiotics that were developed during the past 30 years
were linezolid and daptomycin, which are used only in the
treatment of Gram-positive pathogens (Lee et al., 2013). Because
many Gram-positive pathogens increasingly develop resistance
against currently available antibiotics such as methicillin and
vancomycin, these new antibiotics have become valuable for the
treatment of various infections of methicillin- or vancomycin-
resistant S. aureus and Streptococcus pneumonia (Ament et al.,
2002; Mendes et al, 2014). However, the emergence of
daptomycin-resistant or linezolid-resistant strains has recently
been described in some Gram-positive pathogens (Fischer et al.,
2011; Mendes et al, 2014). In this review, we summarize
resistance mechanisms to four clinically important antibiotics
(methicillin, vancomycin, linezolid, and daptomycin) used in
the treatment of Gram-positive pathogens, and highlights
recent important studies using comparative proteomic tools to
understand resistance mechanisms of these antibiotics in more
detail.

Action and Resistance Mechanisms of
Methicillin, Vancomycin, Linezolid, and
Daptomycin Resistance

Methicillin

Methicillin is a narrow-spectrum p-lactam antibiotic of the
penicillin class. Like other B-lactam antibiotics, methicillin
prevents the synthesis of bacterial cell walls by inhibiting
peptidic cross-linkage between the linear peptidoglycan polymer

chains, which provides rigidity to the cell wall of Gram-
positive bacteria (Chambers, 1997) (Table 1). Methicillin and
other B-lactam antibiotics are structural analogs of D-Ala-
D-Ala, which is the terminus of a short amino acid chain
attached in N-acetylmuramic acids; so, they interact with
and irreversibly inhibit the transpeptidase enzyme [also called
penicillin-binding protein (PBP)] that crosslinks the linear
peptidoglycan polymer chains (Lee et al, 2012). This process
leads to loss of osmotic integrity and makes the bacterial cells
susceptible to lysis. Although most p-lactam antibiotics are
inhibited by bacterial enzymes that hydrolyze the f-lactam ring
(named P-lactamases), due to a modification of the original
penicillin structure methicillin is resistant to f-lactamases (Lee
et al., 2012). Therefore, since the late 1950s when methicillin
was first introduced in markets, this antibiotic has been used
to treat infections caused by Staphylococcus pathogens such
as Staphylococcus aureus, most of which produces p-lactamase
(Newsom, 2004).

Today, methicillin is not as effective against these organisms
due to resistance (Cordwell et al., 2002; Newsom, 2004).
Although the resistance phenotype of methicillin is influenced by
numerous factors, including mecA, glmM, fmtAB, murE, llm, p-
lactamase (bla) regulatory elements, and fem factors (Chambers,
1997; Cordwell et al., 2002; Hao et al., 2012), one major reason
for methicillin resistance is the expression of the mecA gene,
encoding penicillin-binding protein 2a (PBP 2a) that is not
inhibited by classical B-lactam antibiotics including methicillin
(Katayama et al., 2004) (Table 1). PBP 2a works in a similar
manner to other PBPs, but it is bound by p-lactams with very
low affinity (Katayama et al., 2004). Expression of PBP 2a confers
resistance to all B-lactams. A variety of factors such as Mecl
and MecR1 controlled the mecA expression (Chambers, 1997).
Resistance to methicillin exhibited by strains lacking the mecA
gene is associated with modifications in native PBPs, p-lactamase
hyperproduction, or possibly a methicillinase (Chambers, 1997).
In pathogenesis, it has been reported that some virulence factors
(Panton-Valentine leukocidin, phenol-soluble modulin, arginine
catabolic mobile element, and other toxin elements) and two-
component regulation systems (agr, saeRS, and vraRS) involved
in pathogenesis can enhance the fitness of methicillin-resistant
pathogens (Hao et al,, 2012).

Vancomycin
Vancomycin made by the soil bacterium Amycolatopsis orientalis
is a member of the glycopeptide antibiotic class and has an

TABLE 1 | Modes of action of four clinically important antibiotics (methicillin, vancomycin, linezolid, and daptomycin) and resistance mechanisms to

these antibiotics.

Antibiotics Target Mechanism of action

Resistance mechanisms found by non-proteomic
approaches

Methicillin Transpeptidase enzyme Inhibition of peptidoglycan biosynthesis
[penicillin-binding protein (PBP)]

Vancomycin D-Ala-D-Ala dipeptide terminus of the Inhibition of peptidoglycan biosynthesis
nascent peptidoglycan

Linezolid 23S rRNA Inhibition of translation

Daptomycin ~ Cell membrane The formation of holes that leak intracellular ions

Expression of penicillin-binding protein 2a (MecA), efflux pump

Alteration of the D-Ala-D-Ala dipeptide

Alteration of 23S rRNA
Remained to be elucidated
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important role in the treatment of serious infections caused by
Gram-positive bacteria such as Staphylococcus and Streptococcus
(Woodford, 1998). It is a complex compound consisting of a
branched tricyclic glycosylated peptide and is a rare example
of a halo-organic natural compound containing two covalently
bonded chlorine atoms (Levine, 2006). Vancomycin inhibits the
peptidoglycan synthesis by binding at the D-Ala-D-Ala dipeptide
terminus of the nascent peptidoglycan in Gram-positive bacteria
(Healy et al., 2000; Levine, 2006). This binding of vancomycin
to the D-Ala-D-Ala prevents the peptidic cross-linking between
the linear peptidoglycan polymer chains by inhibiting the proper
interaction with the transpeptidase enzyme (Healy et al., 2000)
(Table 1).

Most Gram-negative bacteria are intrinsically resistant to
vancomycin because it cannot penetrate the outer membrane
of Gram-negative bacteria. In Gram-positive bacteria, one
mechanism of resistance to vancomycin is the alteration of
the terminal amino acid residues (D-Ala-D-Ala), to which
vancomycin binds (Table1). The D-Ala-D-Ala dipeptide
terminus of the nascent peptidoglycan is replaced by D-Ala-
D-Lac or D-Ala-D-Ser. The D-Ala-D-Lac variation results in
a 1000-fold decrease in the affinity between vancomycin and
the peptide, and the D-Ala-D-Ser variation causes a 6-fold
loss of affinity, most likely due to steric hindrance (Courvalin,
2005). These alterations of the D-Ala-D-Ala dipeptide terminus
require the coordinate action of several enzymes encoded
by the van genes. Alternative ligases catalyze the formation
of the D-Ala-D-Lac peptide (VanA, B, and D type enzymes)
or D-Ala-D-Ser peptide (VanC, E, and G type enzymes) in
peptidoglycan synthesis. VanH protein (a-keto acid reductase)
reduces pyruvate to D-Lac, and the D,D-dipeptidase VanX
selectively removes the D-Ala-D-Ala produced by the native
ligase to enhance the incorporation of the D-Ala-D-Lac or
D-Ala-D-Ser into the peptidoglycan precursor. VanR and VanS
constitute a two-component regulatory system that activates the
transcription of the van gene cluster (Marcone et al., 2010).

Linezolid
Linezolid is a first synthetic oxazolidinone antibiotic used to treat
infections caused by VRE and MRSA. Although the mechanism
of action of linezolid is not fully understood, it seems to bind
to the 50S subunit of the bacterial ribosome through interaction
with the central loop of the 23S rRNA and block the formation
of protein synthesis initiation complexes (Swaney et al., 1998;
Ament et al., 2002) (Table 1). Because linezolid binds to the
23S portion of the 50S subunit different from the binding sites
of other ribosome-binding antibiotics such as chloramphenicol,
cross-resistance between linezolid and other protein synthesis
inhibitors is highly rare (Herrmann et al, 2008). The crystal
structures of linezolid bound to the 50S subunit in 2008 showed
that linezolid binds to the A site of the 50S ribosomal subunit
and induces a conformational change perturbing the correct
positioning of tRNAs on the ribosome (Ippolito et al., 2008;
Wilson et al., 2008).

Most Gram-negative bacteria have an intrinsic resistance to
linezolid due to the high activity of efflux pumps, which actively
pump linezolid out of the cell (Schumacher et al., 2007). In

Gram-positive bacteria, the acquired resistance to linezolid was
first reported in 1999 in multidrug-resistant Enterococcus faecium
(Mendes et al., 2014). High-resolution structures of linezolid
with the 50S ribosomal subunit showed that it binds to a deep
cleft that is surrounded by the central loop of domain V of 23S
rRNA (Long and Vester, 2012). Therefore, the most common
resistance mechanism of Gram-positive bacteria to linezolid was
a point mutation known as G2576T, in which the G2576 position
of 23S ribosomal RNA is converted to thymine (Mendes et al.,
2014). In addition to mutations in 23S rRNA, other mechanisms
have been identified in Gram-positive bacteria, including a six
base pair deletion in the ribosomal protein L4, mutations in the
ribosomal protein L3, mutations in an RNA methyltransferase
(encoded by the cfr gene) that methylates G2445 of the 23S rRNA,
and mutations causing increased expression of ABC transporter
genes (patA and patB).

Daptomycin

Daptomycin is a lipopeptide antibiotic consisting of a lipid
molecule conjugated with anionic peptide and is a natural
compound found in the soil bacterium Streptomyces roseosporus
(Miao et al., 2005). Daptomycin absolutely requires Ca?* for
activity, making this agent a cationic antimicrobial peptide
functionally (Baltz, 2009). The poorly calcium-decorated form
of daptomycin is 10 times less active microbiologically than
the heavily calcium-decorated form (Baltz, 2009). The calcium-
bound daptomycin interacts with phosphatidylglycerol in the
bacterial membrane and inserts into the cell membrane, leading
to the formation of holes that leak intracellular ions (Pogliano
et al., 2012). A loss of membrane potential causes inhibition of
protein, DNA, and RNA synthesis, which results in bacterial cell
death (Pogliano et al., 2012). Because of a distinct mechanism
of action of daptomycin, it is used in the treatment of
life-threatening infections caused by multiple drug-resistant
Gram-positive bacteria (Baltz, 2009). Because vancomycin and
daptomycin have molecular weight (MWs) of more than 1000
Da (vancomycin of 1449 Da and daptomycin of 1620 Da), they
cannot penetrate the outer membrane of Gram-negative bacteria
(Lee et al., 2013). Therefore, two antibiotics are used to control
infections caused by Gram-positive bacteria.

Although daptomycin was clinically introduced in 2003,
clinical treatment failures by the emergence of daptomycin-
resistant strains during therapy have now been described (Hobbs
et al., 2008; Fischer et al, 2011). Up to now, specific genetic
determinant of the daptomycin-resistant strain remained to
be elucidated, despite the finding of several phenotypic and
genetic determinants (altered phospholipid synthesis, thickened
cell walls, alteration of cell membrane fluidity, and the acquisition
of mutations within the mprF or yycG gene) (Mishra et al,
2009; Fischer et al,, 2011). The mprF gene encodes a dual
functional enzyme that catalyzes the coupling of lysine to
phosphatidylglycerol (PG) and transfers the lysyl-PG (LPG) to
the outer leaflet of the membrane. The LPG is less acidic than
PG, and membranes lacking LPG are more acidic than those
containing PG and LPG (Baltz, 2009). Daptomycin-resistant
strains with mprF mutations have membranes with increased
levels of LPG (Jones et al., 2008). Therefore, the increased positive

Frontiers in Microbiology | www.frontiersin.org

August 2015 | Volume 6 | Article 828


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Leeetal

Proteomic approach of antibiotic resistance

charge caused by increased LPG in the mprF mutant (gain-of-
function) reduces the binding of Ca*"-bound daptomycin to
bacterial membranes by a less favorable electrostatic interaction.
YycG is a membrane spanning sensor histidine kinase of a two-
component signal transduction system that partners with the
YycF response regulator. YycFG functions as a master regulatory
system for cell wall metabolism and biofilm formation and is
the only two-component system required for viability in many
Gram-positive bacteria (Winkler and Hoch, 2008; Baltz, 2009).

Comparative Proteomic Analyses of
Methicillin, Vancomycin, Linezolid, and
Daptomycin Resistance

Quantitative proteomics have been considerably improved
during the past decade and have been employed for investigation
of the differences in whole protein expression dynamics of cells
grown under a variety of growth conditions or stress conditions
such as antibiotics (Radhouani et al., 2012). Therefore, by studies
using quantitative proteomic approaches in the past few years,
a considerable progress has recently been made in the study of
antibiotic resistance mechanism. To summarize recent updates to
understand the resistance mechanism to four clinically important
antibiotics used in the treatment of Gram-positive pathogens,
we used the Preferred Reporting Items for Systematic Review
and Meta-Analysis (PRISMA) in our review (Figure 1) (Moher
et al, 2009). We conducted a systematic literature search in
the following databases: Medline via PubMed and Embase. We
used keywords as search terms. We combined terms for selected
indications (methicillin, vancomycin, linezolid, daptomycin, and
proteomics). The literature search included all studies published

in English between 2000 and 2015. We identified 13 proteomics
studies comparing proteomic profiles in antibiotic-resistant and
antibiotic-sensitive strains or exploring proteomic profiles in cells
treated with or without antibiotics.

Methicillin

Two studies exploring proteomic profiles of methicillin-
susceptible S. aureus (MSSA) and methicillin-resistant S. aureus
(MRSA) in the absence of methicillin were reported (Cordwell
et al,, 2002; Enany et al., 2014). Cordwell et al. compared the
protein profiles between S. aureus strains COL (methicillin-
resistant) and 8325 (methicillin-susceptible) in the absence of
methicillin (Cordwell et al., 2002). Interestingly, among proteins
previously known as resistance-related factors (e.g., mecA, glmM,
fmtAB, murE, llm, bla, and fem factors), only FemA protein,
which is known as a host-mediated factor essential for methicillin
resistance in S. aureus (Berger-Bichi et al., 1989), was more
highly expressed in methicillin-resistant cells (Cordwell et al.,
2002). However, upon growth of both strains in the presence
of Triton X-100 (TX-100), a detergent that has been shown to
reduce methicillin resistance, no difference on the production
of the essential methicillin-resistance factor FemA was detected
(Cordwell et al, 2002). Instead, expression levels of stress-
related proteins including cold-shock proteins (CspABC) and
alkaline-shock protein 23 (Asp23) increased in the methicillin-
resistant S. aureus strain COL (Cordwell et al., 2002). Notably,
the amount of CspB, CspC, and Asp23 proteins was affected
in cases of vancomycin and daptomycin antibiotics, despite
being down-regulated in the vancomycin-resistant strain and
up-regulated in the daptomycin-resistant strain (Table 7). This
study also showed that three proteins linked to the alternative

30 of records excluded

59 of full-text articles excluded,

with reasons

» Not related to antibiotic resistance (12)

_E 98 of records identified through 23 of additional records
§ database searching identified through other sources
=
=
=
% \4 \4
L)
102 of records after duplicates removed
o0
=
‘= v
3
5 102 of records screened » « No research article (12)
@R
* Use of other antibiotics (18)
) A 4
=
= 72 of full-text articles N
) assessed for eligibility e
=
* Other methods (47)
A 4
k5
< 13 of studies included in
o) the systematic review
=
FIGURE 1 | Literature selection process (PRISMA flow diagram).
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sigma factor o®, Asp23, anti-anti- 6® factor RsbV, and conserved
hypothetical protein SA0772, were also present at significantly
higher levels in methicillin-resistant cells (Cordwell et al., 2002).
In the presence of TX-100 weakening the methicillin resistance,
the comparative proteomic analysis showed that proteins of
the o® and SarA (a regulator of virulence genes) regulons are
involved in methicillin resistance of S. aureus (Cordwell et al.,
2002). The level of SarA protein also increased in vancomycin-
resistant and daptomycin-resistant cells (Table 7). This study
also showed that the stage V sporulation protein G (SpoVG),
originally identified in Bacillus subtilis as being involved in the
formation of the spore cortex (Matsuno and Sonenshein, 1999),
was up-regulated in the methicillin-resistant S. aureus strain
COL. In the non-sporulating S. aureus, SpoVG contributes to
stimulate capsule synthesis, and was recently shown to regulate
a small o®-subregulon comprising mainly excreted virulence
factors including the highly up-regulated virulence factor EsxA
(Schulthess et al., 2012). Recently, it has been reported that
SpoVG was involved in resistance mechanisms to methicillin and
glycopeptide (Schulthess et al., 2009). Together with this report,
a comparative proteome analysis showed that the expression
level of SpoVG increased in strains resistant to methicillin,
vancomycin, and daptomycin (Table 5), indicating that SpoVG
may be involved in resistance mechanisms to other antibiotics as
well as methicillin and glycopeptide.

Another report explored proteome profiles of extracellular
proteins in methicillin-sensitive and methicillin-resistant S.
aureus (Enany et al, 2014). They identified some proteins
increased in MRSA; Asp23 (10-fold more in MRSA than
MSSA), alkyl hydroperoxide reductase subunit C (AhpC) (2-
fold), D-lactate dehydrogenase (LdhD) (2-fold), general stress
protein 20U (3-fold), L-lactate dehydrogenase (LdhA) (2-fold),
pyruvate dehydrogenase E1 component beta subunit (PdhB) (2-
fold), superoxide dismutase (SodA) (2-fold), triacylglycerol lipase
precursor (LipA) (2-fold), triosephosphate isomerase (TpiA)
(2-fold), and universal stress protein family protein (7-fold)
(Enany et al., 2014). Notably, among them, most proteins (AhpC,
SodA, LdhA, LipA, and TipA) also have altered expression
levels in other antibiotic-resistant strains (Table 7). In addition,
elongation factor G (encoded by the fusA gene) was also increased
in MRSA. Our analysis showed that PusA is one of the three
proteins affected in all four antibiotic-resistant strains (Table 5).

Although elongation factor G is a major target of fusidic acid
which has been used as a topical agent for skin infection and
for some systemic infections caused by S. aureus (Howden
and Grayson, 2006), and had a contribution to fusidic acid
resistance mechanisms evolved in MRSA (Koripella et al., 2012),
the relationship between elongation factor G and resistance
mechanisms of other antibiotics has not yet been identified.

Vancomycin

There were two studies exploring proteomic profiles in
vancomycin-susceptible S. aureus (VSSA) and vancomycin-
intermediate S. aureus (VISA) with a minimal inhibitory
concentration (MIC) of 4-8pg/ml, one study exploring
proteomic profiles in VSSA and heterogeneous vancomycin-
intermediate S. aureus (hVISA) with a vancomycin MIC
of <2ug/ml, one study exploring proteomic profiles in
VISA and vancomycin-resistant S. aureus (VRSA) with
MIC of >8pg/ml, one study analyzing global proteomes of
vancomycin stress in S. aureus, and two studies examining
vancomycin-induced proteomes of Enterococcus faecalis
under vancomycin treatment (Pieper et al., 2006; Scherl et al.,
2006; Drummelsmith et al., 2007; Wang et al, 2010; Chen
et al, 2013; Hessling et al., 2013; Ramos et al, 2015).
Many proteins previously known as resistance-related factors,
including VanA, VanB, VanX, and VanR, were also identified
in comparative proteomic analyses (Table2). Scherl et al
(2006) showed that a total of 155 proteins are differentially
expressed between two vancomycin-susceptible S. aureus strains
(MRGR3 and 14-4Rev) and the vancomycin-intermediate
S. aureus strain 14-4, and most proteins play a role in
energy metabolism, cell envelope biosynthesis, protein turnover,
amino acids transport, and metabolism, and inorganic ion
transport. Genes or gene products known to be involved
in resistance mechanisms to different antibiotics, such as
PBP 2a (MecA), O-nucleotidyltransferase(9) [Ant(9)], UDP-
N-acetylmuramyl tripeptide synthetase (MurE), and penicillin-
binding methicillin resistant-related protein (FmtA), were up-
regulated in the VISA strain (Scherl et al., 2006). All of them
are involved in peptidoglycan biosynthesis. Levels of many other
proteins involved in peptidoglycan metabolism also increased in
the VISA strain, such as glycosyltransferase (SgtB) and CHAP

TABLE 2 | Differentially expressed proteins identified by the quantitative proteomic approach: proteins involved in resistance mechanisms.

Biological process Protein name Gene Antibiotics Regulation Frequency References Protein description
of difference
Antibiotic inactivation  Bleomycin resistance protein ble Van Down 1 Pieper et al., 2006 Inhibition of bleomycin by
a direct interaction
Kanamycin nucleotidyltransferase  knt Van Down 1 Pieper et al., 2006 Modification of kanamycin
Vancomycin resistance protein vanA Van Up 2 Wang et al., 2010; Alteration of the
Ramos et al., 2015 D-Ala-D-Ala dipeptide

O-nucleotidyltransferase (9) ant(9)  Van Up 1 Scherl et al., 2006 Modification of

vancomycin

Tables 2-8 : Met, methicillin;, Van, vancomycin; Lin, linezolid; Dap, daptomycin; up, up-regulated in antibiotic-resistant strain or under antibiotic treatment; down, down-regulated in

antibiotic-resistant strain or under antibiotic treatment.

Frontiers in Microbiology | www.frontiersin.org

August 2015 | Volume 6 | Article 828


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penunuoY)
LLOZ “e 1o Bued b an un
uolyeluswIe 7102 ‘e 1 Aueug L dan BN dype aseusboIpAysp |0YoolyY
010z “Te 1o Buem
1/002 “'[e 1@ yywispwwniqg 2 dan uep
710C “[e 1
uopeuswIe  Aueud (Zzo0gz “[e 18 [|emploD (1)1 (dnjumoq BN Fype aseusboIpAysp |0YodlyY
G10Z ‘e 10 sowey L umoQ uep
SISA|00AID 7102 “[e 10 Aueug L an BN Vel aseJowos| ereydsoyd-asou|
(eserespAyep
SISA|00AID L LOZ “'[e 18 Jayosi4 L dn deqg opae a1es80Aboydsoyd-g) esejouq
wisijogesw
9]e|AX0qJedIp PUe 81e|AX0AID L LOZ “[e 16 Bua4 | dan urn ydb asejeydsoyd ayej004|6oydsoyd
UOlIEepIXO 8}euodN|) 110z ‘e 10 Bue4 L dn un oub aseusboIpAysp-G 81euoon|s
SISOUIUASOIQ UIXOPOAE|H 110z ‘e 10 Bue4 L an ur ey SSBUIUAS SPIXO OUHU/UIXOPOAE|
uonepixo eeoeT L1L0Z “[e 1o Bus b dn un e)le] BSEPIXO 81ejoeT]
uonepe.sbap aseJsyselpoydsoyd
JeysaipoydsoydoedA| pue [0JedAlD 7002 “'[e 10 opJieuleg L an ur odib Jeyselp [luoydsoydosedAn
‘uonepelbep
BUISA| pue 8040 pIoe JUYD 8y | 9002 “'[e 10 Heyos L umo( Uepn  gypo oaseJsjsueliAuioons epjweodjoipAyig
S0z “le e aseusbolpAyep
SISAI00AID sowey ‘010z “'[e 10 Buep (1) (umop)dn uep  ydeb aeydsoyd-g-opAyspleadhin
ose|opfe
SISA|00AID 010z “[e 18 Buepn | dan [U=7N epa a1euoon|BoydsoydAxosp-g-0ipAyeq-g
2002 “[e 1o yuwspwwnig
91040 pIoe OuYo By | ‘9002 “'[e 10 Heyos z an uep  gobw | 9SEIONPAIOPIXO duouinb:aleeln
uopoeal olose|deuy 9002 “[e 10 Jodald L umo( UBA voAd oSe|Ax0qued a1eAniAd
0l0c
“[e 1o Buep ‘900z “[e 1o
uonewuol 41V H8yYos 1900¢ e 18 Jedeld (e (umop)dn uep oade ureyo 4 eseyiuAs d1v
$$9004d Olj0geloW YO -|A190Y 010z “le 18 Buep | dan [U=7 110 aseA| ayea)
81040 pIOE OUNO By /002 “'[e 18 yywisppuiwnig L dn uep o)) aseuaBoIpAysp 81es100s|
/002 “'[e 18 ypuwsppuwnig
81040 ploe ouNo ey ‘9002 “'[e 1o Jodeld (I (umop)dn uep guo asejeIpAy 8je)uooy
9|0A0 proe ouNo 8y | 9002 “'[e 18 Jedald | dan UeA aons ureyo eydfe ase}oyiuAs yoD-|Auioong
81e|0}
AQ |00d UOQUED BUO pUE WS|OgEPW
91e|AX0qUedIp pue ayejAX0AID 9002 “[e 1o Jodald L an UBA Sy} oseloyiuAs ejejojoipAyelieyAulio
wisijogelsw ayeAniAd 7102 ‘e 10 Aueug L an BETN aypl aseusboipAysp a1e1oe-q
o1eAnJAd yungns eyeq
wioJ} $$8204d 211BYIASOIg YO -|A100Y 7102 ‘e 1@ Aueug | dan BN gypd 1usuodwod |3 eseusBoipAysp e1eAniid uoISIeAU0D pue uoionpoid ABieusg
aoualaylp jJo
uonduosap uieloid sooualajey Kouanbaig uonenBey sonoiquuy  ausn aweu uiejoid ssoao0.d |eoibojoig

‘wisijogejaw ABiaue ul panjoaul suidjoad :yoeoidde olwoejoid aanenuenb ayy Aq paynuapi suisjoid passaidxe Ajjenualayq | € 319vVL

August 2015 | Volume 6 | Article 828

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penupuoD)
LLOZ “[B 18 Jeyosid L an deq
/002 “'[e 18 yywsjpwiwniq
‘9002 “'[e 18 keyos (38 (umop)dn UeA
uolejusuIe 102 “le 18 Aueug L dn BN wyoe aseuUly 81e}e0y
L0 “fe 1o Joyosl4 b an deq
110T “'fe 1o Bued b an un
GLog “le e
SISA|00AID sowey ‘010z ‘e 10 Buepp z an Uepn eq) asejope a1eydsoydsig-as0ioni
LHOZ “Ie 18 Jeyosid L an deg
010C
“e 3o Buepm :900¢ “'fe 10
HeYoS :900¢ “[e 1o Jedeld (1)z (dnjumog uep
uorejusuLIS 102 “[e 10 Aueug L dn 1PN wvyp| aseusBoIpAysp o1e10e-
L1LOZ “[e 18 JoyoslH L dn deq
| @seuaboipAysp
SISA|00AID | LOZ ““[e 10 Bue4 | an un vdeb a1eydsoyd-g-apAyspeledAin
LLOZ “[e 18 Jeyosid L an deq
obenes|o suIoA|D 9002 “[e 1o Jodald | an uepn 1nob oseJsjsueliAyieouluy
1 LOZ “[e 1@ Jayosid | umoq deq
/002 “'[e 18 yywsjewiwnia
9|04 pIoe OLYo 8y | ‘9002 “’[e 1o Jodald 4 dan uepn  Dons ureyo g eselayiuAs yoD-jAuioong
1102 “[e 18 Jayosi4 b umoQq deq
81040 pIoe ouNo ey /002 “'[e 1o yuwsipwwnig 3 an uep Zuo || @SBUIUAS 818D
1102 “[e 18 Jayosi4 L dan deqg
areAnJAd
wioJ} $$800.d 211BYIUASOIq YO -|A190Y 010z ‘e 10 Buepp | an uepn  wypd 1ungns » aseuaboIpAYsp areAnlid
LHOZ B 18 Jeyosid ! umod deg
nungns
81940 pIoE JUO By 9002 “'[e 18 eyos | an uep vyps ulejoidoney eseusBolpAyep 8reuloons
LLOZ “'[e 1o Jayosly L an deg
SISA|00AID 9002 e 18 1eyos | dan uep ous aserelpAy areaniAdoydsoyd
L10Z “'[e 1o Bua4 L an un
9002 e 10
SISA|00AID 1eyos ‘900z ‘e 1o Jedeld z umo( Uepn x6d aseupy| a1eledABoydsoyd
1102 “[e 1o Jeyosiy 3 umoQ un
uolelidsal o1qoIeeUY 9002 “'[e 1o Jodald L umoq uep [5Y(=0] Ureyo o asejonpal alesliN
110Z “'fe 1o Bus b an ur
€10¢ “e 18 ueyd
1,002 “[e 18 yuwsjpwiuwnig aselnw ayelaoA|boydsoyd
SISAI00AID 19002 “'[e 18 Joyos (12 (umop)dn uep  ywdb Juspuadep-sieledA|boydsoydsig-gz
9oUaJaIp Jo
uonduosap uieloid s9oualajey Aouanbaig uonenbay  sonoiquuy  dudn awieu uleloid ssaooud |eoibojoig

panunuo) | ¢ 371avL

August 2015 | Volume 6 | Article 828

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

L0 “fe yo Bueq - dn un
010z “[e 18 Buep ! an UeA
uoissaidal ayjogered uogie) 2002 “[e 18 |emploD L umoq BN vdoo V Uie104d [043U00 8Yj0geIeD)
1102 “[e Jo Bue4 b dn un
wisijogelaw 8soon|s) 900z “'[e 18 4eyos L umoq uep Molb aseu0on|D
wisjjogelaw 8so3on. 1102 “'[e 10 Bue4 L an un MIOS 9SBUIO0IONIH
yodsuely ayelpAyoqied L LOZ “e 16 Bue4 | an ur 09004ds gl] yungns Jepodsued) Walshs S1d
yodsuely ayelpAyoqied L LOZ “e 1o Bue4 I an un g9go/ds V|| HuNgns Japodsued) Wwelshs S1d
yodsuely eyelpAyoqied L LOZ “e 1o Bus4 | an ur g9go/ds gl yungns Jepodsued; welshs S1d
wisI|ogelsw 8S030E 110Z “Te 10 Bueq L dan un vebq asepIsojoees-d
WISljogeIsw SUILIBSOXOH 110Z ‘e 10 Bueq L dan ur HAs 9SepIuILESOXaY|A1o0Ee-N-¢
wisljogesw asoyebe| L LOZ “'[e 10 Bue4 L an ur aog| ase|ope a1eydsoydip-9¢| 8solebe]
wsijogesw asoyete| L L0Z “'[e 10 Bue4 L an ur 0Dogl aseup ayeydsoyd-g-asolebe|
wisljogeisw 8sojoeen) 1L 102 “'[e 10 Bue4 L an ur gog| oselswos| ayeydsoyd-9-8s01oeEen)
WwiSI|ogeIsWw auiuesoon|o) | 102 “'[e 10 Bue4 L an un gbeu oselawos| ayeydsoyd-9-suliWEesoon|H)
podsuel) 8s010€7 L LOZ “e 1o Bue4 | an un ynuy Jossaides weyshs S 4 8s010e]
uolyepelbep erespAyoaien /002 “'[e 18 yywispuiwniq | an UeA Mab oSeuy| [0180A1D
aselnw ayeleoA|Boydsoyd
uonepeJbep ayespAyoqie) /002 “[e 18 ynwisppwunig L an UBA Jwdb Juepuadepul-arelsoAiboydsoydsig-g‘z
9S0}[ell pue 8so0joelel Jo wsljogeiew
pue usBooA|B Jo umopealq ay | 010z ‘e 10 Buepp L an UBA wbd | @seinw a1esedAiBoydsoyd
podsuey uioe.oeg /002 “[e 18 yywspuwnig L dan uep aein uisioud Buipulq 41V Jepodsuel; Dgy
weuodwod gyl
podsueJ} 8s0jon. /002 “[e 18 yywspuwnig L umoq uep VN oly1oads-as03onJ) ‘WelsAs podsuen S1d
ws|jogelaw
podsuely aelpAyogied /002 “[e 18 ynwisppwuinig L umo( UBA odis uiejoud Buipuig d1v Y4enodsues Ogy pue podsuely ayelpAyogie)
1102 “e 1o Jeyos4 b dan deq
1102 “[e Jo Bue4 b dn un
900¢ “le e
SISA|00AID Joyos {900z “'[e 1o Jedeld (1) (dn)umoq UBA 16d aseJaos| areydsoyd-g-asoon|H
aouaiaylp Jo
uonduosap uieloid s9oualajay Kouanbauig uonenbay sonoiqruuy auan awleu uieloid ssaooud |eoibojoig

panunuo) | € 3719vL

August 2015 | Volume 6 | Article 828

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penupuoD)
SISAYIUASOIq
0AOU 8 S8PII0SJONU BUISOUBNL) 900z “[e 10 Jadsld i umoq uen  gosp aselfloydsoyd apisosjonu suLndg
S9pPII0dONUOQH oseJsjsueliAsoquoydsoyd |1oein/
aulpiwLAd jo shemuyied eberes 2002 “[e 18 [[empioD) | umoq 1PN HiAd uieyoid AloyeinBes supiwiuAd [reuonounyig wisijogelawl pue podsued) apiiosionN
L10g “[e 18 Jayosi4 b umoQ deq
uolje|iwisse UsBolIN 110z “le 1o Buad i umoq ur vuib | 2dA} esE}RUIUAS BUILIEINID
1102 “[e 18 Jeyosid L an deq
BUIOAIB JO sisayluAsolg /002 “'[e 18 yuwisppuiwniq L umo(Q uep vAID aseJsjsuel)Ay1eWAXoIpAY suLes
110z “[e 10 Jouosid b umoq deq
uonepelbep auljoid 9002 “'[e 1© Ueyos L dn ueA voou aseuaboIpAysp 81ejAXO0UBO-G-0UIlOUAd- |
110z e 1o Bued 8 an un
GLog “e e
uoljepeiBap ulojue|y sowey ‘900z “'[e 10 Heyos 2z umoq uen Do aseuly| sjeweqie)
|UIUOBIY}
‘auluoIyIBW ‘BUISA| JO SIseyiuAsolg L LOZ “[e 16 Bua4 | dan un Odse aselajsurlioully
auiBesedse Jo sisayiuAsolg L L0Z “[e 16 Busa4 | umoq un wuse ase1ayluAs suibeledsy
SpIOB OUIWE OljewWole JO SISayluAsolg L L0Z “'le 10 Bue4 | umoq un van 0 JUNQNSs 8seyjuAs ueydoydAip
uiejoid Buipuig-pioe
podsuel; suiweIN® 110z ““[e 10 Bue4 L dan urn Huib oulwe Jepodsuel) Dgy ploe oully
BUISA| JO sISayjuAsolg 900z “[e 10 Jadald i dan uen  @gbe 2 9SeJgjSUBJjoUILLE BUIUNUIOIAIeY
spioe oulwe 900z e 18 aselsjsuesouie
ureyo-payouelq Jo sisayjuksolg 18Yos ‘900z ‘e 10 Jedeld 2z umoq uep EWI SpIoe oulWe Ureyo-payoueig
2002 ““[e 10 ynwsipwiwnig
wisljogelewl eain ‘19002 “'[e 1° Heyos 2z dn uen  Jein uieyold Alosseooe asealn
wisljogelew eain /002 “'[ 18 yuwsjpuiwinig | dn uen  Qeun yungns » aseain
SPIO. OUjWE DIJEWO.E JO SISoyuASOlg /002 “'[ 10 yuwspuiwniq | umoq uep yose asenw syewsuoyD
aujuoIyIBW JO SIseyiuAsolg 1002 “'[e 10 yywispuiwniq L dan uepn  gw aseyjuhs-4A suiuolyieisin
auuoIYleW JO sisayiuAsolg 0102 “[e 10 Buep L an uen  Drew aseA|-d auluolyieisin
asejonpai
BUISA| JO sIsayluAsolg €102 “[e 10 BuisseH L dan uen  gdep a1euljooldipolpAyelial-AX0IpAH-1
wisljogelsw sululbiy GOz “'[e 10 sowey | umoq uep voie aseulwiap suluibay
QuUISA| Jo sisayiuAsolg €102 “'[e 10 BusseH L dan uep VSAl ase|Axoqleosp arepwidouiwelq
QUISA| Jo sisayiuAsolg €102 “'[e 10 BulsseH L an uen  gdep oseJsjsuel}A1eoe areuljooldipoipAyes]
ouIsA| Jo sisayiuAsolg €102 “'[e 10 BulsseH L an uen  ydep oseyiuAs ajeuljooidipopAyiq
aUIUOBIY}
‘auiuoIyIeW ‘BuIsA| Jo siseyiuAsolg €102 “[e 10 BuisseH L dan uep pSy aseusBolpAysp epAysplelwss alepedsy
BUIUOBIY}
‘auluoIyIdBW ‘BUISA| JO SIseyiuAsolg €102 “'[e 18 BulsseH | dan ueA OSAl aseupy ajepedsy
wisIjogelaW auluoaly | 2002 “'[E 18 [[oMpIoD i umoq 181N Al aSeuIlUeap SUIUOAIY]  WSlogeIdW pue HodsUES} pIoe oully
2oUaIaIp JO
uonduosap uieloidd Ss9ouaIdey Kouanbau4 uonenbay sonoiquuy  duan aweu ulejoid ssaooud |eoibojoig

*swisijogelaw uol dluebioul pue ‘owAzus09 ‘OposIoNU ‘pIok oUW Ul PaAjoAul sulsoad :yoeoidde ojwoajoid sanemuenb ayy Aq pannuapi suisjosd passaidxe Ajlenuaseyiq | ¥ 319vVL

August 2015 | Volume 6 | Article 828

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penupuoD)

LLOZ “[e 18 Jeyosi4 L an deq
110z “e 1o Bued L umog un

SISBYIUASOIq aulnd 9002 “'[e 18 Jedald | dan ueA Hind ul104d sIsayjuAsolq auund [euoiounyig
L10Z “'[e 1o JoyosiH L an deq
9002 e 18 Jodeld ¢ dan uep

siseyuAsolq suLnd 7102 e 10 Aueug L dn BN gind oseA| 81euooNSOjAUspY
1102 “[e 18 Jeyosid ! an deg

9SBUWUAS

SPILIEXOQJEO0UIDONS

SISOUIUASOIq BuNd 9002 ‘e 10 Jodald | dan UBA oJnd -8j0ZepiuioulwelAsoquoydsoyd
LL0Z “[e 18 Jeyosid L an deq

yungns

SISBUIUASOIq BuUIpILULAL 9002 ‘e 18 4eyos L umoQ UeA g.e0 abJe| aseyiuAs areydsoyd |foweqieD
L1L0Z “'[e 18 Joyosi4 L umoqQ deq

SISAUIUASOIq BuUIpILILAL 1002 “[e 18 yywisjpuwniq L umoq UeA 0JAd asej0J00JpAyIq
1102 “'[e 18 JoyosiH L umoq deq

Aemyyed abenjes suund sy 9002 “[e 10 Jodeld L an uepn  Denb aselonpal 4o
1102 “'[e 18 JoyosiH L umoq deq

SISBYIUASOIq aund 9002 “'[e 18 Jedald | dan uen  pund oseb||-0j0A0 suIpiweuDABlAsoguoydsoyd
L10g “[e 18 Jayosi4 b umoQ deq

SISBYJUASOIq Bund 900z “'[e 18 Jedald | dan ueA aind asebl| suloA|B-aulwelAsoquoydsoyd
L10Z “[e 18 Jayosi4 3 dan deq

sIseyjuAsolq aund 900z “[e 10 Jedeld L dan uep Hind aseJajsueiAsoquoydsoydopiuy
LLOZ “e 1o Bue4 b dn un

2002 “'[e 19 ynwsjpwiwnig
SISBYJUASOIq Bund ‘0002 “[e 1@ Heyos Z dan uep sud aseupjoydsoydoiAd ereydsoyd-esoqiy
SISBYJUASOIq Bund L L0Z “le 10 Bua4 | dan urn Hind Jossaidal uosado Jnd sy
sepposjonu SLog “'le e

auisouenB Jo sisayjuAsolg sowey ‘900z “[e 18 Heyos 2z umoq uep  yenb 8SeUIUAS dIND

1ungns onAfeleo ‘eselAxoquen

SISOUIUASOIq BuNd 9002 ‘e 10 Jodald | dan UeA z.nd ojozeplwiouiwesAsoquoydsoyd

oseJa)suBI}AWIO)

SISBYJUASOIq Bulnd 900z “'[e 1o Jedald | dan uep NAnd aplweuoA|BiAsoquoydsoyd

SISeyUASOIq BuLNd 9002 ‘e 10 Jedeld L dan UeA wnd || sBUIUAS BulpiweuoA|BiAsoquoydsoyd

SISeUIUASOIq BuNd 9002 ‘e 10 Jodeald L dn Uep oind | 8SBUIUAS BulpiweuoA|BiAsoquoydsoyd

ase|Axoqied

SISBYJUASOIq Bulnd 900z “'[e 18 Jedald | dan ueA Mind ajozeplwioulwelAsoqguoydsoud

SISBYJUASOIq Bund 900z “'[e 18 Jedald | dan ueA vind 9SBIBYIUAS 81eUI00NSOjAUSpY

sISeyUAsOIq BuLNd 9002 ‘e 10 Jedeld L dan UepA sund uleloid sisayuAsolq suund aaireIng

2oUaIaIp Jo
uonduosap uieloid EERIEYETEN | Kouanbau4 uonenbay  sonoiquuy  duan aweu uldjoid ssaooud |eoibojoig

panunuo) | ¥ 37avL

August 2015 | Volume 6 | Article 828

10

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

+HOZ “'Ie 18 Jayosid 5 umod deq
Juswiyoe)e uisaype
[eoooo0ownaud ‘podsuel) aseuebuey 1102 “e 18 Bue4 1 dan un vesd [8000001dau1s 0} Je(iwis ulejoidodr
aseswad
podsue} uol| L 102 ‘e 10 Bue4 1 dan ur qiel Jauodsuel} DGy punodwoo-uol|
podsue} uol| L 102 ‘e 10 Bue4 1 dan ur Jdp unIe) Bulueuod-uoI| BWay-UoN
podsuel} uoj [eyowl—Hungns wisljoqelew
podsueJ; uol [eloN 1 10Z “[e 10 Bua4 I dan ur quj uiejoud Buipuiq eyensqns/ueioid Ogy pue podsue.} uol oluebiou
LHOZ “'Ie 18 Jayosid 5 an deq
FLOg “'fe 10 Bueq
'siseyjuAsolq ereydsoyd-,G [exopuAd 1,002 “e 18 yuwspwwnig 2 umo( un Ssxpd aseA| SISayluAsoIq [exoplid
LLOZ “'[e 1o JayoslH L an deq
sisayjuAsolq uineld 1 10T “'[e 1o Busd 5 an un Hau aseljuAs suizewn|ANqu-g-|Aurewia-2 9
LHOZ “[e 18 Jayosid 5 an deq
2se|04pAYOI0AD
o)e|0j0IpAyeIIe)}
-ausjAyIeW-(Q | ‘G/eseusBoipAysp
SISBYIUASOIq 91e|0J0IpAyEBIIB-BUBIAYIBW-0 | ‘G
1e|0J0IPAYRO}-AULIOL- o | N 9002 “[e 10 Jodsid L an ueA aro; feuonounyg
0402 " 10 Buep
:2002 “[e 18 ynuwisjpuiwnid (L4 (dnjumoq@ UeA
SISaYjuAsoIq aseJajsuellAUIBUWAX0IPAY
V BWAZUS00 pue 8jeusyloiued 7102 e 18 Aueug 1 dan 1PN gued 2]e0UBINQOX0-Z-|AYIBN-E
sisayjuAsolq uiwely | 1 10T “'le 1o Bued 5 an un wiy aseup 8|0zelyiAYIAX0IPAH
SISBYIUASOIq
V/ BWAZUS0O pue 8eusyiojUEd 9002 “[e 18 Heyos L umoQ uep P2 8SeI0NPaI BPIINSIP VY BWAZUBOD
SISeUUASOIq
V BWAZUS0O pue sjeusyjoiued /002 ‘' 10 yuwspuwiwnig L dn uep  geoo aselsjsuelAlAuspe ausyiejuedoydsoyd
siseyiuAsolq uuerdolqoipAyens| /002 “'[e 18 ynwisppuiwniq 1 dan UepA sadid aseyjuAs uusidoigolpAyeia AoAnIA4-9
SISOUYIUASOIQ
v 9WAZUS0D puUE 8jeusyjojued /002 ‘' 1o yywspuwiwnig L umoq uep  Jued asejonpai-g areojuedoipAyed-g
SISeUIUASOIQ 10}0BJ0D WNUBPAION 900z ‘e 1o Jadaid L umoq ueA  FEOW g HUNQNS Jojoe} BuipeAuod uueldopaAlopn
sIseyuAsolq sweH 900z ‘e 10 Jadaid L umoq uep  guisy aserelpAysp ploe olulNASOUILIE-S
SISeUuASOIq uiuely | 2002 “[e 18 llsmpioD I an BN Rz uieiold siseujuAsOIg-uleIY |
SISeYIUAsOIq plousidos) 2002 “[e 18 [[]emploD I dan BN SeAW  8SBYWUAS YOO -|Ateln|BiAyiew-g-AX0IpAH-€ wssljogelsw pue podsuely sWAzUs0D
110z “[e 10 Jeyosid b dn deq
110 “Ie 1o Bued b umoQ uri
sepnosjonuog /002 “'[e 10 yywispuiwnig
aulpiwLAd jo skemyied abeaes ‘0002 “'[e 18 Weyos 2 umo( ueA dan aselajsuelAsoquoydsoyd [1oeln
2oUaIBYIP JO
uonduosap uieloid S9oualajey Kouanbai4 uone|nbay auan awieu ujdloid ssaooud |eoibojoig

panunuo) |  37avVL

August 2015 | Volume 6 | Article 828

1

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penunuoD)
02 “e 18 Jeyosid L an deQ
uig30Jd JUNQNS [eWOoSoqly 7102 e 10 Aueug L an 1PN osdi €3 uBl0Jd [eloSOqlY
1102 “[e 18 Joyosi4 s dan deq
ul104d JUNGNS [ewosogly 7102 “le 18 Aueug | an BEN wsai €18 ulel0.d [ewosoqry
LLOZ “'[e 1 Jayoslq ! an deg
ul04d JUNgNS [ewosoqly 7102 “le 18 Aueug | an 1PN rsai 01S uteloid [ewosoary
ulej04d JUNgNS [ewosoqly L LOZ “[e 18 Jayosi4 | an deq gsdi S ueloid [ewosoqry
uone|nBes swosoqly 1102 “'le 1o Busd | dan url [ Logids ueyold 8oeHSIUI HUNGNS [BLIOSOaIY
UoeINJEW [BUILLIS}-OUILLY 1102 “'le 1o Busd | dan ur] dew aseplidadouwe auluoIyie
UOI}BOIIPOW SWO0SOqIY 1102 “'[e 1o Bue- L dan ur Juwin oselsjsuBIA1eoY
uojjeinjew awosoqry L 102 “'[e 10 Bue4 L umo( un Wi uigyo.d Buisseooid WYNYI SO
aseJsjsuelyAylow siseuabolq
uoleoIpoW YNY} 010z e 18 Buep L dn uep nuy -(eyelApunoly}-z-|Aylewouiel Ayiew-g PUE 8INJONJIS [eLoSOq ‘Uole|suUel|
L1L0g “fe yo Bued b dan ur
uonduoseul| 900z “'[e 1o Jodald | umoq uep ve.b J10)0B} UolEBUOlEe UONdUIOSUR) |
Blep
110z ‘e 1o Bueq L an un Fodi nungns eselswiA|od YNy peioalp-yNd uonduosuel|
L10Z “[e 18 Joyosi4 s dan deq
9002 “[e 1o Jedald ! an uep
uoneniods 2002 “'[e 18 lpmploD | an 1PN ppods HA0dS uejold AoyenBey
HHOZ “'[e 18 Jayosly b an deqg
UOISIAIP 18D 0102 “[e 10 Buepm b dn uep zZsy uiejoid UOISIAIP (18D
UOISIAIP 18D 9002 “[e 18 Heyos b dn uep YAINP uieioid UOISINP |80
UOISIAIP (18D 900z “’[e 1o Jadeld L an UBA zeaw ugglold UOISINP (18D
uoneniodg 2002 ‘e 18 [[pMploD) i dan 1PN AGSI 10§08} GO-HUE-HUY UOISIAIP 90 pue uope|niods
LL0Z “[e 18 Joyosid L umoqQ deQ
Jredal YNQ 0102 ‘e 10 Buepp L an UBA o Al @sesjonuopug
02 “e 18 Jeyosld L an deQ
uoleuIqUIodaY 0102 “e 10 Buepy L an UBA voa. V 9SBUIqUIOO8Y
Jredal VNG L L0Z “e 1o Bue4 | an un vpue ases|onu Ajue-yNg
uopjeol|dey 110T “'[e 1o Bued b umod un gqss uisiold Buipuig-yNQg pepuess-e|buls
Jredal YNQ L LOZ “e 1o Bus4 | an un winw se|As00A|6 YN Q-8ulpluAdopILIBWIO
uoneol|dey 900z “'[e 1o Jadald L umoq uep wed uejold Bulpulg YNQ papuelis-s|buls
uoleoldey 9002 “[e 1o Jadald I umoq uepA gifb g yungns aselAb vYNQd
uoneoldey 900z “'[e 10 Jodald L umoq uep Fued g uungns | esesswosiodo]
uoneoldey G10Z “[e 10 sowey L dan UeA vaes uIgj0Jd |0JUOD-UOIEIU|  Jledal pue uoIeuIqUIODal ‘uoledldey
2ouaIaIp Jo
uonduosap uisjoid seouasaey  Aousnbaiy  uonenBay  sonoiqnuy ausn aweu ui)0id ssao0.d |eaibojoig

“anouun) uidoid pue ‘uone|sues} ‘uondiosue.) ‘UOISIAIP [199 ‘uonesljdal ul paajoAul suiajoud :yoeoidde ojwoajosd aaneyuenb ayy Aq paiuapl suieloid passaidxa Ajlenuaseyid | ¢ 319vVL

August 2015 | Volume 6 | Article 828

12

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

uigloJd JUNQNS [ewlosogly 7102 ‘e 1@ Aueug | dan BEN nias 121 uieioid [ewosoqry
LLOZ “[e 18 Jayosiq L dn deq
€10z “[e 18 BuysseH L umoQ uep

uieloid JuNQNs [euwosoaly 7102 e 10 Aueug | dn 1B\ Ny 717 uejold [ewosoary
1102 “[e 18 Jeyosid L an deg
2002 ‘e 10 yuuwsipuiwnig L umoq UBA

uleloid JUNgNS [BLWOoSOaIY 102 “[e 10 Aueug L an 1PN vsas 1S ueloid [ewosoqu SO8
102 “[e 18 Jeyosi4 L an deq

1102 “le1e

ulel0Jd JUNQNS [ELWOSOaIY Bue4 ‘y00zZ ‘[e 18 opleulsg z dan ur v/} |7 uiel04d [ewosoary
LLOZ “e 10 Joyosid b an deg

uleloid JUNQNS [eLWOoSoalY 7002 ‘[ 10 opJseuleg L an ur aids 7] uel0Jd [ewosoqiy
LL0Z “[e 18 Jeyosid L an deq

uiejoid JUNQNS [euwosoaly 7002 “'[e 18 opieuleg i dan ur Widi ¢ 17 ueiold fewosoqry
L10Z “'[e 1o JayosiH ! an deq

uiejoid JUNONS [euwosoaly 7002 “'[e 18 opieuleg L dan ur ol G171 ueiold fewosoqry
1102 “[e 18 Jayosi4 3 dn deq

uiejoid JuNQNS [euwosoaly 700z ‘[ 10 opieuleg | dn ur /ici 6S urejoid fewosoary
LHOZ “[e 18 Jeyosid L an deq

uleloid JUNQNS [eLWosoaly 7002 e 10 opJreuleg L dan ur Nidi 227 uieloud [ewiosoary
L1LOZ “'[e 18 Joyosi L an deQ

uleloid JUNgNS [ELWosoaly 7002 “'[e 10 opJseuleg L dan ut ywads /27 uieioud [ewiosoary
LLOZ “[e 18 Jeyosi4 L an deq

uiejoid JUNQNS [euwosoaly 700z “'[e 10 opseuleg i dan ur folle/] g7 uejoid fewosoqry
1102 “'[e 1o JayosiH ! an deq

uigloJd JUNQNS [eLlosogly L LOZ “[e 16 Bua4 | dan un ysai 8|S uejoid [euwosoary
1102 “[e 18 Jayosi4 b dan deq

uoljenjew sawosogiy 900z “[e 18 Peyos i umoq uep  ybue uejoud Bulpulg-419
L LOZ “[e 18 Jeyosid ! an deq

uleloid JUNQNS [eWosoaly €102 “'[e 10 BuisseH L umo(Q UeA gdi 271 uieioid [ewosoqiy
L1L0Z “'[e 18 Joyosi4 L an deQ

uoljeinyeul swosoqly 9002 ‘e 10 Jodald | umo( uepA vlo 9SE4 ]9 [enuassy
102 “[e 18 Jeyosid L an deq

uoljejsuel| 900z “[e 18 Jadald i umoq uep gl 2~ 1010} UolENIUI [BUOIE|SURL|
1102 “'[e 1o JayosiH ! an deq

uie10id JUNQNS [BLIOSOIY ¥10Z “'[e 10 Aueu3 L dn 18I T 2H1/271 wiejoud [ewiosoay

2oUaIaIp JO
uonduosap uivloid saoual9)ey AKouanbaig uonenBay sonoiquy  duadn aweu uidjoid ssaooud |eoibojoig

panunuo) | G 37avVL

August 2015 | Volume 6 | Article 828

13

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penupuoD)
suoJedeyd 900z “'[e 18 Jedelq L dan uep soib suoledeyd
€102 "[e 10 BujisseH
2002 “[e 18 yHwspuwiniq
suoJsedeyd ‘9002 “'[e 18 Ueyos e dan uep vsid Josinoaid esep|o4
uonepe.lfap uelold /002 “'[e 18 ypwisppuiwinig L umoQ uep\  gdad oseplidedouluy
uonepelap ueloid €102 ‘e 10 BulsseH L dan uep gapo uiejoid suoiedeyo Juspuadep-d1v
uoIed0|SU..} US)0ld 900z “[e 18 Peyos | dn uep  AD8s aseoojsuel} ueioidald
nungns seuosedeyd Yerouiny uisjoid
uolepelbap ueiold 2002 “'[E 18 [[oMpIoD i dan 1BIN ddo onAjosioid asesyoud di yuspuadep-d1v ‘UOIEDIIPOW [eUOIIe|SUE}-1SOd
L10g “[e 18 Jayosi4 b dan deq
7002 “[e 1o Opieuleg b dan un
010z “[e 1o Buem
2002 “e 18 yuwisjpuwinig (e (dnjumoq UBA
uoljejsuel| 10z e 18 Aueug i dan 1BIN vsny ) J0}0B} UOIeBUOIe [BUOIE|SUBI]
L10g “[e 18 Jayosi4 b umoQ deq
1102 “fe Jo Bue b an un
uoljejsuel| 900z “[e 10 Jadald | umoq uep 481 s| J0)oe} uoleBuolg
HHOZ "B 38 Jeuosid ! an deq@
LHOZ "fe 19 Bued : umoq un
ule304d JUNQNS [BLIOSOaIY /002 “[e 18 yuwisppuiwinig L dn uep el 021 usioid [ewosoqu SOG
LHOZ “e 18 Jauostd L an de@
LLog e e
Bus ‘+00z “'[e 10 opleuleg 2z dn ur
0402 "e 10 Buem
uone|suel| /002 “'[e 18 yuuwsjpwiwiniqg [ (dnjumog uep n n| Jojoe} uolreBuolg
L10T “[e 38 Jeydsiy : an deq
LLOZ "1
Bus4 700z ‘e 18 Opseuleg (O (umop)dn un
uleloid JUNgNs [EWOSoaIY 0102 “[e 10 Buepp L an UeA gsdi 2S ueyoud ewosoqiy
L10Z “[e 1o JayosiH L an deq
7002 “[e 1o Opleuleg b an un
uiejoid JuUNQNS [euwosoaly £10z “'[e 10 BulsseH i umoq uep el 97 ueioud fewosoary
L10Z “[e 18 Jayosi4 b dan deQ
L1L0Z “[e 1o Bue L dn ur
uiejoid JuNgNs [ewosoaly 710z e 18 Aueug | dn 1B\ 4sci 9S urejoid [ewosoary
LLOZ “[e 10 Joyosid b an deg
L10g “lele
Bued 00z “'[e 10 opleuleg 2z dan ur
20oUaIaIp JO
uonduosap uieloidd Ss9oualaey Kouanbau4 uonenBay  sonoiqpuy  duan aweu ulejoid ssaoo0ud |eoibojoig

panunuo) | ¢ 31gvVL

August 2015 | Volume 6 | Article 828

14

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

L1Og “[e 18 Jayosi4 3 umod deq
2002 “[e 1 ywspuwnig
uopepeJbep uleloid ‘9002 “'[e 10 Heyos z an UBA HSY osepnded
1102 “[e 1o Joyosl4 L umo( deg
Joyeinbai
UOIFeDlIPoOW UIs}old 9002 “'[e 1° Ueyos L dan uep Hisw 9SEJONPaJ BPIXOJNS suluolyewW sphded
L1LOZ “[e 18 Joyosiy L umoQ deg
2002 "B 18 yuwsipuwnig
apndad [eubis jo ebeaes|n ‘0002 “'[e 1@ Heayos 2 dan V=7 gsds g eseppded [eubis
7002 “[e 1o opieuleg b dan ur
010z “[e 1o Buep
:2002 “'[e 18 yuwisjpuwinig
suosedeyd ‘9002 “'[e 10 eyos (1z (umop)dn UeA yeup suosedeyn
LL0Z “[e 1o Bued b dan ur
uolepelBep uleloid 0102 “[e 10 Buep L an UBA ydad aseplidedoulwe-jAweinn
9002 “'[e 18 [ieuos b dn ueA
UOIBOlIPOW ulgiold 2002 “[e 18 |[empioD b an BN 99CLYS g 8Se10Npal 8pIXo)Ns SUIUOIYIBIN
Josinoeid
uolepelBep uleloid 1102 “[e 10 Bua4 L an un vud aseuls}0id sules PaleIDoSSe-|[eM |80
Buisseooud uigl0id 9002 “'[e 10 Heyos L an UBA vaio asepiided Buisseooid [eujwiel-Axoqie)
€102 e e
UoIFeDlIpoW UIsiold usyD ‘900z ‘e 10 Hayos 4 an uep vIsw / 8SB1oNpal apIXOHNS SUILOIYISIN
aouUaIayIp Jo
uonduosap uieloid EERIEYETEN | Kouanbaug uonenbay sonoiquuy auan aweu ujeloid ssaoo0ud |eoibojoig

panunuod | ¢ 3719vL

August 2015 | Volume 6 | Article 828

15

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penunuoY)

uiel0.d paleInoSSE-sURIqIS

adeys |90 JO [0U0D 6002 e 10 909\ L dan deq Hgeiw tadeys (|90 4O |0U0D
SISeyuAsolq ploe Ae4 | 102 “'[e 10 Bue4 L umoq ur vooe 0 JUNQNS BSEJAX0GIeD YO-|A190Y
yungns ugejosd Jeled
SIsaYIuAsoIq pIoe Ajje4 1 10Z “Te 1o Bue4 L umoq ur gooe |AXOQUEeD UNjoIq 8SEAXO0UED YOD-|A190Y
SISBUIUASOIq SpIoe Alje | 102 “'[e 10 Bue4 L umoq ur Qe aselonpal 4Ov-1Aoeoiey-g
uonepIxo-¢ pioe Ane 110z “'[e 1o Bue L umo( ury geyd asejelpAy yoO-|Aoug
oSEloyIUAS
SISeYIUAsOIq ueoA|Bopnded 9002 ‘e 18 Yeyos L an uep Fnw apndedu jAweinwifieoe-N-4an
/00g “'[e 18 ypwsppuwnig
uoiepelBep ueoA|Bopnded ‘9002 “'[e 1o Jedald 2 dan ueA WA ase|0IpAY uedA|Bopiided
2002 “'[e 1o yuwsipwwnig
SISeyuAsolq ueoA|Bopnded ‘9002 “'[e 10 Heyos 4 dan uep yoaw V2 ureloud Buipuig uljjiolued
9002 “[e 10 Heyos L dan uep gibs 9SEBIOJSUBIYASOOAID)
SISeyiuAsoIq epleyooesAiod Jensde) /002 “'[e 18 ynwisppwuwniq L dan uep Hded osesawlde-g sujwesoeyhiooe-N-4dan
2002 “'[e 1o yuwspwwnig
19002 “'[e 18 4eyos Z umo( uep VoS! V Uiel0id JuBUILLIBIBP 90BLNG
SISeYIUAsOlq ueoA|Bopnded 0102 “[e 18 Buep L dan uep guea osep)| ayejoe|-p-suluee-q
sISeyuAsolq ueoA|bopnded 0102 “[e 10 Buep L dan uep XxueA asepidedip ayeloel-p-auluee-q
sIseyuAsolq ueoA|bopnded G102 “[e 10 souey L dan uep Xdpp aseplidedip aujuefe-p-auluee-g
GL02
“|e 10 sowey ‘g0z “'[e 10
sIseyuAsolq ueoA|Bopnded  BuisseH ‘900z “[e 18 Jedeld e dan ueA PP aseb)| suluefe-p-auluee-q
aseusBolpAysp
SISeyUAsoIq epleyooesAiod Jensde) /002 “'[e 18 ynwisppuwuwnig L an uep oded 9SOUUBW-4J9)/0500NB-4aN
vGdeD
sIseyiuAsolq epLeyooesAjod Jensde) 9002 ‘e 18 Yeyos L an uep wdeo  ueloid sIseyiuAs epueyooesAiod Jensden
€Log e 1o INGdeD
sISeyuAsolq epleyooesAlod Jensde)  BulsseH ‘1900z “[e 19 Peyos 2 an ueA nwdeo  uloId siseyiuAs epueyooesAiod Jensde)
asded
SISeYUuAsoIq epleyooesAjod Jensde) 9002 “[e 10 Heyos L an uep @gdeo  uploId SISOYIUAS apueydoesA|od Jensde)
SISBYIUASOIQ pIoe Dl0Yyd1e| 9002 “[e 10 Heyos L dan uepA gbey g ulelo.d sISBYIUASOIg ploe d10yole|
sISeyluAsolq ploe Ajeo 900z “'[e 18 4eyos L umoQ uep aaqe) asejhoesuel} 4OV-voD JAUoe
splouaidos| Jo sisayluAsolg /002 “'[e 18 yjwisjpuiwniqg L umo( ueA 1y aselauos-eyep areydsoydip-|Ausiuados|
awAzus
sISeyiuAsoIq epleyooesAiod Jensde) 9002 “[e 10 Heyos L an uen  H8deo SISeyluUAs apLeyooesAiod Jeinsde)
oseJsjsueliAlApnio
siseUuAsolq plousidos| 710z “[e 10 Aueug ! an 1PN adsi eeydsoyd- [oiylie-g-lAuew-0-g
siseuabolq
SISBUIUASOIQ BuBIqUIBIA 7102 ‘e 18 Aueug L dan 1PN ddoe uiej04d Jalueo |Aoy adojeaus ‘eueiquiall ‘|lem [|80
aoualayip jo
uonduosap uieloid saoualajey Aouanbaig uonenbay  sonoiquuy ENET) aweu uiejoid ssoao0.d |eoibojoig

*sisauabolq adojeaus ul panjoaul suisjoid :yoeoidde ojwosjoid aaneyuenb ayy Aq paiyuapi suisjoid passaidxe Ajjenualayq | 9 319vL

August 2015 | Volume 6 | Article 828

16

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

1102 “'[e 18 Jayosi4 b umoQ deq
11Oz e 1o Bued b umoQ un
/002 “'[e 18 ypwisppwiwinig L umoQ uep
sIseyjuAsolq proe Ae4 102 “[e 10 Aueug L dan 1PN Zqe) asejeIpAyep 4OV 1A0ISUAWAXOIPAH
1102 “[e 1o Joyosi4 b umoQ deQ
9002 ‘e 18 [4eyos L dn uep
SISeYIUASOIq UeOA|Bopnded 2002 “'[e 18 []emploD L dan 1PN vdgd | ul0Id Buipuig-ulioluad
L1L0Z “[e 1o Joyosi4 L an deg
€10z “e e
BuisseH 900z “'[e 10 Heyos 4 dan uep
SISeUIUASOIq UeoA|Bopnded 2002 “'[e 18 []emploD) L dn 1IN Yvwiey aselsjsueljAoeoully
LHOZ “[e 18 Jeyosid L umoq deg
700¢ “'[e 1o opJeuled L an un
sIseyuAsolq areodr] 7102 “[e 10 Aueug L dan 1PN valy JosInoald ased| [0180ABjAoe |
700¢ “'[e 1o opieuleg L umoQ un
2002 “'[e 10 yuwspuiwng
‘9002 “[e 18 Heyos 4 an uen
asepiwe
urewop-(sesepndad/sese|oipAyopIly
uoepe.fep ueoAiGopnded 2002 “'[e 19 [[eMpIoD L an BN peSs jJuspuadap-suIpisH ‘BUIBISAD) dVHO
LLOZ “[e 18 Jeyosid L an deq
aselsjsuelyjfleoe
a1eydsoyd
- | -euWesoon|B/asels sueiApun
oleydsoyd- | -suiuesoon|BjAieoe-N
SISeYIUAsolq ueoA|Bopnded L LOZ “[e 16 Bua4 | dan un nwb feuonounyig
1102 “[e 18 Jayosi4 b an deq
0Loz e e
SIseuuAsolq proe Aed Buep 19002 e 18 Heyos 4 an uep Elele] II ©SBYIUAS JOV-1A0E0XO-E
1102 “'[e 18 Jayosi4 b umoQ deq
SISeYIUAsOIq UeoA|Bopnded /002 “[e 18 ynwisjpwiwnig | dan uen  wunw | 8selajsuellAUINMXOqIED- | OYNOID-dAN
1102 “[e 18 Jayosi4 3 dn deq@
/00g “'[e 18 yuwisppuiwiniq oselgjsuejouie
SISeUIUAsOIq UeoA|Bopnded ‘9002 “[e 18 Jedald z dan uepA swyb aleydsoyd-9-8s01onJj-auiuesoon|)
SISaYUuASOIq ploualdos) L LOZ “[e 18 Jayosi4 | umo( deq NHO aseyjuAs ausienbs
QouaIaylp jJo
uonduosap uieloid sooualajey Kouanbauy uonenBey  sonoiquuy  auan aweu uiejoid ssao0.d |eoibojoig

penunuo) | 9 31avL

August 2015 | Volume 6 | Article 828

17

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penunuoY)
LLOZ "B 1
18U9siH ‘600z “[e 10 409\ z dan deq
asuodsal Jusbulis 1002 “[e 18 yywisjpuwwniq L umoQ uep Vel aseupoydsoydolAd 419
1102 “[e 1o JayosiH ! an deg
S10}0B} 9oUS|NJIA BU} JO Uoeinbey /002 “'[e 18 yywisppwiwnig L dn uep v/es vV JoleinBal Alosseooe snooooojiyders
L10Z “'[e 1o JoyosiH L an deq
sIseyjuAsolq
uedA|Bopidad |lem |82 8y} JO |0U0D
BU} Ul POAJOAUI HEIA/SEIA WiolsAS
AioyenBes Jusuodwod-omy ay | 9002 “'[e 18 4eyos L dn uep SBIA aseuly auIpiIsly Josuas Jusuodwoo-om|
L0 "fe 1o Buad b umoqd un
uonye|nbes aousledwo) 900z “'[e 10 Jadeld L dn ueA Ui V Uulejoid a|gionpul-abewep 8ous1edulo)
/002 “'[e 18 ypwisppwiwinig L umoQ ueA
710C “[e 1o
SSeJIS ONIJEPIXO 0} 8oUBISISeY  AUeUT Z00Z (e 18 [[empioD 4 dn BN NPOS aseinwsip apixosadng
asejeydsoyd
aoue)sIsal uioeiyoeq 6002 e 10 908\ L dan deq foYelel areydsoydoiAd |Ausidesepun
(weysAs Auoyeinbal Jusuodwod-saiy)
Bojowioy v uieoid sooys-abeyd
Ayiqeswiad aueiquisw JO uonenbay 6002 ‘e 10 909 L an deq Hiel ‘uieloid BuBIqWIBW PEAIBSUOD)
uonensels ayeydsoyd L L0z “[e 16 Bua4 | umo( u noyd Japodsuely ereydsoyd
uonenbes eousledwo) L LOZ “[e 16 Bua4 | umoq un gjbo uiejo.d sousiedwon
uonye|nbes eousledwo) L LOZ “[e 16 Bua4 | umoq un w160 uiejo.d sousiedwon
ARemuyred uxopaloly | /002 “'[e 18 yywisppwiwinig L umoQ ueA axi 9SBIONPal UIXOPaIoly |
siseusboyyed
[820000|Aydess Jo Joyeinfai Jofew v 9002 “[e 10 Jeyos L an uep den dv4d.1 ueioid uoionpsuel [eubls
/002 “'[e 18 yywisppwiwnig
sule10.d 8ous|nJIA JO uonenbas ay | ‘9002 “'[e 18 Jeyos z umo(Q uep vube v Joreinbal suseb A10sse00y
Jauuew juspuadep-Aysusp |89 e ul
$J0}0B} 9OUS|NJIA BLOS JO UOISSaIdxd
S|0JJU0d Jey} Joyenbal [euonduosuel| /002 “[e 18 yywisjpuwwniq L umoQ uep Sues Joyeinbal reuonduosuely odA}-HIH
SISeYUAsOIq
ueoA|Bopndad |lem |82 8} JO |0AU0D
BUj} Ul POAJOAUI HEIN/SEIA Wielshs /002 “'[e 18 yywisppwiwnig
AKioyenbes Jusuodwod-omy ay | ‘9002 “'fe 10 Jeyos Z dan uep HeiA JoyeinBal esuodsal uoNWIS SSa.IS (9D
uonepelbop [exoABIAUIBIN 0102 “[e 10 Buep L dan uep volb oseA| suolyrein|bihoioe]
onolqiue apidedodA|Bb
Je|Nn|[ooeIxd 0} asuodsal Ul WolsAs
JueuUOdWOd-0M} HUBA/SUBA 84 | G10Z “[e 10 sowey L dan uen  Huea ureloud Joreinbal Jusuodwod-om|
abewep Wolj YNJ JO Uonosloid G10Z “[e 18 sowey L umoQ uep sdp uieyoud Ajiwrey sdg
90UEBJB|0} YO0US P|0D 2002 “'[e 18 [[emploD L dn T vdso uigjold 3o0ys ploD suielold pajejel-Ssalis [eJousn)
aouaIayp jJo
uonduosap uivloid saoual9)ey Aouanbaig uonenBay sonoiquy  duan aweu uidjoid ssaooud |eoibojoig

asuodsai ssalls ul paAjoAul suiejoud :yoeoadde o1iwoajoud aaneuenb ayy Aq paynuapl sutejosd passaidxa Ajlenuaiayid | 2 319vL

August 2015 | Volume 6 | Article 828

18

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penunuoD)
siseusboyied €102 “le 10 BuysseH | umo( Uepn aqy 0 esedijoydsoyd
sisousboyyed £10z “'[e 1o BulsseH L umoq uep EL] UIX0}0¥Na
siseusboyyed £10z “'[e 1o BuysseH L umoq uep @i UIX0}0¥Na
siseuaboyied £10zZ “'|e 10 BulsseH 1 umo( Uep 1gdss JosInoa.d eseejold auivisAD
siseuaboyied €102 “le 10 BuysseH | umo( Uep 108 | 8dA} uixojoleIUg
uieyo.id Buipuig
sisausbouyred £102 “[e 10 BulssaH | umo( uep  dgdws ewse|d pue Xuyew Jejn|jeoe.xs Aiojeloes
siseuaboyied £102 e 10 BuysseH | umo(Q [UI=7N vaT) v 10108} Buidwiniy
siseuaboyied €102 “[e 10 BuysseH | umo( Uep 3/ps ule0Jd payeIoosSe-a0BUNS (|90
ujeloud
siseuaboyyed 9002 ‘[ 18 Heyos L dn uep dss Buipuiq ewseld pue NDT Jejn|jeoelixg
siseuaboyyed /002 ‘e 18 yuwsjpuiwnig L umoq uep vxse 10)0B} 90UB|NIA PB18I08S surejo.d paye|el-aous|nIIA
LLOZ “[e 18 Joyosid L dan deq
eLog "ew
usyd ‘9002 “'[e 18 Heyos 14 an uep
SS8I)S BAIEPIXO 0} oUe)SISaY 7102 ‘e 1o Aueus L dan BN odye D Jungns asejonpai apixosedolpAy Ay
LHOZ “'[e 18 Jayosiy 3 dan deq
2002 “'[e 18 yuwsjpuiwnig 3 umoq UeA
9OUEBJS|0} O0US Pl0D 2002 ‘e 18 [[pMpIoD) L dn IEN 0dso uieyoud 4o0ys pIoD
LLOZ “[e 18 Joyosid L dan deq
2002 ““[e 18 ywsjpuwiwiniq L umoq ueA
90UBJB|0} YO0US P|0D 2002 “[e 18 ||emploD | an BN gadso ureloud ooys ploD
110z “[e 18 Bued L an un
0402 "[e 10 Buem b an ueA
v10g " 1o
SSBJIS BAIIEPIXO 0} oUelSISaY  AUBUT (Z00Z “'[e 18 [[eMpIoD) 2 dan PN vpos asenwisip apixosedng
LLOZ “[B 18 Jeyosid L an deq
900z “'[e 19 Yayds L an UBA
SS8JIS BAIJEPIXO 0} doUE)SISaY 2002 ‘e 18 [[pMploD) L dan IEIN viey aseeleD
LLOZ “'[e 18 Jayoslq L an deg
€102 “e 1o BujsseH L umoQ ueA
v10g " 18
ooueJo(0} Hd auleyly  AueuT (Z200g “[e 18 [[eMploD z an BN gzdse ©2 ule1oid »ooys aulex|y
LLOZ “[e 18 Jayosly L an deQ
[ondl 415 8y} Jossaidai
0} 8suodsai Ul uolre|nBas uonduosues| 1 1L0Z “Te 10 Bueq | dn ur APOO oldoJjole|d feuonduosuel) Buisuss-419
110z “[e 18 Jayosi4 L umoq deq
SISOUIUASOIq BuIeaq auloA|D 9002 “'[e 10 Heyos | an Uep vieq aseusboipAysp auloyD
92oUaIaIp JO
uonduosap uisjoid saoualajey Aouanbaiy uonenBay sonoiquuy  duadyn aweu uiL10.d ssao0.d |eaibojoig

panunuo) | 2 3719vL

August 2015 | Volume 6 | Article 828

19

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

LHOZ “Ie 18 Jeyosid L an deg
700z “'[e 10 opreuseg L umogd ur
€102 “[e 1 usyo
:/00¢ “'[e 1@ Yuwspuwniq
'9002 e 10 Heuos € dn UeA
uonepeJbap,/sisauabolq
|lem |80 ‘sisausbouyred 2002 “[e 19 [[oMpIoD L dn 1PN ves! v UsBijue Jueuiiopounuiw|
LLOZ “[e 18 Joyosid L an deq
002 :,m 18 opJeulsg % umoqg ur]
uonepe.bep/sisausbolq
|lem |80 ‘sisausbouyred /002 “[e 18 yywspuwnig L dan uep ne uisAjone feuonounjg
002 “'[e 1o opJeulsg s umoQg ur
/002 “'[e 10 yuwspuiwnig
sisauaboyred 19002 “'[e 1o Jedald 4 umoQq uep eds Vv ulejoid Buipuiq 5 ulingojfounuwiw|
€10z “fe 1o BujssoH s umoQq uep
sisausbouyyed 102 “[e 18 Aueug L dn 1PN Qe uisyoid Buipulg-usBounqi4
900¢ “[e 18 Ueyos 8 umoQq UeA
siseusboyied 2002 “[e 18 ||emploD | an 18N VA4S uieloid esuodsel Aiojelidsey
siseuaboyied 00¢ “'[e 1o opreulag L umoq url €91 INVS uisAjoway-n
siseuaboyied €102 e 10 BuysseH | umo( Uepn Z/es Z ugjoid A10SS800y
siseuaboyied €10z “'|e 10 BulsseH 1 umo( Uepn yob asedn
siseuaboyied €102 “le 10 BuysseH | umo( uepn obly 0 Weuodwod ‘uisAjowsy-4
siseusboyied €102 “'|e 10 BulsseH | umoqQ uep vSAY VSAH
aoUaJayIp Jo
uonduosap uieloid soouasaey  Aouanbaug uonenbay  sonoiquuy auan aweu uiejoid ssoo0.d |eoibojoig

panunuo) | £ 319Vl

August 2015 | Volume 6 | Article 828

20

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Proteomic approach of antibiotic resistance

Leeetal

(penupuoD)
umousun 110Z “'Ie 1o Bua4 L an url G6804ds umouxun
umouxun 1102 “'[e 1o Bue- L umoq url gzLodds umousun
umouMun 110T “'fe 1o Bued 3 an url gg004ds umouMun
umousun 1102 “'le 1o Bued L umoq url /86 JJds umousun
umouMun 7002 “[e 18 Opleuiag b umoq ur 6L20NVS umouxun
umouMun 7002 “[e 18 Opieuleg b umoq ur ecrovs umouxun
umousjun 9002 “'[E 1@ Heyos L dn uep XBIA umouMun
umousun 900¢ “[e 18 [48yos 3 an Uen  glLlevs umouMun
UMouun 9002 “[e 18 H8yos b umoq Uen  gcoovs umouun
umousun 2002 “’[e 18 [[emploD L umoqQ BN 60ZLVS umouMun
UmMmousun 2002 “[e 18 lempioD b umod BN 6L60YS umouMun
umouMun 2002 “[e 18 lempioD b dan BN GGrLYS umouxun
umouMun 2002 “[e 18 lempioD 3 an BN Z8G0VS umouxun
umouMun 2002 “[e 18 lsmpio) 3 an BN cZL0vS umouxun
umouMun 2002 “[e 18 lsmpioD 3 an BN Z8S0VS umouxun
umouMun 2002 “[e 18 lsmpioD b an BN CLBLYS umouxun
umouun 2002 “'[e 18 |[empIoD b umoq BN 6520VS umouMun
umouXun 2002 “'[e 18 |[eMpIoD 3 umoq BN coeevys umouxun
UMmouun 2002 “[e 18 [lempioD 3 an BN eL8LYS umouMun
umousun 2002 “’[e 18 [[emploD L dn BN 898LVS umouMun
UMousun 2002 “[e 18 lempioD b an BN 0r60YS umouMun
UmMousun 2002 “[e 18 lempioD b an 18N LSOLYS umouMun
umouMun 2002 “'[e 18 [[pMploD L dn BN 8gzZLYS umousun UMOUUN UoRoUNS
yodsuel ayelpAyogied L LOZ “[e 10 Joyosi | umo( deqg /020YS uieyoid BuIpUIg-ULIXepO)[ewl/aSO} BN
podsuel} sebns—yungns
podsuely ayespAyoaied 110Z “Te 1o Bueq | dn ur] /ggLids uisjoid Buipulq eyessans,/uielold Ogy
podsueJ; Jebng —uungns
yodsuely eyelpAyoqied L LOZ “e 1o Bue4 I dan ur £8004ds uiejold Buipulq eyessans/uelold Ogy
7002 “[e 18 Opieuleg b an ur
uonepelbep uedAiBopnded 9002 “'[e 10 Jodald | an Uepn @geos 9SelAs00AIBSURIL [em [|90 BAeINg
uieyold palejei-luessisal
siseyuAsolq ueoA|Bopnded 9002 “[e 18 H8yos 3 an uen viwy Iylew Buipuiq ujioiusd
uolssaldxe ausn) 9002 ‘[ 18 Heyos L dn uen  9622vS Jojoe} uonduosuel} sAleInd
wsljoqelew ABisug /002 ‘e 18 yuwspuiwnig | umoq uep e asejop[esuel} aAaeind
wsljogelaw ABiaug 102 “'le 10 Aueug L an BN 2ZL2NVS aseusBolpAysp apAysply
uolepelBap uelold 2002 ‘e 18 |[oMpIoD) L umoq BN 625LVS ase|0IpAY Juspuadap-e1s|N Auo uonoipaid uonouny [eseusn)
2oUaIYIP JO
uonduosap uisjoid seouasaey  Aouanbaigy  uonenbay  sonoiquuy ausn aweu uiLoid ssao0.d |eaibojoig

‘uonouN} umouyjun Jo suisjoid :yoeoidde olwosjo4d sanepuenb syy Aq painuapi suisjosd passaidxe Ajlenualeyia | 8 31avL

August 2015 | Volume 6 | Article 828

21

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Lee et al. Proteomic approach of antibiotic resistance

(Cysteine, Histidine-dependent Amidohydrolases/Peptidases)-
domain amidase (SsaA). SsaA belongs to the CHAP amidase
family, members of which such as LysK and LytA have been
shown to have D-alanyl-glycyl endopeptidase activity, cleaving
c between the crossbridge and the stem peptide (Delaune et al.,
-%_ 2011), and protein levels of SsaA were also changed in cases
5 of methicillin and linezolid (Table 6), indicating the importance
é o h f e e e e . of this protein on peptidoglycan metabolism and antibiotic
£ 2233332333333 3 resistance.

g g % % % % % % g g g g % They also identified several regulatory systems contributing
to the VISA phenotype, such as the two-component system
(VraSR) regulating expression of a set of genes involved in
the cell wall biosynthesis or degradation (Boyle-Vavra et al,
- o 8= 2013), the signal transduction protein TRAP acting on quorum
FEEEEEEEER § SR sensing (Gov et al., 2004), the DivIVA protein known to
2 sesssSSSSs s regulate cell division in B. subtilis (Perry and Edwards, 2004),
% A g 5 3 g and putative transcription factors SA2296 and SarH1. VraSR
S 22222222240 2%4% (vancomycin resistance associated regulator) was up-regulated

S & © & D DO & D DO L2 Q 2 . .
= L S L ST S under vancomycin treatment (Kuroda et al., 2003) and in the
-8 VISA strain when compared with an isogenic vancomycin-
% 8 susceptible strain (Kuroda et al., 2000). In addition, inactivation
%ﬁ oo oo o T of the vraSR gene increased vancomycin susceptibility (Kuroda
o g et al., 2003). Interestingly, VraSR was also induced by other
antibiotic classes that target the cell wall, including B-lactam
.§ (Gardete et al, 2006; Yin et al., 2006), mersacidin (Sass
% g s ¢ g € s et al., 2008), c?rtain cati(?nic peptides (Pietiéiinen. et.al., 2009),
2 a8 egapggaeapgeigi and daptomycin (Muthaiyan et al., 2008). Inactivation of the
vraSR gene attenuates resistance to various antibiotics, such
.j_,g as vancomycin (Kuroda et al, 2003; Gardete et al, 2006),
5 daptomycin (Mehta et al., 2012), and B-lactams (Kuroda et al.,
z cccccecccc8§88 2003; Boyle-Vavra et al, 2006; Gardete et al, 2006). The
oo ® e o @ expression of many genes, such as ctpA, drp35, fmtA, opuD,
o 888 38RNR § g § SR pbp2, prsA, sgtB, and vraX, is regulated by VraSR (Utaida
$ S 9555838338 FFF et al, 2003; McAleese et al., 2006; Dengler et al., 2011).
Among them, FmtA is typically known as a factor involved
in methicillin-resistant phenotype of S. aureus (Fan et al,
2007), and PrsA (foldase precursor) was recently reported to
be involved in both glycopeptide and oxacillin resistance in S.
aureus (Jousselin et al., 2012). Similarly, at three independent
studies of comparative proteomic analysis, it has been proven
that the expression level of PrsA is up-regulated in VISA
when compared with VSSA (Table 5), indicating that proteomic
g studies can support the identification of targets involved in
g ccccccccecececoceoc antibiotic resistance. They also identified another important
'§ é é é é é é é é é é é é protein VraX (a hypothetical protein which encodes a 55-amino
= E5555555 5% 5 ¢ acids protein) differentially expressed between vancomycin-
susceptible S. aureus strains and the vancomycin-intermediate
S. aureus strain 14-4 (Scherl et al, 2006). This gene was
up-regulated by multiple cell wall and/or membrane active
compounds (bacitracin, d-cycloserine, oxacillin, tunicamycin,
- flavomycin, fosfomycin, teicoplanin, vancomycin, daptomycin,
% 8 lysostaphin, epicatechin gallate, ranalexin, and antimicrobial
£ § peptides) (Utaida et al., 2003; Pietidinen et al., 2009; Dengler
3 8 et al, 2011; Cuaron et al., 2013). The vraX gene belongs to
E gi, the vra operon together with the vraA gene encoding for a
3 2 long chain fatty acid-CoA ligase, which was up-regulated in the
g @ VISA. Additionally, this gene seems to be involved in resistance
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mechanism to vancomycin (Hanaki et al., 1998; Buntaran et al,,
2013). Finally, stress-related proteins such as proteinases (CtpA),
methionine sulfoxide reductase A (MsrA2), and the methionine
sulfoxide reductase regulator MsrR, were over-expressed in the
vancomycin-intermediate S. aureus strain 14-4 (Scherl et al,
2006). In other studies, MsrA2 was also up-regulated in hVISA
(Chen et al., 2013).

Pieper et al. showed that purine ribonucleotide biosynthesis
(PRNBS) pathway enzymes, which are under the control of the
PurR regulator, strongly increased in protein abundance in the
vancomycin-resistant S. aureus strain VP32 having a vancomycin
MIC of 32pg/ml when compared with the vancomycin-
intermediate S. aureus strain HIP5827 (MIC = 8 pg/ml) (Pieper
et al, 2006). Notably, among them, several proteins such as
amidophosphoribosyltransferase (PurF), phosphoribosylamine-
glycine ligase (PurD), phosphoribosylglycinamidine cyclo-ligase
(PurM), phosphoribosylaminoimidazole-succinocarboxamide
synthase (PurC), adenylosuccinate lyase (PurB), and bifunctional
purine biosynthesis protein (PurH), were also changed in protein
abundance in cases of other antibiotics such as daptomycin and
linezolid (Table 4). Microarray transcription analysis of clinical
VISA isolates already showed that among the 35 genes with
increased transcription in vancomycin-resistant S. aureus strain
VP32 when compared with those of their VISA parent strains
HIP5827 and P100, 15 were involved in purine biosynthesis
or transport (Mongodin et al., 2003). They hypothesized that
increased energy (ATP) is required to generate the thicker
cell walls that characterize resistant mutants (Mongodin et al.,
2003). However, contrary to these results, other comparative
proteomic analyses between vancomycin-susceptible strains and
vancomycin-intermediate S. aureus strains did not show similar
results (Scherl et al., 2006; Drummelsmith et al., 2007; Chen
et al.,, 2013). Therefore, these results imply that VRSA may more
efficiently compensate for a fitness cost of antibiotic resistance
such as ATP requirement than VISA.

Abundance changes were also found in proteins such as
the single-stranded DNA binding protein (TraM), DNA gyrase
subunit B (GyrB), and topoisomerase IV subunit B (ParE), which
catalyze or influence the fidelity of DNA replication and repair
(Table 5). This result is consistent with the increasing evidence
that exposure to antibiotics in bacteria leads to increased
mutation rates in the genome, to favor their survivals under
antibiotic pressure (Napolitano et al., 2000; Friedberg et al., 2002;
Pieper et al., 2006). Expression levels of many enzymes involved
in energy metabolisms, including L-lactate dehydrogenase
(LdhA), glucose-6-phosphate isomerase (Pgi), succinyl-CoA
synthetase (SucCD), phosphoglycerate kinase (Pgk), nitrate
reductase alpha chain (NarG), and aconitate hydratase (CitB),
were also changed. In fact, comparative proteomic analyses show
that proteins involved in energy metabolism, protein synthesis,
and envelope biogenesis, most frequently exhibit abundance
change in antibiotic-resistant strains (Table 3). In many cases,
proteins playing a role in energy metabolism were up-regulated
in antibiotic-resistant strains (Table 3). This phenomenon may
be explained by a prior hypothesis that increased energy (ATP)
is required to generate the thicker cell walls or to pump
antibiotics out of the cell using efflux pumps. This study

also showed the changes of proteins involved in cell envelope
biogenesis, such as D-Ala-D-Ala ligase (Ddl), D-Ala-D-Lac
ligase (VanA), peptidoglycan hydrolase (LytM), cell division
and cell wall biosynthesis protein (MraZ), putative cell wall
transglycosylase (SceD), and glucosamine-fructose-6-phosphate
aminotransferase (GImS) (Pieper et al., 2006).

Similar to prior reports, Drummelsmith et al. showed the high
level inductions of cell wall metabolism-related proteins such as
MecA, LytM, GImS, and SceD in the VISA type strain Mu50
when compared with the vancomycin-sensitive strain CMRSA-2
(Drummelsmith et al., 2007). In particular, they selected SceD for
further study based on its high level of induction (approximately
16-fold) in VISA, and relative sceD mRNA expression levels
were compared between 25VSSA and VISA clinical isolates
by real-time RT-PCR (Drummelsmith et al., 2007). The sceD
mRNA was significantly induced in all VISA isolates relative to
all VSSA strains, and they suggest that SceD expression level
could serve as a molecular diagnostic marker for the rapid
detection of VISA (Drummelsmith et al.,, 2007). Interestingly,
SceD was also up-regulated in both daptomycin-resistant (Song
et al, 2013) and linezolid-resistant strains (Bernardo et al.,
2004), suggesting the importance of this protein in antibiotic
resistance. They also identified other proteins involved in cell
envelope metabolism as a highly up-regulated protein in VISA;
UDP-GIcNAc 1-carboxyvinyltransferase 1 (MurA), bifunctional
autolysin (Atl), immunodominant antigen A (IsaA), UDP-
glucose/GDP-mannose dehydrogenase (CapO), and UDP-N-
acetyltalosamine 2-epimerase (CapG) (Table 6). Among them,
IsaA was also up-regulated in VISA at other two studies (Scherl
et al., 2006; Chen et al,, 2013). In addition, its expression level
increased in both methicillin-resistant and daptomycin-resistant
strains (Cordwell et al., 2002; Fischer et al., 2011), and decreased
in linezolid-resistant strains (Bernardo et al., 2004), suggesting
the importance of this protein. The housekeeping protein
IsaA is a highly immunogenic, non-covalently cell wall-bound
Iytic transglycosylase that is co-regulated with a glycylglycine
endopeptidase LytM (Stapleton et al., 2007; Lorenz et al., 2011).
S. aureus has two putative peptidoglycan hydrolases, IsaA and
SceD, and SceD can compensate for the loss of IsaA (Stapleton
et al., 2007). The fact that both peptidoglycan hydrolases (IsaA
and SceD) are involved in antibiotic resistance strongly indicates
the importance of cell wall dynamics in antibiotic resistance
mechanism.

To identify the resistance mechanisms of hVISA with a
vancomycin MIC of <2 pg/ml, Chen et al. compared proteomic
profiles of six pairs of isogenic hVISA and VSSA strains and
unrelated hVISA (n = 24) and VSSA stains (n = 30) (Chen et al.,
2013). They identified five proteins up-regulated in the hVISA
strains; IsaA, MsrA, Asp32, 2,3-bisphosphoglycerate-dependent
phosphoglycerate mutase (GpmA), and AhpC. Consistent with
this result, MsrA was up-regulated in a prior study using
comparative proteomics (Scherl et al., 2006) and in the DNA
microarray study, and the msrA gene was also over-expressed in
VISA strains (Cui et al., 2005). MsrA, catalyzing the reversible
oxidation-reduction of methionine sulfoxide to methionine, has
a key function as a repair enzyme for proteins inactivated
by oxidation (Chen et al, 2013). The msrA gene is highly
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induced by cell wall-active antibiotics, such as oxacillin and
vancomycin (Chen et al., 2013). The increased level of MsrA
can enhance peptidoglycan biosynthesis which results in cell
wall thickening, and gene knockout of the msrA gene weakened
vancomycin and f-lactam resistance of S. aureus strains (Cui
et al., 2005). In addition, MsrA is involved in virulence in
several bacteria (Sasindran et al., 2007). Taken together, these
observations suggest the important role of methionine sulfoxide
in antibiotic resistance. Although in other studies, the abundance
of GpmA, which plays a physiological role in glycolysis, has
been reported to be changed in VISA (Table 3), its exact role
in antibiotic resistance has not been determined. AhpC, an
alkyl hydroperoxide reductase subunit C, plays an important
role in oxidative-stress resistance of S. aureus (Cosgrove et al.,
2007). Interestingly, it was reported that AhpC is up-regulated
in strains resistant to methicillin, vancomycin, and daptomycin
antibiotics (Table 7). However, up to now, there is no report
investigating the direct role of AhpC in antibiotic resistance. It
is noteworthy that several proteins involved in oxidative-stress
resistance, such as AhpC, SodA, catalase (KatA), and superoxide
dismutase (SodM), show the abundance change of proteins in
antibiotic-resistant strains (Table 7), and in most cases, their
expression is up-regulated. In spite of these interesting results,
the relationship between these proteins and antibiotic resistance
was not determined.

Hassling et al. analyzed proteomic profiles of vancomycin-
susceptible S. aureus strain COL under the sublethal vancomycin
exposure (4.5pg/ml) (Hessling et al., 2013). They found the
specific increase of proteins involved in the synthesis of lysine
which are essential for the synthesis of the peptidoglycan
precursor pentapeptide; aspartate kinase (LysC), aspartate
semialdehyde dehydrogenase (Asd), dihydrodipicolinate
synthase (DapA), 4-hydroxy-tetrahydrodipicolinate reductase
(DapB), diaminopimelate  decarboxylase (LysA), and
tetrahydrodipicolinate acetyltransferase (DapD). An increase
of lysine synthesis proteins can lead to an overall increase of
peptidoglycan synthesis. Induction of genes involved in lysine
synthesis under cell wall stress conditions have been documented
before by two transcriptome studies (Kuroda et al., 2003; Sobral
et al., 2007). Consistent with the previous report (Scherl et al.,
2006), this report also showed that several proteins regulated by
the two-component system VraSR increased in amount after
vancomycin addition (Hessling et al., 2013). Additionally, they
identified two important regulators (the alternative sigma factor
o8 and the two-component system SaeRS regulating numerous
virulence genes) that play a role in vancomycin stress response.
The cluster of proteins under positive o® control mainly
increased, whereas negatively regulated proteins primarily
decreased in amount after vancomycin addition (Hessling et al.,
2013). The induction of o® regulon by vancomycin has been
found in another report (Chen et al., 2013). Increase of the oB
activity has also been observed in strains resistant to teicoplanin
(Bischoff and Berger-Bichi, 2001) or methicillin (Cordwell et al.,
2002). Hassling et al. also found decreased expression levels of
most proteins with a virulence related function (Hessling et al.,
2013). However, because the great majority of virulence genes in
previous transcriptome studies under cell wall stress in S. aureus

have been shown to be up-regulated (Kuroda et al., 2003; Utaida
et al.,, 2003; Sobral et al., 2007), the role of virulence genes in
antibiotic resistance needs to be determined.

Lastly, Wang et al. and Ramos et al. performed proteomic
analysis of vancomycin-resistant E. faecalis strains (V583, V306,
and SU18) under 64 pg/ml vancomycin treatment (Wang et al.,
2010; Ramos et al.,, 2015). Vancomycin induced expression of
vancomycin resistance-related proteins such as VanA, VanX,
D-Ala-D-Ala dipeptidase (DdpX), VanR, and VanB (Wang
et al, 2010; Ramos et al, 2015). Distinctively, Wang et al.
found that six proteins (Pgm, Ldh, Gap-2, RpsB, EF2076,
and sex pheromone cAD1 precursor lipoprotein) exhibited
clear post-translational modifications and vancomycin induced
phosphorylation of Ser/Thr in Ldh, Gap-2, and sex pheromone
cAD1 precursor lipoprotein (EF3256) (Wang et al, 2010).
Ramos et al. showed that metabolism-related proteins, such as
TipA, GMP synthase (GuaA), and glyceraldehyde-3-phosphate
dehydrogenase (GapB), were down-regulated under vancomycin
treatment (Ramos et al., 2015).

Linezolid

There was one study exploring comparative proteomic profiles
in linezolid-susceptible S. pneumonia strains and linezolid-
resistant S. pneumonia strains, and one study analyzing global
proteomes of a linezolid- susceptible S. aureus under linezolid
stresses (Bernardo et al, 2004; Feng et al, 2011). Through
the comparison between linezolid-susceptible S. pneumonia
strains (1974 and R6) with linezolid MICs of 0.5-0.75 pug/ml
and linezolid-resistant S. pneumonia strains (1974M2-LZD and
R6M2-LZD) with MIC of 32 pg/ml, Feng et al. showed that the
proteomic and transcriptomic approaches were poorly correlated
with previously known resistance factors (23S rRNA, ribosomal
proteins L3 and L4, RNA methyltransferase Cfr, and ABC
transporter PatA and PatB), as modulated proteins rarely had
significant concomitant changes at the expression level (Feng
et al, 2011). They found increased expression of proteins
involved in the metabolism and transport of carbohydrates in
linezolid-resistant S. pneumoniae strains (Feng et al., 2011).
Through inactivation of target genes in the linezolid-resistant
strains (1974M2-LZD and R6M2-LZD), they identified two ABC
transporter substrate-binding proteins (Spr0083 and Spr1527)
and the catabolite control protein A (CcpA) as factors associated
with resistance to linezolid (Feng et al., 2011). CcpA is known
to function as the global regulator controlling the efficient
utilization of sugars through carbon catabolite repression (CCR)
in Gram-positive bacteria (Stiilke and Hillen, 2000). Inactivation
of the ccpA gene in S. aureus affected growth, glucose metabolism,
and expression of virulence genes (Seidl et al, 2006). CcpA
inactivation was also linked to the down-regulation of glycolytic
genes in Bacillus cereus (van der Voort et al., 2008; Feng et al.,
2011). Therefore, the increased level of CcpA may cause the
increased expression of glycolytic enzymes in linezolid-resistant
S. pneumonia strains. In S. aureus, the correlation between
antibiotic resistance and CcpA has already been reported, as
CcpA inactivation significantly reduced the oxacillin resistance
levels in MRSA and the teicoplanin resistance level in a
glycopeptide-intermediate-resistant S. aureus strain (Seidl et al.,
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2006). Table 3 shows the possibility that CcpA may also be
involved in methicillin and vancomycin resistance. Together
with CcpA, inactivation of two ABC transporters putatively
involved in the sugar transport (Spr0083 and Spr1527) also
reduced resistance to linezolid of S. pneumonia (Feng et al., 2011).
Notably, S. pneumoniae is predicted to be highly dependent on
external sugars to fulfill its energy requirements by substrate-level
phosphorylation as it lacks functional electron transport chain
and tricarboxylic acid cycle (Tettelin et al., 2001; Feng et al,,
2011). This process eventually leads to the formation of lactate
and acetate by the lactate dehydrogenase and lactate oxidase
enzymes and these proteins were also found to be overexpressed
in linezolid-resistant S. pneumonia strains (Tettelin et al., 2001;
Feng et al, 2011). Therefore, these results imply increased
energy requirements associated with resistance mechanism to
linezolid in S. pneumonia (Feng et al, 2011). To sustain a
fitness cost associated with resistance mechanisms such as the
23S rRNA mutations (Besier et al., 2008), S. pneumonia seems
to select an increased metabolism of sugars as a secondary
adaptation.

This study also showed that several genes involved
in the biosynthesis of fatty acids, including enoyl-CoA
hydratase (PhaB), 3-ketoacyl-ACP reductase (FabG), acetyl-
CoA carboxylase biotin carboxyl carrier protein subunit
(AccB), acetyl-CoA carboxylase subunit alpha (AccA), and
hydroxymyristoyl-ACP  dehydratase (FabZ), were down-
regulated in linezolid-resistant strains (Feng et al, 2011).
Whether this is directly related to linezolid resistance remains
to be established, but it is intriguing that the cell wall inhibitor
penicillin also causes a down-regulation of several genes of this
pathway in S. pneumoniae (Rogers et al., 2007; Feng et al., 2011).
Interestingly, expression levels of FabZ are changed in all cases
of the four antibiotics (Table 6), even though its expression
increased in methicillin-resistant strains and decreased in strains
resistant to other antibiotics. Many numbers of ribosomal
proteins were found to be overexpressed or down-regulated in
linezolid-resistant strains, but whether this pattern is due to the
mechanism of action of linezolid (which targets the ribosome)
remains to be established. Although recent several lines of
evidence indicate the presence of functional selective ribosomal
subpopulations that exhibit variations in the RNA or the protein
components and modulate the translational program in response
to environmental changes (Byrgazov et al., 2013), it is difficult
to obtain any information from variation patterns of ribosomal
proteins in this study.

Bernardo et al. compared the change of proteomic profiles of
a linezolid- susceptible S. aureus strain ATCC 29213 (MIC =
2.5png/ml) under linezolid stresses (12.5, 25, 50, and 90% of
MIC) (Bernardo et al., 2004). They found that linezolid reduced
in a dose-dependent manner the secretion of specific virulence
factors, including bifunctional autolysin (Atl), immunoglobulin
G binding protein A (Spa), and a-hemolysin (SAV1163), CHAP-
domain amidase (SsaA), and immunodominant antigen A
(IsaA). This result is similar to the proteomic result that analyzes
protein profiles of S. aureus under the sublethal vancomycin
exposure (Hessling et al., 2013).

Daptomycin

There were one study examining comparative proteomic
profiles in daptomycin-susceptible and daptomycin-resistant
S. aureus strains, and one study analyzing global proteomes
of daptomycin-susceptible B. subtilis under daptomycin stress
(Wecke et al.,, 2009; Fischer et al., 2011). Unlike other three
antibiotics (methicillin, vancomycin, and linezolid), specific
genetic determinant of the daptomycin-resistant strain was not
determined. Probable daptomycin resistance-related proteins
(MprE YycG, RpoB, and RpoC) identified in previous reports
(Jones et al., 2008; Baltz, 2009) were not identified in
comparative proteomic analyses (Tables2-8). In 2011, Fisher
et al. compared proteomic profiles in the daptomycin-susceptible
S. aureus strain 616 with a daptomycin MIC of 0.5pug/ml
and the daptomycin-resistant S. aureus strain 701 with MIC
of 2 ug/ml (Fischer et al., 2011). Comparative proteomics and
transcriptomic approach revealed a differential abundance of
proteins in various functional categories, including cell wall-
associated targets and biofilm formation proteins (Fischer
etal., 2011). Phenotypically, daptomycin-susceptible strains, and
daptomycin-resistant strains showed major differences in their
ability to develop bacterial biofilms in the presence of the
antibacterial lipid, oleic acid (Fischer et al., 2011). Transcriptomic
approach showed different expressions of some important genes,
such as the key genes (yycFGHI) affecting cell membrane
lipid homeostasis, cell wall metabolism and biofilm formation,
and two-component regulation system genes (agr, saeRS, and
vraRS) involved in pathogenesis of methicillin-resistant strains
(Fischer et al., 2011). However, through proteomic research,
only several proteins, including Asp23, 3-oxoacyl-ACP synthase
II (FabF), GTP-sensing transcriptional pleiotropic repressor
(CodY), and PurH, was identified as proteins involved in
daptomycin resistance.

Wecke et al. searched proteins induced by daptomycin,
through the proteomic approach of a daptomycin-susceptible B.
subtilis strain W168 under daptomycin treatment of sublethal
amount (1pg/ml) (Wecke et al, 2009). They identified Lial
and LiaH proteins exclusively and strongly induced (429-fold)
by daptomycin. This result is in good agreement with data
analyzing genes induced by daptomycin through transcriptome
profiling (Muthaiyan et al., 2008). LiaH is a conserved membrane
protein similar to a phage shock protein A (PspA) of E. coli,
and its expression is regulated by the cell envelope stress-
sensing two-component system LiaRS (Jordan et al., 2006;
Hachmann et al.,, 2009; Wecke et al., 2009). Inactivation of
liaH leads to 3-fold increased susceptibility to daptomycin and
this susceptibility was further exacerbated in cells additionally
lacking the paralogous gene pspA (Hachmann et al, 2009).
In E. coli, the pspA gene is induced upon phage infection,
osmotic shock, exposure to ethanol, or temperature increase, and
functions to help cells manage the impacts of agents impairing
cell membrane function (Joly et al., 2010). A recent report
showed that deletion of the response regulator LiaR regulating
expression of lialH in daptomycin-resistant E. faecalis reversed
resistance to daptomycin, and resulted in hypersusceptibility to
daptomycin (Reyes et al., 2015). Therefore, these results indicate
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that LiaR is a master regulator protecting cell membrane to
diverse antimicrobial agents, through regulating expression of
various genes such as the liaH gene (Reyes et al., 2015).

Conclusion

Although specific genetic determinants of resistance mechanisms
to methicillin, vancomycin, and linezolid were identified through
non-proteomic approaches (e.g., van genes in vancomycin
resistance) (Table 1), recent comparative proteomic methods
provide new opportunities to understand the antibiotic resistance
mechanism. In particular, in the case of recently used antibiotics
such as daptomycin, specific genetic determinant(s) of antibiotic
resistance was not fully determined through non-proteomic
approaches. Therefore, quantitative proteomic methods can
be a good tool to find an important protein involved in
daptomycin resistance. Actually, a proteomic research identified
LiaH as a highly induced protein by daptomycin treatment
(Muthaiyan et al.,, 2008) and a subsequent report showed that
the expression level of this protein is important to daptomycin-
resistant phenotype (Reyes et al., 2015). These results show that
quantitative proteomic analysis can be used as an effective tool to
find novel resistance mechanisms.

Interestingly, comparative proteomic approaches
methicillin, linezolid, and daptomycin, except for vancomycin,
were poorly correlated with known resistance-related factors
found by non-proteomic approaches (Table2). This result
may be caused by a lack of comparative proteomic studies in
three antibiotics, or imply the existence of novel resistance
mechanisms different from previously known resistance
mechanisms found by non-proteomic approaches. Through
summarizing recent data of comparative proteomic researches
of four clinically important antibiotics, we can find proteins
of which expression levels are changed only in the resistance
mechanism to specific antibiotic, such as LiaH in daptomycin
resistance and PrsA in vancomycin resistance. It is necessary
to determine whether these proteins affect antibiotic resistance
through regulating previously known resistance-related
determinants or by a novel mechanism. Another interesting
result is that many proteins identified by comparative proteomic
analyses seem to be simultaneously involved in resistance
mechanism to two or more antibiotics (Tables 2-8). These
proteins include cold shock proteins (CspABC), sporulation
protein G (SpoVG), alkyl hydroperoxide reductase subunit

in
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