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1.0 Introduction

Staphylococcus aureus remains one of the

ABSTRACT

We have characterized 10 multidrug-resistant Staphylococcus
aureus clinical isolates from Pakistan, with respect to their
fluoroquinolone resistance, mutations in gyrA/B, and grlA/B
genes, and the presence and expression of the efflux pump genes
norA, norB, norC, and mdeA. All the isolates were highly
resistant to ciprofloxacin, enrofloxacin, levofloxacin, and
norfloxacin and possessed one or more efflux pump genes. The
efflux pumps, along with the single and double point mutations
S84L, S84L and G106D observed in gyrA; and S80Y, S81P,
E84G, and S80F and E84G in grlA genes; enhanced
fluoroquinolone resistance in these isolates. A single deletion of
nucleotide “A” upstream of the putative Fur-binding box and the
presence of two novel mutations, G291D in isolate 30, 32, 35,
and 41 and V371l in isolate 10 within the norA coding region,
were also observed. An in silico structural analysis revealed an
increase in NorAgyp Stability with a predicted AAG of 0.48
kcal/mol, but a decrease in NorAyszy stability by -1.12 kcal/mol.
Moreover, an increased transcriptional expression of the norA,
norB, norC, and mdeA genes and relatively higher fluoro-
quinolone resistance in isolates with a G291D mutation,
compared to that of the isolate with a V3711 mutation, suggests a
possible role of these mutations in fluoroquinolone resistance.
The data provide new insights into the mechanism of
fluoroquinolone resistance and may lead to an enhanced
understanding of multidrug resistance observed in MRSA
isolates and the development of effective mitigation strategies.

facilities [7]. Besides its pathogenic

most important bacterial pathogens in the
public health domain due to its high
virulence and capability to cause multiple
ailments ranging from complicated skin and
skin structure infections (cSSSI), to life
threatening conditions, such as endocarditis,
pneumonia, and toxic shock syndrome
[11,21]. This pathogen is relatively abundant
both in the community and healthcare
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potential, this gram-positive bacterium has
been able to develop resistance to almost all
classes of antibiotics, starting in the 1950s,
followed by resistance to methicillin a
decade later due to the activity of PBP2a
protein, encoded by the mecA gene of
staphylococcal cassette chromosome mec
(SCCmec) mobile genetic element [2]. For
some time now the fluoroquinolone (FQ)
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class of antibiotics and vancomycin has
remained a common and effective therapy
against S. aureus. However, mutations in the
quinolone resistance determining region
(QRDR) of genes encoding the target
enzymes, gyrase and/or topoisomerase IV
have led to higher resistance to FQs [22].

Other than mutations in the QRDR hotspots,
the presence of efficient efflux pumps, which
extrude drugs or other noxious agents from
these bacterial cells, enhances resistance to
FQ [6, 8, 25]. Mutations within the promoter
region of the multidrug efflux pump gene
norA have been shown to directly affect the
over-expression of the norA efflux pump in
S. aureus. Very little information is available
about the level of FQ resistance and the
underlying resistance mechanism(s) in
clinical S. aureus isolates from Pakistan. The
present study analyzes the genetics of FQ
resistance by analyzing the mutations in
QRDRs of the target genes gyrA, gyrB, griA,
griB, norA and the promoter region of norA
in  FQ-resistant human clinical MRSA
isolates from Rawalpindi, Pakistan. In this
study, we have shown that the FQ-resistant
MRSA isolates, apart from carrying well-
known mutations that confer FQ resistance,
also carry some novel mutations, deletion,
and an enhanced activity of several efflux
pump genes, such as norA, norB, norC, and
mdeA, which help them survive and develop
high resistance to FQs.

2.0 Materials and methods
2.1 Bacterial strains

Ten nasal and perirectal swabs of patients
were procured from a tertiary health care
facility in Rawalpindi, Pakistan after
obtaining an import permit from the Center
for Disease Control, USA. These were
initially characterized as S. aureus, based on
their nucA and coagulase profiles. They were
further subjected to VITEK testing at the
FDA’s National Center for Toxicological
Research (NCTR) and confirmed as S.
aureus isolates. Methicillin-resistance of
these organisms was determined by oxacillin
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(10 pg/ml) disk diffusion assays on MH-agar
plates and confirmed by PCR detection of
the mecA gene. A quality control strain of S.
aureus subsp. aureus (ATCC® 25923) was
purchased from the American Type Culture
Collection (Manassas, VA, USA).

2.2 Antimicrobial susceptibility testing and
MIC determination

Erythromycin, tetracycline, ampicillin, van -
comycin, and chloramphenicol were pur-
chased from Sigma-Aldrich (St. Louis, MO,
USA) and the FQs (enrofloxacin, nor -
floxacin, ciprofloxacin and levofloxacin)
were purchased from ICN Biomedicals, Inc.
(Aurora, OH, USA). Antibiotic-coated discs
containing ampicillin (10 pg/ml), cefixime (5
ug/ml), ciprofloxacin (5 pg/ml), erythromy-
cin (15 pg/ml), gentamicin (120 pg/ml), kan-
amycin (30 pg/ml), levofloxacin (5 pg/ ml),
norfloxacin (10 ug/ml), oxacillin (10 pg/ml),
penicillin (10 U), and tetracycline (30 ug/
ml), were acquired from Remel Fisher
Scientific (Lenexa, KS, USA). Susceptibility
of S. aureus isolates to antibiotics was
determined using the Kirby-Bauer disc
diffusion method [1] on MH-agar plates at
37°C. MICs were determined by the broth
microdilution method following CLSI
guidelines [3].

2.3 Effect of efflux pump inhibitors (EPI) on
MIC

The EPIs, including carbonyl cyanide-m-

chlorophenylhydrazone (CCCP) and
reserpine (RES) were purchased from
Sigma-Aldrich. RES was dissolved in

DMSO, while CCCP was prepared in 50%
methanol: water (v/v). All solutions were
prepared fresh and protected from light. The
EPIs used in this study were evaluated for
their ability to reduce resistance to FQ
antibiotics, using a previously published
method [23]. The assay was based on the
principle that if bacteria are highly resistant
to an antibiotic due to the presence of an
efflux pump, inhibition of the efflux pump
activity will stop the antibiotic from being
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forced out of the cell and hence a lesser
amount of antibiotic will be required to kill
the bacteria. This will result in lowering the
MIC value of the antibiotic [20]. Using this
principle, we measured the MIC of FQ
antibiotics in the absence and presence of
CCCP and RES at 0.36 mg/L and 5 mg/L,
respectively. The concentrations of the
CCCP and RES used here were 50% of their
MIC and did not inhibit the growth of
bacteria in media. Bacterial growth was
measured by recording the ODgy uSIiNg a
microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA) programmed to record
the readings every 15 min for 18 h. All
assays were performed in triplicate unless
indicated otherwise.

2.4 Effect of efflux pump inhibitors (EPI) on
ethidium bromide (EtBr) fluorescence

Efflux pump activity was monitored by the
EtBr uptake and measurement of the
fluorescence in the presence and absence of
EPIs as described previously [15] with some
modifications. The bacteria were grown
overnight at 37°C in LB broth containing 1%
sodium chloride and the cells were
centrifuged for 5 min at 18,000 X g in an
Eppendorf centrifuge (Centrifuge 5417C,
rotor F45-30-11) (Eppendorf North America,
Hauppauge, NY, USA). The cell pellets were
washed two times with 50 mM sodium
phosphate buffer (pH 7.0) containing 0.2%
glucose and resuspended in the same buffer.
The optical density at 600 nm was adjusted
to 0.4 and 100 pl amounts of cell
suspensions were transferred into the wells
of black 96-well microtiter plates (Corning,
Inc., Life Sciences, Tewksbury, MA). EtBr,
at a final concentration of 2.5 mg/L, was
added and the fluorescence readings were
recorded in a Synergy 2 Multi-Mode
Microplate Reader. Fluorescence was read
every min with excitation at 530 nm and
emission at 600 nm. EtBr fluorescence was
also recorded in the presence of CCCP and
RES at final concentrations of 0.36 g/L and 5
g/L, respectively. The natural fluorescence of
the cells was subtracted, and the fluorescence
intensity was expressed in relative
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fluorescence units (RFU). All experiments
were performed in triplicate. If the efflux
pump were inhibited by CCCP and/or RES,
the fluorescence intensity would be higher
compared to when it was uninhibited.

2.5 Isolation of chromosomal DNA

Chromosomal DNA was isolated from S.
aureus isolates grown overnight in MH broth
at 35°C. Bacterial cells (1 ml) were
centrifuged at 10,000 X g and the pellet was
suspended in 180 pl of TE buffer (10 mM
Tris-HCIl + 1 mM EDTA, pH 8.0) containing
10 units of lysostaphin (Sigma-Aldrich). The
microfuge tubes containing this suspension
were incubated at 37°C for 1 h followed by
the addition of proteinase K (Sigma-Aldrich)
and incubation at 55°C for 1 h. After this
step, 200 pl of AL solution, made by mixing
AL1 and AL2 reagents from QIAmp Kit
(Qiagen, Valencia, CA) was added to the
tube. Further processing for the purification
of DNA from S. aureus isolates was done as
per manufacturer’s instructions. The DNA
concentration was determined by measuring
the absorbance at 260 and 280 nm in a
Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA).
Plasmid DNA preparations were done with a
Qiagen Plasmid Midi or Maxi kit, according
to the manufacturer's protocol, but with
specific modifications for Staphylococcus.
For S. aureus, the procedure was modified
by the inclusion of lysostaphin (Sigma-
Aldrich) at a final concentration of 100
pg/ml in cell lysis buffer and the elution
buffer was warmed to 65°C for the elution of
plasmid DNA from the Qiagen cartridge.
DNA was analyzed on 1% agarose gels by
electrophoresis at 1 V/cm in 1X TBE buffer
followed by staining with EtBr (1 pg/ml) in
electrophoresis buffer and photography by
gel documentation system GDS7500 (UVP,
Inc., Upland, CA, USA).

2.6 PCR amplification of FQ resistance
determinant and efflux pump genes

PCR amplification of the grlA, griB, gyrA,
and gyrB, the norA gene promoter region,
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and the norA genes was carried out in a
GeneAmp PCR system (Bio-Rad, Hercules,
CA, USA) wusing previously published
cycling conditions [6, 18, 31] as summarized
in supplementary table S1. The PCR
reactions were performed in a total volume
of 50 pl, which contained 1.6 mM each
deoxynucleoside  triphosphate  (Applied
Biosystems, Foster City, CA, USA), 20 pmol
of each primer (Table S1), 1 mM MgCl,, 0.5
U of AmpliTag Gold Enzyme (Applied
Biosystems), and 0.5 pl of genomic DNA (~
500 ng of DNA) in 1X buffer. After the PCR
runs were over, the products were separated
by electrophoresis on a 0.8% agarose gel.
The gel was stained with EtBr (1.0 pg/ml)
and visualized using the GDS 7500 gel
documentation system. Molecular weight
markers (100 bp DNA ladder) were used to
determine the size of the amplicons.

2.7 RNA isolation

The S. aureus isolates were grown in Luria
Bertani (LB) broth (Sigma-Aldrich) at 37°C
overnight and the next day, the optical
density (ODeoo) Wwas adjusted to 0.5 by
addition of fresh LB or LB supplemented
with 2.5 mg/L EtBr. The bacteria were
incubated further at 37°C for 1 h. The
bacterial ~ cells  were  pelleted by
centrifugation and washed once with Tris-
EDTA buffer. The cells were pelleted again,
suspended in Tris-EDTA buffer containing
100 mg/L lysostaphin, followed by incubati-
on for 15 min at 37°C. RNA was isolated
using Qiagen’s RNeasy kit according to the
manufacturer's protocol. Residual DNA was
removed by treatment with 5 units of DNase
| (Life Technologies, Grand Island, NY,
USA) at 37°C for 45 min followed by
inactivation at 50°C for 10 min. The RNA
concentration was determined by measuring
the absorbance at 260 and 280 nm in a
Nanodrop 2000 spectrophotometer (Wilmin-
gton, DE, USA) and 50 ng of RNA was
reverse transcribed with Thermo Scientific
First Strand cDNA Synthesis kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA).
The cDNA was diluted five-fold for PCR
amplification.
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2.8 RT-qgPCR amplification of efflux pump
genes

Real-time PCR was performed in triplicate
using the CFX96 Real-time PCR System
(Bio-Rad) and the primers previously
published [6, 18, 31] and listed in supple-
mentary table 1. The PCR reactions were
carried out in a 20 ul volume using Applied
Bioscience’s SYBR Green 2X Master mix
kit according to the manufacturer's
instructions. The reaction mix included 10 pl
of 2 X SYBR master mix, 8 ul of five-fold
diluted cDNA template from each isolate and
DNase free water. The amplification cycling
was carried out as follows; initial DNA
denaturation at 95°C for 5 min, followed by
39 cycles of denaturation at 95°C for 10 s,
60°C annealing for 30 s, and 72°C extension
for 5 s. The quantification data were
analyzed with the Bio-Rad CFX Manager
software, version 1.10. The relative quantity
of mMRNAs of the efflux pump genes was
determined using the comparative threshold
cycle (Cy) method [19] with expression
levels of 16S rRNA used for
normalization.Data were collected from three
independent experiments.

2.9 Sequence analysis and in silico structural
analysis

DNA amplicons specific for the grlA, griB,
gyrA, gyrB, norA promoter, and norA genes
were purified by a QIAquick gel extraction
kit and eluted in nuclease-free water. Both
strands of the amplicons were sequenced by
Sanger’s dideoxy sequencing method [29].
Primers used for the amplification of these
genes were used for the sequencing. For the
detection of mutations, the sequences were
aligned with known gene sequences in the
GenBank database and compared using
MegAlign software module of the DNAstar
program (DNAstar Inc. Madison WI, USA).
For computational modeling and analysis of
the NorA efflux pump from S. aureus, the
crystal structure of the YajR transporter [14]
(PDB ID: 3WDO) from E. coli was used as a
template. The homology 3D models for the
wild-type and mutant proteins were
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generated using Phyre-2 [16]. The databases,
RCSB PDB (http://www.rcsbh.org/pdb/home
/home.do) and PDB sum (http://www.ebi.
ac.uk/pdbsum/) provided the experimentally-
determined PDB structure files and their
structural overview. CUPSAT (http://cupsat.
tu-bs.de) was adopted to predict changes in
protein stability due to the point mutation.
SCit  (http://bioserv.rpbs.jussieu.fr/cgi-bin/S
Cit) and CryCo5 (http://ligin.weizmann.ac.
il/~Ipge rzon/cryco5.0/cryco/crystl.cgi) were
used to identify clusters of the side chains of
the mutants in contact in the structure.
Determination of trans-membrane helices
and extra-membrane loops was predicted by
SOSUI [13] and TMHMM [17]. PyMOL
(0.99RC6) (http://www.pymol.org) was used
for visualization of structures.

Fluoroquinolone Resistance in S. aureus Clinical Isolates

3.0 Results
3.1 Antimicrobial susceptibility and MIC
Kirby-Bauer assays indicated that all MRSA

isolates were resistant to multiple antibiotics,
including ampicillin, penicillin, cefixime,

ciprofloxacin, levofloxacin, enrofloxacin,
norfloxacin, erythromycin, oxacillin,
tetracycline, gentamicin, and kanamycin

(Table 1). The MIC assays revealed that the
isolates exhibited high levels of resistance to
FQ with levofloxacin exhibiting the lowest
MIC values (8-128 mg/L) among the four
FQ antibiotics tested. Among all the isolates
tested, isolate 10S exhibited the lowest MICs
for ciprofloxacin (64 mg/L), norflo-xacin (32
mg/L), and enrofloxacin (64 mg/L)
compared to the other isolates. The MICs for
other isolates of ciprofloxacin, norfloxacin,
and enrofloxacin ranged between (128-512
mg/L), (64-512 mg/L), and (128-512 mg/L),
respectively.

Table 1. Antimicrobial susceptibility profiles of clinical S. aureus isolates

Isolate # Source  Coagulase Catalase nucA® Cip? Nor? Lev® Enr? Oxa® Tet* Ery* Gen® Kan®
10 Nasal + + + R®64) R(B2 R@B2 R4 RG22 R R R R
30* Nasal + + + R(128) R(64) R(32) R(128) R(G122) R R R R
32 Peri-rectal + + + R(512) R(128) R(8) R(256) R(512) R R R R
35% Nasal + + + R(512) R(256) R(128) R(256) R(G12) R R R R
41* Peri-rectal + + + R(256) R(256) R(16) R(512) R(G12) R R R R
42% Nasal + + + R(256) R(512) R(64) R(512) R(G12) R R R R
49* Nasal + + + R(512) R(128) R(16) R(128) R(G12) R R R R
50 NA + + + R(256) R(512) R(32) R(256) R(G12) R R R R
51 NA + + + R(128) R(512) R(128) R(512) R(16) R s s S
52 NA + + + R(128) R(128) R(128) R(256) R(16) R R R S
ATCC 25923 ATCC + + + S S S S S S S S S

+ Represents the presence of gene(s); * Represents strains carrying a plasmid; R = Resistant; S = Sensitive
Cipa, ciprofloxacin; Enr, Nor, norfloxacin; Lev, levofloxacin; enrofloxacin; Oxa, oxacillin supplemented with 2% NaCl; Tet, tetracycline;
Ery, erythromycin; Gen, gentamicin; and Kan, kanamycin. The numbers in parentheses indicate the MIC values.
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3.2 PCR analysis of FQ resistance and efflux pump genes

Analysis of the PCR product sizes on 0.8%
agarose gels indicated the expected size
amplicons (Fig. 1) for FQ resistance genes,
gyrA (493 bp), gyrB (332 bp), grlA (1187
bp), grIB (1308 bp), the norA promoter

bp 1 2 3 4 5 6

JEUIE v 493 332 1187 1308 726

1000 -

500 -
300 -

region (449 bp) and efflux pump genes, norA
(726 bp), norB (117) bp), norC (216 bp),
mdeA (677 bp), and mepA (718 bp). Most of
the isolates contained the efflux pump genes
listed above (Table 2).

449 117 216 677 718

-

v

Bl
e

Fig. 1. Panel A; PCR amplification of fluoroquinolone resistance genes from S. aureus isolate 10
Lanes 1 and 12, 100 bp-ladder; lane 2, gyrA; lane 3, gyrB; lane 4, grlA; lane 5, griB; and efflux pump
genes; lane 6, norA; lane 7, norA promoter; lane 8, norB; lane 9, norC; lane 10, mdeA; lane 11, mepA.

Table 2. List of efflux pump genes in clinical S. aureus isolates

Genes 10 30 33 35 41 42 49 50 51 52 ATCC25923
norA + + o+ o+ + + + + + +
norB + + o+ o+ + + + + + +
norC + + o+ o+ + + + + + +
mdeA + + + o+ + + + + + +
mepA + + o+ o+ + + + + + +

+ Represents presence of gene, - represents absence of genes

3.3 Effect of efflux pump inhibitors on
ethidium fluorescence and MIC

A measurement of the efflux pump activity
in all the fluoroquinolone-resistant S. aureus
isolates resulted in an increased EtBr uptake
and enhanced fluorescence intensity in the
presence of efflux pump inhibitors, CCCP
and RES (representative data shown for
isolates 10 and 50) but didn’t change for the
susceptible S. aureus strain ATCC 25923
(Fig. 2). Moreover, the MIC of ciprofloxacin
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and norfloxacin changed several fold in the
presence of CCCP and RES (Table 3). The
MIC of ciprofloxacin was reduced 4 to 16-
fold for all the isolates in the presence of
CCCP and 2 to 8-fold in the presence of
RES. Likewise, the MIC of norfloxacin was
reduced 4 to 64-fold in the presence of
CCCP and 4 to 16-fold in the presence of
RES.
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Fig. 2. Demonstration of efflux pump activity in clinical S. aureus isolates 10 and 50 and ATCC 25923
by ethidium bromide uptake. The assay was run at 37°C in the presence of EtBr, at final concentration
of 2.5 mg/L and in the absence or presence of the efflux pump inhibitor CCCP, at half of its MIC (0.36
g/L). Fluorescence was read every min with excitation at 530 nm and emission at 600 nm.

Table 3. Effect of efflux pump inhibitors on MICs of fluoroquinolones in clinical S. aureus isolates

Isolate#  CIP CIP + CCCP CIP+RES NOR NOR+CCCP NOR +RES
10 R (64) (16) - 4X (32)-2X R(32) (4)- 8X (8)-4X
30 R (128) (32)-4X (64)-2X R (64) (16)-4X  (32)-4X
32 R (512) (64)- 8X (64)- 8X R (128) (16)-8X  (32)-8X
35 R (512) (32)- 16X (128)-4X R (256) (32)-8X  (64)-4X
41 R (256) (64) - 4X (128)-2X R (256) (8)-32X  (32)-8X
42 R (256) (32)- 8X (64) - 4X R (512) (8)-64X  (32)-16X
49 R (512) (64)- 8X (128)-4X R (128) (4)-32X  (16)-8X
50 R (256) (32)-4X (128)-2X R(512) (16)-32X  (64)-8X
51 R (128) (16)- 8X (32)-4X R(512) (16)-32X  (64)-8X
52 R (128) (16)- 8X (32)-4X R (128) (I6)-3x  (32)-4X

R=Resistant; Values in parentheses correspond to MIC values of ciprofloxacin and norfloxacin in the absence or
presence of CCCP and RES. The numbers followed by X represent the fold decrease in ciprofloxacin
norfloxacin MICs in the presence of CCCP and RES at concentrations of 0.36 and 5 mg/L, respectively.

3.4 RT-gPCR analysis of efflux pump genes

Transcriptomic expression by RT-qPCR
analysis of the efflux pump genes, norA,
norB, norC, mdeA and mepA, after induction
with EtBr indicated overexpression of norA,
norB, and norC pumps (Fig. 3). There was
no observed overexpression of mepA (data
not shown) in any of the isolates tested, and
mdeA was overexpressed significantly in
isolates 30, 32, 35, and 41 (data shown for
isolate 30). The efflux pump gene norA
showed an increase in expression of 20, 17.5,
5.5, 16, and 12-fold in isolates 30, 42, 50, 51
and 52, respectively (Fig. 3). The expression

Copyright 2015 KEI Journals. All Rights Reserved
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profiles of these genes in isolate 10 and the
FQ-susceptible S. aureus strain ATCC 25923
did not show any change (data shown for
isolate 10). The overexpression of the efflux
pump gene norB was >3, 8, and 2-fold in
isolates 30, 42, and 51, respectively. No
overexpression of norB was observed in
isolates 10, 50 and 52. A 9.5, 7.5, 2.5 and 2-
fold increase in the expression level of norC
gene was observed in isolates 30, 42, 51, and
52. No overexpression of norC gene was
observed in isolates 10 and 50.
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42 ) 50
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W Control_LB media
@ mdeA_ETBR
B norB_ETBR
®norC_ETBR
B norA_ETBR

51 52

Fig. 3. RT-gPCR amplification of efflux pump genes from representative S. aureus isolates after exposure
to EtBr (2.5 mg/L). The relative expression levels of norA, norB, norC, and mdeA were calculated using
the comparative cycle threshold (C,) method and 16S rRNA expression levels were used for

normalization.
3.5 Genetic mutation analysis

Sequence analysis of the QRDR of the target
gene gyrA indicated a single point mutation
(S84L) in isolates 30, 42, and 49, and a
double point mutation (S84L and G106D) in
isolates 10, 32, 35, and 41. Three of the
isolates (50, 51, and 52) did not have any
mutation in gyrA (Table 4). None of the
isolates had any mutation in gyrB (data not
shown). For grlA and grlB, most of the
isolates had a single mutation in grlA and
double mutation in grIB. The only isolate
that had a double point mutation in grlA
(S80F, E84G) was isolate 41; the other five
isolates, that had a single point mutation in
grlA included isolates 42 and 49 (S80Y), 30
(S81P), 32 (E84G), and 50 (P144S). Those
that carried double point mutations in the

grlB gene included isolates 10, 51, 52
(E422D, EB96D), isolate 35 (S437P,
D646Y), and isolate 50 (E422D, V615I).
Isolates 10, 35, 51, and 52 had no mutation
in the grlA gene and isolates 30, 32, 41, 42,
and 49 had no mutation in griB. Sequence
analysis of norA revealed that all the isolates
lacked the flgB mutation as well as large
deletions in the norA promoter (Fig. 4). Five
of the 10 isolates had a deletion of nucleotide
(A) upstream of a putative Fur-binding box
when their sequences were compared to S.
aureus ATCC 25923 (Fig. 4). Of these five
isolates, isolate10 had a novel point mutation
(V3711) within the norA coding region and
the other four isolates (30, 32, 35, and 41)
had another novel point mutation (G291D).

Table 4. QRDR mutations in clinical S. aureus isolates

Isolate Cip MIC nozA! nord promoter 33';-,42 g}'M3 g}'ﬁB‘f

10 =64 Val371Ile none Ser84Leu, Glyl06Asp None Glu422Asp, Glu596Asp
30 >128 Gly291Asp  del (A) Ser84Leu Ser81Pro None

32 »512 Gly291Asp  del (A) Ser84Leu, Glyl06Asp Glu84Gly None

35 >256 Gly291Asp  del (A) Ser84Leu, Glyl06Asp None Ser437Pro, Asp646Tyr
41 >128 Gly291Asp  del (A) Ser84Leu, Glyl06Asp Ser80Phe, Glu§4Gly None

42 >256 None del (A) Ser84Leu Ser80Tyr None

49 >256 None del (A) Ser84Leu Ser80Tyr None

50 >128 None none None Prol448er Glu422Asp, Val615Ile
51 >128 None none None None Glu422 Asp, Glu596Asp
52 >128 None none None None Glu422Asp, Glu596Asp

GenBank accession numbers: 1 D90119; 2X71437: 2 D67074; * D67075
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Fur-binding box

ATCC25923 norAp ATATGTCATT ARTTATACAA TTAAATGGAA [BATAGIGATA ATTACAAAGA 100
10-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AATAGTGATA ATTACRAAGA
30-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AARTAGTGATA ATTACAAAGA
32-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AATAGTGATA ATTACAAAGA
35-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AARTAGTGATA ATTACRAAGA
41-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AATAGTGATA ATTACRAAGA
49-NorAp ATATGTCATT AATTATACAA TTAAATGGAA ARTAGTGATA ATTACRAAGA
50-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AATAGTGATA ATTACAAAGA
51-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AATAGTGATA ATTACEAAGA
52-NorAp ATATGTCATT AATTATACAA TTAAATGGAA AATAGTGATA ATTACRAAGA
. -35 -10 o
ATCC25923 norAp ARARAATAIT GTCARATGTA GCAATGTTGT AGABRACTTTT 150
10-NorAp AAAARAATATT GTCAATTGTA GCAATATTGT AARTACAATAT AGAAACTTTT
30-NorAp A.ARAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
32-NorAp A.BAAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
35-NorAp A.AAAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
41-NorAp A.AAAATATT GTCARATGTA GCAATGTTGT AARTACAATAT AGAAACTTTT
49-NorAp A.ARAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
50-NorAp AARAAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
51-NorAp AARAAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
52-NorAp AAAAAATATT GTCARATGTA GCAATGTTGT AATACAATAT AGAAACTTTT
ATCC25923 norBp TACGARTATT TAGCATGAAT TGCAATTTGT CGTGGAAAAG AAGAATAACA 200
10-NorAp TACGAATATT TAGCATGAAT TGCAATCTGT CGTGGAAAAG AAAAATAACA
30-NorAp TACGAATATT TAGCATGAAT TGCAATCTGT CGTGGAAAAG AAGAATAACA
32-NorAp TACGAATATT TAGCATGAAT TGCAATCTGT CGTGGAAAAG AAGAATAACA
35-NorAp TACGAATATT TAGCATGAAT TGCAATCTGT CGTGGAAAAG AAGAATARCA
41-NorAp TACGAATATT TAGCATGAAT TGCAATCTGT CGTGGAAAAG AAGAATAACA
49-NorAp TACGAATATT TAGCATGAAT TGCAATCTGT TGTGGARAAG AAGAATAACA
50-NorAp TACGAATATT TAGCATGAAT TGCAATTTGT CGTGGAAAAG AAGAATAACA
51-NorAp TACGAATATT TAGCATGAAT TGCAATTTGT CGTGGAAAAG AAGAATAACA
52-NorAp TACGAATATT TAGCATGAAT TGCAATTTGT CGTGGAAAAG AAGAATAARCA
SD ™ NOorA
ATCC25923 norAp GATTTRAGAA TGACATGGAG AARAAAGAGG TGAGCATATG AATARACAGA 250
10-NorAp GCTTTAAGAG TGACAAGTAG AARAAAGAGG TGAGCAAATG AATAAACAGA
30-NorAp GCTTTEAGCA TGACATGGAG ARRAARGAGG TGAGCATATG AATARACAGA
32-NorAp GCTTTRAGCA TGACATGGAG AARAARGAGG TGAGCATATG AATAAACAGA
35-NorAp GCTTTAAGCA TGACATGGAG AARAAAGAGG TGAGCATATG AATAAACAGA
41-NorAp GCTTTAAGCA TGACATGGAG AARAAAGAGG TGAGCATATG AATAAACAGA
49-NorAp GCTTTEAGCA TGACATGGAG ARRAARGAGG TGAGCATATG AATARACAGA
50-NorAp GATTTARAGAA TGACATGGAG AARAARGAGG TGAGCATATG AATAAACAGA
51-NorAp GATTTAAGRA TGACATGGAG AARAAAGAGG TGAGCATATG AATAAACAGA
52-NorAp GATTTAAGRA TGACATGGAG AARAAAGAGG TGAGCATATG AATAAACAGA
Fig. 4. Alignment of the norA promoter sequences of clinical S. aureus isolates with that of

ATCC 25923. The consensus sequences -10, -35 and the Shine-Dalgarno (SD) for ATCC 25923
are boxed, including the putative Fur-binding box. * represents the nucleotide (T) of the flgB
mutation; - represents the deletion; # marks the ATCC 25923 transcription initiation site, and
— indicates the norA initiation start codon.

3.6 Insilico structural analysis of novel (NorA) mutations

A structural analysis of the wild type and
mutated NorA proteins from S. aureus shows
12 TM helices (TMs 1-12), which form the
N- (residues 3—173) and C-domains
(residues 203—375) of the TM core (Fig. A).
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There is a central cavity of about 5,007 A% in
the TM core between the N- and C-domains
connected by a 26-residue linker (residues
175-201) with a single o-helix and an
extended loop. The amino acid residues and
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their TM helices responsible for substrate
binding are highlighted in the secondary and
tertiary structures with green color. The two
novel mutations observed in the NorA
(G291D and V371l) are located on the C-
domain. The substitution, G291D, is located
in the loop joining the two o-helices H9
(position 270 to 288) and H10 (293 to 314),
and the V371l mutation is on the a-helix
H12 (355 to 375), surrounded by the two a-
helices, H7 (205 to 227) and H9 (270 to
288). In the wild-type NorA protein, the side
chain of Gly-291 is totally exposed on the
enzyme surface with solvent accessibility of
about 42% and the Val-371 residue shows

Fluoroquinolone Resistance in S. aureus Clinical Isolates

about 13% solvent accessibility. In the
mutated version of the NorAgze1p, the overall
stability changed as per calculation, using the
atom and torsion angle potentials, and
increased with the predicted AAG of 0.48
kcal/mol. On the other hand, V371l
substitution decreased stability by -1.12 kcal
/mol. Despite the introduction of an inter-
mediately sized, negatively charged polar
side chain of aspartic acid instead of glycine
(proton), the mutant NorAg,eip keeps the
contacts, including the hydrogen bonds, of
the wild-type, whereas in NorAys71 mutant,
no change in contacts was observed (Fig.
5B).

® vasnt

® G201

Potential
' substrate-
binding
site

Extracellular

GIv291Asp

- an oo a» @b 2> b S @b O

Ll bl Al el

°
N\ val-371lle

B
NH2 1 N-domain 1 L

C-domain

Cytoplasm

COOH

GIv291Asn

Val371lle

Thr-294 H10

Asp-291 1le-375

Tyr-292

H12

1le-371

Fig. 5. (A) Three-dimensional homology model and cartoon representation of the secondary
structure of the wild-type NorA. The mutation sites are indicated with red dots. The red dashed
line indicates a potential active site with the residues (green color) responsible for substrate
binding. (B) Helix and loop model of NorA, showing Gly291Asp and Val371lle locations, together
with the residues (green dots) responsible for substrate binding. (C) Structural representation of

hydrogen bonds of the Asp-291 and lle-371 residues with their neighboring amino acids.
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4.0 Discussion

FQ resistance in S. aureus has mainly been
attributed to mutations in the QRDRs of the
DNA gyrase and topoisomerase IV genes,
gyrA, gyrB, grlA, and griB [4, 5, 28, 31].
These mutations decrease the affinity of FQ
drugs for the target enzyme-DNA
complexes, consequently resulting in high
level FQ resistance. Our study identified
mutations within the QRDR that have been
associated with FQ resistance in the past,
such as S84L and G106D in gyrA and S80Y
or E84G in grlA, and exhibited ciprofloxacin
resistance with MICs ranging from 64-512
mg/L. Double mutations in griB (E422D and
E596D), previously reported by Sanfilippo et
al [28] in methicillin-sensitive S. aureus
(MSSA) isolates, were also detected.
Additional mutations resulting in V615lI,
S437P, and D646Y substitutions were also
observed. In addition to the mutations in
gyrase and topoisomerase genes, the
contribution of efflux pumps that confer
resistance to multiple antimicrobial agents in
S. aureus has also been reported [6, 18, 24,
27]. We observed the presence of efflux
pump activity in all S. aureus isolates by an
increased EtBr uptake and a reduction of
antibiotic MICs in the presence of efflux
pump inhibitors, CCCP and RES, as reported
earlier [8, 24, 30]. A two to sixty four—fold
reduction in FQ MICs after addition of the
EPIs further confirmed the presence of active
efflux pump activities in these isolates.
CCCP inhibited the efflux pump activity
better than RES. Although different EPIs
have been reported to block the ATP-binding
site of the norA gene resulting in the
inhibition of antimicrobial efflux and
improved antimicrobial efficacy, their
binding scores did not correlate with the
level of reduction in MICs [29]. Efflux pump
activity alone is not responsible for
fluoroquinolone  resistance,  mutations/
deletions in the QRDR, norA coding and
promoter regions also contribute to high
level of FQ resistance [8, 12, 18, 24, 26].
Therefore, the addition of CCCP and RES
did not completely inhibit FQ resistance.
Mutations in the QRDR have been reported
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to confer resistance up to 32 mg/L, above
which the resistance is mainly driven by
efflux activity [5], encoded either by the EP
genes norA or mepA or by the
overexpression of two or more EP genes,
mostly norA and norC [8]. The isolates used
in this study appear to predominantly
overexpress norA and norC  genes
concurrently, with a few isolates over-
expressing norB, norC, and mdeA genes.
While nine out of ten FQ-resistant isolates
overexpressed the norA gene, isolate 10 did
not. A comparison of the norA sequence data
from isolates 10, 51, and 52 revealed that
isolate 10 had a novel point mutation V371l
in norA that was absent in isolates 51 and 52,
indicating a possible role of V371l mutation
in the regulation of norA. Additionally,
isolate 10 also had double point mutations in
the gyrA gene (Ser84Leu, Glyl06Asp); it is
possible that these mutations play a role in
the regulation of norA. However, isolates 50,
51, and 52 that did not have these mutations
but still overexpressed the norA gene clearly
suggesting that the V371l rather than
Ser84Leu, Glyl06Asp mutations played an
important role in the regulation of norA gene
expression. Some of the isolates, namely 30,
32, 35, and 41 had the deletion of nucleotide
“A’ upstream of a putative fur-binding box
and a novel point mutation G291D in the
norA gene that were unique and not reported
earlier. The deletion of sequence upstream of
a putative Fur-binding box has been shown
to have positive regulation of norA
expression [12].  Another study [9]
demonstrated that the norA transcription was
positively regulated by fur (ferric uptake
regulator) and its deletion resulted in a
compromised norA transcription and reduced
resistance to quinolone. The observed
overexpression of norA, norB, norC, and
mdeA genes in isolates 30, 32, 35, and 41
that had nucleotide “A’ deletion and carried
G291D mutation, and the overexpression of
only norA, norB, norC, but not the mdeA
gene in isolates 42 and 49 that had only a
deletion of nucleotide “A” and no G291D
mutation, suggests that G291 is possibly

11| Page



Medical Research Archives

involved in the positive regulation of mdeA
gene. Moreover, since norB and norC
overexpressed in isolates 30, 32, 35, 41, 42,
and 49 that harbored a G291D mutation and
nucleotide “A” deletion but not in their
absence in isolates 10, 50, 51, and 52, it is
possible that the regulation of norB and norC
is also controlled by G291D mutation and
nucleotide “A” deletion. Furthermore, isolate
10 that had V371l mutation exhibited a
relatively low FQ resistance compared to
other isolates. In silico modeling revealed a
decrease in the stability of norA in isolate 10
by -1.12 kcal/mol may explain the relatively
low FQ resistance observed in that isolate
compared to isolates 30, 32, 35, and 41, that
harbored a G291D mutation in the coding
region. G291D confers a stabilizing effect
due to a predicted AAG of 0.48 kcal/mol and
its presence along with a deletion in the
promoter region of the norA gene, possibly
results in a fitness advantage for G291D
clones. Of the two novel point mutations
observed within the norA gene in this study,
G291D is distant from the putative substrate-
binding sites but V371 is within the second
binding site known as “Walker B” site, it is
neither involved in hydrogen bonding nor
hydrophobic interactions [32]. Therefore, a
V3711 mutation probably exhibited no
change in the expression of norA, norB,
norC, and mdeA. In conclusion, our findings
not only correlate with the earlier studies [6,
8, 10, 12, 26] but also describe two novel
point mutations in the norA gene and the
deletion of nucleotide “A” upstream of a
putative fur-binding box and their possible
role in the regulation of efflux pump genes
norA, norB, norC, and mdeA. The role of
these mutations in efflux pump-mediated FQ
resistance S. aureus is quite evident and will
be wuseful in potential development of
effective EPIs for better mitigation and
treatment strategies of multidrug-resistant
pathogens in hospitals.
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