
Role of gyrB Mutations in Pre-extensively and Extensively Drug-
Resistant Tuberculosis in Thai Clinical Isolates

Areeya Disratthakit,a Therdsak Prammananan,b,c Chanwit Tribuddharat,a Iyarit Thaipisuttikul,a Norio Doi,d

Manoon Leechawengwongs,c Angkana Chaipraserta,c

Department of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailanda; National Center for Genetic Engineering and Biotechnology,
National Science and Technology Development Agency, Ministry of Science and Technology, Pathum Thani, Thailandb; Drug-Resistant Tuberculosis Research Fund, Siriraj
Foundation, Bangkok, Thailandc; Department of Pathophysiology and Host Defense, Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association, Tokyo,
Japand

DNA gyrase mutations are a major cause of quinolone resistance in Mycobacterium tuberculosis. We therefore conducted the
first comprehensive study to determine the diversity of gyrase mutations in pre-extensively drug-resistant (pre-XDR) (n � 71)
and extensively drug-resistant (XDR) (n � 30) Thai clinical tuberculosis (TB) isolates. All pre-XDR-TB and XDR-TB isolates
carried at least one mutation within the quinolone resistance-determining region of GyrA (G88A [1.1%], A90V [17.4%], S91P
[1.1%], or D94A/G/H/N/V/Y [72.7%]) or GyrB (D533A [1.1%], N538D [1.1%], or E540D [2.2%]). MIC and DNA gyrase super-
coiling inhibition assays were performed to determine the role of gyrase mutations in quinolone resistance. Compared to the
MICs against M. tuberculosis H37Rv, the levels of resistance to all quinolones tested in the isolates that carried GyrA-D94G or
GyrB-N538D (8- to 32-fold increase) were significantly higher than those in isolates bearing GyrA-D94A or GyrA-A90V (2- to
8-fold increase) (P < 0.01). Intriguingly, GyrB-E540D led to a dramatic resistance to later-generation quinolones, including
moxifloxacin, gatifloxacin, and sparfloxacin (8- to 16-fold increases in MICs and 8.3- to 11.2-fold increases in 50% inhibitory
concentrations [IC50s]). However, GyrB-E540D caused low-level resistance to early-generation quinolones, including ofloxacin,
levofloxacin, and ciprofloxacin (2- to 4-fold increases in MICs and 1.5- to 2.0-fold increases in IC50s). In the present study, DC-
159a was the most active antituberculosis agent and was little affected by the gyrase mutations described above. Our findings
suggest that although they are rare, gyrB mutations have a notable role in quinolone resistance, which may provide clues to the
molecular basis of estimating quinolone resistance levels for drug and dose selection.

The global control of tuberculosis is becoming a challenge due
to extensively drug-resistant tuberculosis (XDR-TB), a poten-

tially life-threatening form of tuberculosis that is estimated to
have caused approximately 9.7% of multidrug-resistant tubercu-
losis (MDR-TB) cases in 2015 (1). The mainstay treatment regi-
men for MDR-TB consists of quinolones due to their bactericidal
activity (2). The later-generation quinolones, e.g., moxifloxacin
(MXF) and gatifloxacin (GAT), exhibit enhanced bactericidal ac-
tivity and have shown an improvement in successfully treating the
disease (3–5). Recently, DC-159a, a novel 8-methoxyfluoroquin-
olone, has shown lower MICs against quinolone-resistant Myco-
bacterium tuberculosis than the later-generation quinolones and
promising in vivo activity for combination therapy of drug-sus-
ceptible and quinolone-resistant tuberculosis (6, 7).

Hence, quinolones are considered to be the cornerstone of the
current treatment for MDR-TB; however, the use of quinolones in
treating MDR-TB is debatable due to concerns about emerging
resistance in M. tuberculosis (8, 9). Resistance to quinolones can
pave the way for the emergence of XDR-TB. In Thailand, the quin-
olone resistance rates among MDR-TB cases increased from 9% in
2005 to 15% in 2011 (10, 11). Early detection of quinolone-resis-
tant tuberculosis will help in choosing the proper regimen for the
treatment of MDR-TB and in preventing the development of
XDR-TB. Genotypic methods have been proposed as a rapid
means to shorten the time required for quinolone resistance de-
tection (12).

DNA gyrase is the sole target of quinolones in M. tuberculosis
because DNA topoisomerase IV is absent in the M. tuberculosis
genome (13). Quinolone binds to the quinolone binding pocket

(QBP) in the DNA gyrase-DNA complex. Resistance to quino-
lones in M. tuberculosis results primarily from mutations in gyrA
and gyrB, particularly in the quinolone resistance-determining re-
gions (QRDRs) of GyrA (QRDR-A, residues 74 to 113) and GyrB
(QRDR-B, residues 500 to 540), which cause alterations in the
amino acids of the QBP (14, 15). A wide variety of mutations
within the QRDRs have been reported; however, different amino
acid substitutions in gyrase may cause different levels of resistance
to quinolones (16, 17).

Nonetheless, the mutations that have been found in the gyrase
genes do not necessarily correlate with resistance to quinolones. A
particular mutation may be a genotypic variation rather than a
cause of quinolone resistance. Based on previous studies, there are
many methods for assessing the effects of DNA gyrase mutations,
e.g., consideration of the presence of these mutations in quinolone-
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susceptible isolates (18, 19), analysis of the inhibitory effect of
quinolones on DNA gyrase supercoiling activity (20), and trans-
duction of these mutations into quinolone-susceptible strains
with subsequent determination of susceptibility to quinolones
(21).

Due to a lack of comprehensive data on gyrase mutations con-
ferring quinolone resistance in clinical isolates of M. tuberculosis
in Thailand, we determined the mutations in the entire sequence
of the gyrase genes to distinguish between mutations associated
with quinolone resistance in quinolone-resistant isolates, i.e., pre-
XDR-TB and XDR-TB isolates, and those unrelated to quinolone
resistance in quinolone-susceptible isolates, i.e., drug-sensitive TB
and MDR-TB isolates. Additionally, the MICs for the M. tubercu-
losis clinical isolates harboring specific gyrase mutations were
measured to determine the effect of different mutations on quin-
olone resistance levels. Supercoiling-inhibitory activities of quin-
olones against mycobacterial DNA gyrase were examined to reveal
the impact of an uncharacterized mutation on quinolone resis-
tance in M. tuberculosis.

MATERIALS AND METHODS
The study protocol was approved by the IRB of the Faculty of Medicine
Siriraj Hospital, Mahidol University EC no. 029/2557.

Mycobacterial isolates and culture conditions. Among 17,619 cul-
ture-positive samples from 288 hospitals in 46 provinces of Thailand, a
total of 1,493 MDR-TB isolates, 206 pre-XDR-TB isolates, and 80
XDR-TB isolates were obtained in the Drug-Resistant Tuberculosis Re-
search Laboratory, Faculty of Medicine Siriraj Hospital, Thailand, be-
tween December 2003 and March 2013. In the present study, 27 quinolo-
ne-susceptible isolates, i.e., drug-sensitive TB (n � 18) and MDR-TB (n �
9) isolates, and 101 quinolone-resistant isolates, i.e., pre-XDR-TB (n �
71) and XDR-TB (n � 30) isolates, from 92 patients were randomly se-
lected from available stock cultures to obtain approximately 10 quinolo-
ne-resistant isolates from each year. Phenotypic resistance to four quino-
lones, i.e., ofloxacin (OFX), levofloxacin (LVX), MXF, and GAT, at 2
�g/ml was previously screened by the agar proportion method (22). At the
time the screening began in 2003, there were no CLSI-recommended crit-
ical concentrations for later-generation quinolones (22). Therefore, the
critical concentration of 2 �g/ml for OFX was also applied for later-gen-
eration quinolones in our laboratory since that time. At the time the
isolates were collected, CLSI’s revised critical concentration had not yet
been adopted in our laboratory. A concentration of 2 �g/ml had been
continuously used for LVX based on the WHO guideline from 2008 (23)
and for MXF based on the WHO guideline from 2012 (24). The mycobac-
terial cells were kept in Middlebrook 7H9 broth medium supplemented
with 10% oleic acid-albumin-dextrose-catalase enrichment and 15%
glycerol and were stored at �20°C until use. For preparation of genomic

DNA, mycobacterial cells were recovered on Middlebrook 7H10 agar with
or without 2 �g/ml of OFX for susceptible isolates and resistant isolates,
respectively, for 4 weeks at 37°C.

Antimicrobial agents. The following quinolones were obtained as pure
substances from their manufacturers: OFX (Bio Basic Inc., Amherst, NY),
ciprofloxacin (CIP) (Sigma-Aldrich Co., St. Louis, MO), LVX and sparfloxa-
cin (SPX) (Sigma-Aldrich Co., Buchs, Switzerland), MXF (Sigma-Aldrich
Laborchemikalien GmbH, Seelze, Germany), GAT (U.S. Pharmacopeia,
Rockville, MD), and DC-159a (Daiichi-Sankyo Pharmaceuticals Co.,
Ltd., Tokyo, Japan).

Genomic DNA preparation. Two to three loopfuls of the mycobacte-
rial culture were suspended in Tris-EDTA buffer (10 mM Tris-HCl [pH
8.0], 1 mM EDTA), and the suspension was heated at 80°C for 20 min to
kill the mycobacterial cells. The heat-killed mycobacterial suspension
was used for DNA extraction via an enzymatic method using lysozyme,
and the DNA was then purified with cetyltrimethylammonium bro-
mide-NaCl and chloroform-isoamyl alcohol (25). The DNA purities
and concentrations were measured using a NanoDrop1000 spectro-
photometer (Thermo Scientific, Wilmington, DE).

Amplification and sequencing of the gyrB and gyrA genes. The entire
nucleotide sequences of the gyrB and gyrA genes were amplified in 50-�l
PCR mixtures consisting of 2.5 mM MgSO4, 0.25 mM concentrations of
each of the four deoxynucleoside triphosphates (Thermo Fisher Scientific,
Vilnius, Lithuania), 2 units of Platinum Taq DNA high-fidelity polymer-
ase (Invitrogen, Carlsbad, CA), 20 pmol of a pair of amplification primers
(Table 1), and 200 ng of template DNA under the following conditions: 2
min of initial denaturation at 94°C; 35 amplification cycles, with each
cycle consists of 1 min at 94°C for denaturation, 1 min at 56°C for anneal-
ing, and 4 min at 68°C for extension; and a final extension at 68°C for 10
min. The 4,784-bp amplified products, which contained the 39-bp up-
stream region of gyrB, 2,145-bp gyrB, 34-bp intergenic region, 2,517-bp
gyrA, and 49-bp downstream region of gyrA, were run on a 1% agarose gel
and visualized with ethidium bromide staining. The amplified products
were sequenced in both directions using an ABI Prism 3730XL Analyzer
(Applied Biosystems, Foster City, CA) by Macrogen (Seoul, South Korea)
for the determination of the nucleotide sequences of the entire gyrB and
-A genes.

Analysis of gyrase polymorphisms. Short DNA sequences of 300 to
750 bp in length with quality values of �20 were assembled using the DNA
Baser Sequence Assembler v4.3.0 software (Heracle BioSoft SRL Roma-
nia, 2012). The consensus sequences of each isolate were compared to that
of M. tuberculosis H37Rv (GenBank accession number NC_000962.3) us-
ing the ClustalW Multiple Alignment in BioEdit v7.2.0 software (26).

Spoligotyping. Spoligotyping was performed as a part of our prior
study (27) using a spoligotyping kit (Ocimum Biosolution, Hyderabad,
India) (28). Gyrase mutation data and spoligotyping information were
analyzed together to rule out mutations that may have represented lin-
eage-specific mutations that were not involved in quinolone resistance.

TABLE 1 Nucleotide sequences of the primers used in this study

Primer Nucleotide sequencea Comment

gyrB_Fw 5=-GCACCAGGAAGAAAGATGTCC-3= Amplification (nucleotide positions 5084–5104)b

gyrA_Rv 5=-TTCCTCCTCAGATCGCTACG-3= Amplification (nucleotide positions 9867–9848)b

gyrA_cln_Fw 5=-ATGACAGACACGACGTTGCCGCCTG-3= Cloning, bp 1–25 of gyrA
gyrA_cln_Rv 5=-CATCGTCGTCGCTCGAGCCTGATTAA-3= Cloning, inserted XhoI site
gyrB_cln_Fw 5=-ATGGGTAAAAACGAGGCCAGAAGATC-3= Cloning, bp 1–25 of gyrB
gyrB_cln_Rv 5=-TGCATCTCCTGCAGGATGTCAACCG-3= Cloning, inserted SbfI site
Mut_GB538_Fw 5=-GGTGCTAAAGGACACCGAAGTTCAG-3= Mutagenesis
Mut_GB538_Rv 5=-CGGTCGATGCGCGCTTTC-3= Mutagenesis
Mut_GB540_Fw 5=-AGAACACCGACGTTCAGGCGATC-3= Mutagenesis
Mut_GB540_rv 5=-TTAGCACCCGGTCGATGC-3= Mutagenesis
a The restriction enzyme site or mutated nucleotide is underlined.
b Nucleotide position on chromosome of M. tuberculosis H37Rv (accession no. NC_000962.3).
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Determination of MICs. Due to limited resources, a subset of quin-
olone-susceptible isolates and quinolone-resistant isolates with a single
mutation among the three most common GyrA mutations or GyrB mu-
tations was randomly selected to determine whether the different gyrase
mutations conferred different levels of resistance to quinolones. The
MICs were determined according to the standard agar dilution method
recommended by CLSI (29). Inocula of 105 CFU per spot of M. tubercu-
losis isolates were inoculated onto Middlebrook 7H10 agar supplemented
with 10% oleic acid-albumin-dextrose catalase and 0.5% glycerol con-
taining quinolones at concentrations ranging from 0.03 to 32 mg/liter in
2-fold dilutions. M. tuberculosis H37Rv was used as the reference strain.
The inoculated agar plates were incubated at 37°C for 28 days. Each isolate
was tested in triplicate. The MIC was defined as the lowest drug concen-
tration that yielded no visible growth of M. tuberculosis.

Bacterial strains and plasmids. The NEB 10-beta Escherichia coli
strain (New England BioLabs, Ipswich, MA) was used as the cloning host
for recombinant plasmid propagation. The NEB-express E. coli strain
(New England BioLabs, Ipswich, MA) was used as the host for recombi-
nant protein expression. The pMAL-c5x vector plasmid (New England
BioLabs, Ipswich, MA) was used to create expression plasmids for M.
tuberculosis DNA gyrase subunits A and B.

Construction of wild-type mycobacterial gyrase expression vectors.
Insert fragments were separately prepared by amplification of the gyrA
and gyrB genes of M. tuberculosis H37Rv with two sets of primers (Table
1). The 3=-end overhangs of the PCR products were polished using the
Quick Blunting kit (New England BioLabs, Ipswich, MA). The blunt-
ended gyrA and gyrB fragments were digested with XhoI and SbfI, respec-
tively, ligated into pMAL-c5X digested with XmnI/SalI and XmnI/SbfI,
respectively, using the Quick Ligation kit (New England BioLabs, Ipswich,
MA), and subsequently transformed into the chemically competent NEB
10-beta E. coli strain. Recombinant clones were selected from the colonies
that grew on LB agar plates containing ampicillin (100 �g/ml). Successful
insertions of gyrA and gyrB fragments in frame downstream of the tac
promoter and malE were confirmed by digestion of the recombinant plas-
mid with PvuII (New England BioLabs, Ipswich, MA) and Sanger se-
quencing using an ABI Prism 3730XL Analyzer at Macrogen. Recombi-
nant plasmids were propagated in the cloning host, extracted, and then
transformed into the chemically competent NEB-express E. coli strain.
The resulting recombinant gyrB plasmids were used as template DNAs for
subsequent site-directed mutagenesis.

In vitro mutagenesis. To investigate the effect of gyrB mutations on
quinolone resistance, two pairs of mutagenesis primers were designed to in-
troduce single-nucleotide substitutions A1612G or A1620C (Table 1) in wild-
type (WT) gyrB, resulting in GyrB N538D or E540D mutations, respectively,
by site-directed mutagenesis with the Q5 site-directed mutagenesis kit (New
England BioLabs). The resulting mutant plasmids were sequenced to ensure
the presence of mutations introduced into gyrB and the absence of undesired
mutations using an ABI Prism 3730XL Analyzer at Macrogen.

Recombinant mycobacterial gyrase expression and purification.
Two milliliters of overnight cultures of NEB-express E. coli carrying recom-
binant WT or mutant plasmids was separately inoculated into 200 ml of rich
medium containing 100 �g/ml ampicillin and grown at 28°C until the optical
density at 600 nm reached 0.5 to 0.8. IPTG (isopropyl-�-D-thiogalactopyra-
noside) (Sigma-Aldrich Co., St. Louis, MO) was added to a final concentra-
tion of 0.3 mM and continuously incubated at 28°C for 8 h. E. coli cells were
harvested by centrifugation at 3,300 � g for 20 min at 4°C (Heraeus Megafuge
1.0R; Kendro Laboratory International Sales, Ashville, NC). The supernatant
was discarded, and the pellet was suspended in 5 ml of TGED buffer (50 mM
Tris-HCl [pH 7.9], 10% glycerol, 1 mM EDTA, and 1 mM dithiothreitol
[DTT]). The cell suspension was kept at �70°C overnight. Frozen bacterial
cells were thawed at 4°C, 10 mg/ml of lysozyme was added to a final concen-
tration of 1 mg/ml, and the cell suspension was further incubated at 4°C for 3
h and subsequently centrifuged at 11,400 � g for 60 min at 4°C (Allegra
X-15R; Beckman Coulter, Inc., Indianapolis, IN). The cell lysate was collected
for further purification.

Cell lysate was loaded onto a preequilibrated amylose resin column in
TGED buffer. The column was washed with 15 column volumes of TGED
buffer containing 1 M NaCl to remove contaminated genomic DNA and
was continuously washed with 15 column volumes of TGED buffer. The
maltose binding protein (MBP)-Gyr fusion proteins were eluted with
TGED buffer containing 10 mM maltose, and 1-ml fractions of eluent
were subsequently collected. Fractions containing the fusion protein were
determined using the Bradford assay. The positive fractions were pooled
and concentrated to 1 ml using Vivaspin15R (Sartorius Stedim Biotech
GmbH, Göttingen, Germany).

Factor Xa was added to the MBP-Gyr fusion protein solution to a final
concentration of 1%, wt/vol. The reaction mixture was incubated at 4°C
for 8 h. After factor Xa cleavage, the 93-kDa GyrA and 78-kDa GyrB
subunits were separated from the 42-kDa MBP (Fig. 1). The cleavage
mixture was dialyzed twice against 50 mM Tris-HCl (pH 7.9), 30% glyc-
erol, and 5 mM dithiothreitol at 4°C for 4 h and was then incubated
overnight. The dialyzed enzyme was stored at �20°C. Protein concentra-
tions and compositions were determined using a NanoDrop1000 spectro-
photometer (Thermo Scientific, Wilmington, DE) and SDS-PAGE (Mini-
Protean tetra cell; Bio-Rad Laboratories, Inc., Hercules, CA), respectively.
Concentrations of purified DNA gyrase ranged from 1.89 to 4.25 mg/ml
from a 1,600-ml culture.

Supercoiling inhibition assay. Inhibitory effects of quinolones
against DNA gyrase supercoiling activity were determined by the ATP-
dependent supercoiling assay as described previously (30) with minor
modifications. The purified WT GyrA was preincubated with WT GyrB,
GyrB-N538D, or GyrB-E540D at room temperature for 15 min to recon-
stitute the active heterotetrameric GyrA2GyrB2 complex. One unit of the
active gyrase complex was added to the reaction mixture (total volume, 20
�l) containing supercoiling assay buffer (20 mM Tris-HCl [pH 8.0], 2
mM MgCl2, 50 mM KCl, 1 mM DTT, 1 mM ATP, 1 mM spermidine, 20
mg/liter tRNA, 20 mg/liter bovine serum albumin) and 0.2 �g of relaxed
pBR322 plasmids (Inspiralis Ltd., Norwich, United Kingdom) as a sub-
strate. The reaction was performed at 37°C for 1 h and terminated by
addition of 20 �l of the 2� glycerol dye mix, and the products were then
analyzed by gel electrophoresis in 1% agarose for 3 h at 40 V. One unit of
enzyme activity was defined as the amount of DNA gyrase that was used to
completely supercoil 0.2 �g of relaxed pBR322 DNA within 1 h. One unit
of either the WT or mutant reconstituted gyrase was sufficient to com-
pletely supercoil 0.2 �g of relaxed pBR322 DNA in the presence of 1 mM
ATP (Fig. 2, lanes 5, 7, and 9), while neither the GyrA nor the GyrB
subunit alone generated supercoiled DNA (Fig. 2, lanes 3, 4, 6, and 8). The
lack of supercoiling activity in GyrA or GyrB alone indicated the absence
of contamination of E. coli DNA gyrase.

The inhibitory effects of quinolones on DNA gyrase were evaluated by
the method described above in a reaction mixture containing 1 U of pu-

FIG 1 SDS-PAGE analysis of recombinant M. tuberculosis DNA gyrase stained
with Coomassie blue. Lane M, protein standard marker; lane 1, WT GyrA (93
kDa); lane 2, WT GyrB (78 kDa); lane 3, GyrB-N538D (78 kDa); lane 4, GyrB-
E540D (78 kDa). MBP, maltose binding protein (42 kDa).
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rified DNA gyrase in the absence or presence of 2-fold serial dilutions of
each quinolone (0 to 400 �g/ml). The half-maximal inhibitory concen-
tration was defined as the quinolone concentration that inhibits DNA
gyrase supercoiling activity by 50% (IC50). The supercoiling activity was
assessed by tracing the intensity of the bands corresponding to supercoiled
pBR322 plasmids. All assays were performed in triplicate.

Data analysis. Odds ratios were calculated to measure the association
between the types of resistance and the patterns of resistance. Compari-
sons of MICs for isolates carrying different mutations were performed
using the Mann-Whitney U test. Significant differences in IC50s were de-
termined by independent t tests. All statistical analyses were performed
with PASW Statistics 18 (SPSS Inc., Chicago, IL). P values of less than 0.05
were considered statistically significant.

Nucleotide sequence accession numbers. The gyrA and gyrB se-
quence data have been deposited in GenBank under accession numbers
KT339397 to KT339524 and KT339525 to KT339652, respectively.

RESULTS
Quinolone resistance patterns in pre-XDR-TB and XDR-TB
isolates. Among the 101 quinolone-resistant isolates, 96 (95.1%),
58 (57.4%), 49 (48.5%), and 19 (18.8%) were resistant to OFX,
LVX, MXF, and GAT at 2 �g/ml, respectively. OFX-monoresis-
tant isolates accounted for 41.2% of the pre-XDR-TB and 20.0%
of the XDR-TB isolates. LVX- and MXF-monoresistant isolates
were observed in 1.5% and 5.9% of the pre-XDR-TB isolates, re-
spectively. Resistance to multiple quinolones was highly associ-
ated with XDR-TB (n � 24/30; 80.0%) compared to pre-XDR-TB
(n � 36/71; 50.7%) (odds ratio, 3.89 [95% confidence interval
{CI}, 1.42 to 10.66]; P � 0.008).

Gyrase mutations within the quinolone resistance-deter-
mining regions. All pre-XDR-TB and XDR-TB isolates had at
least one mutation within the QRDRs (Table 2). The detected
mutations resulted in nine different amino acid alterations in
GyrA (i.e., G88A, A90V, S91P, and D94A/G/H/N/V/Y) and three
different amino acid alterations in GyrB (i.e., D533A, N538D, and
E540D). Single mutations in GyrA were identified in 92.3% of
quinolone-resistant isolates. Single mutations in GyrB accounted
for 3.3% of quinolone-resistant isolates. Double mutations in
GyrA alone or in both GyrA and GyrB were observed in 3.3% and
1.1% of quinolone-resistant isolates, respectively. The most prev-

alent alteration occurred at position 94 in GyrA (72.7% of all
isolates). D94G was the most frequent variation (42.4%) and was
significantly associated with XDR-TB (odds ratio, 2.88 [95% CI
1.15 to 7.22]; P � 0.024). A90V and D94A substitutions in GyrA
were the second (17.4%) and third (11.9%) most common muta-
tions, respectively. None of the quinolone-susceptible isolates
contained mutations within the QRDRs.

Gyrase polymorphisms outside the quinolone resistance-
determining regions. In total, 20 mutations were found outside
the QRDRs of GyrA and GyrB (Table 3). Among these mutations,
six were identified solely in quinolone-susceptible isolates, seven
were found solely in quinolone-resistant isolates, five were de-
tected in both quinolone-susceptible and quinolone-resistant iso-
lates, and two (i.e., GyrA E21Q and G668D) were present in all
isolates studied. We identified two synonymous mutations (i.e.,
GyrA I614I and L653L) and three nonsynonymous mutations
(i.e., GyrA A384V, GyrB M330I, and V340L) that were previously
reported to be lineage-specific mutations (31, 32).

MICs. MICs against randomly selected clinical isolates harbor-
ing one of three most frequent GyrA mutations, i.e., D94G (n �
6), A90V (n � 5), or D94A (n � 5), or bearing a GyrB mutation,
i.e., N538D (n � 1) or E540D (n � 4), are shown in Table 4. The
MICs of all quinolones tested against the clinical isolates carrying
gyrase mutations within the QRDRs were higher than those
against M. tuberculosis H37Rv, and 5 clinical strains without mu-
tations in the QRDRs of gyrA or gyrB. MICs were clearly distinct
between susceptible and resistant strains. DC-159a demonstrated
the lowest MIC among the isolates tested. The fourth-generation
(i.e., MXF and GAT) and third-generation (i.e., LVX and SPX)
quinolones exhibited better antimycobacterial activities against
either wild-type or mutant isolates than the second-generation
quinolones (i.e., OFX and CIP). Interestingly, these findings were
different in isolates harboring GyrB-E540D, which conferred

TABLE 2 Mutations within QRDR-A and QRDR-B in pre-XDR-TB and
XDR-TB isolates

Mutation(s)a

No. of isolatesb

% of all isolatesPre-XDR-TB XDR-TB

GyrA
G88A 1 1.1
A90V 12 4 17.4
S91P 1 1.1
D94A 11 11.9
D94G 22 17 42.4
D94H 2 2 4.3
D94N 5 3 8.7
D94V 1 1.1
D94Y 3 1 4.3
A90V � D94A 2 2.2
A90V � D94N 1 1.1

GyrB
N538D 1 1.1
E540D 2 2.2

GyrA � GyrB
D94A � D533A 1 1.1

a GyrA S95T was found in all isolates.
b Sequential isolates with an identical gyrase mutation that were taken from a single
patient were counted as only one isolate.

FIG 2 Supercoiling activities of recombinant M. tuberculosis GyrA and GyrB
at 1 unit in the presence of relaxed pBR322 DNA and ATP. Lane 1, relaxed
pBR322 DNA alone (negative control); lane 2, E. coli GyrA2B2 complex (In-
spiralis) (positive control); lane 3, recombinant WT GyrA alone; lane 4, re-
combinant WT GyrB alone; lane 5, recombinant WT GyrA and GyrB complex;
lane 6, recombinant GyrB-N538D alone; lane 7, recombinant WT GyrA and
GyrB-N538D complex; lane 8, recombinant GyrB-E540D alone; lane 9, re-
combinant WT GyrA and GyrB-E540D complex. R and Sc, relaxed and super-
coiled pBR322 DNA, respectively.
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high-level resistance particularly to later-generation quinolones,
i.e., SPX, MXF, GAT, and DC-159a (8- to 16-fold increases in
MICs relative to those against M. tuberculosis H37Rv) but caused
low-level resistance to early-generation quinolones, i.e., OFX,
LVX, and CIP (2- to 4-fold increase) (P � 0.01). The isolates
bearing GyrA-D94G or GyrB-N538D mutations had a tendency to
show higher MICs for all quinolones tested (8- to 32-fold in-
crease) than those bearing GyrA-A90V or GyrA-D94A mutations
(2- to 8-fold increase) (P � 0.01).

Determination of inhibitory effects on DNA supercoiling ac-
tivities and IC50s of quinolones. The specific activities of WT
GyrA, WT GyrB, GyrB-N538D, and GyrB-E540D were 1.7 � 104,
1.0 � 104, 7.5 � 103, and 4.8 � 103 U/mg, respectively. As sum-
marized in Table 5, we performed a DNA supercoiling inhibition
assay to elucidate an uncharacterized role of GyrB-E540D in quin-
olone resistance and calculated the IC50 of each quinolone, which

is listed from high to low values. Representative results on the
inhibitory effects of LVX, MXF, CIP, and DC-159a on DNA su-
percoiling are shown in Fig. 3. Each quinolone demonstrated con-
centration-dependent inhibitory activities. Overall, linear regres-
sion analysis revealed a good correlation between IC50s and MICs
(r2 � 0.91). DC-159a exhibited the lowest IC50 of all quinolones
tested against DNA gyrase bearing either WT GyrB or mutant
GyrB (N538D and E540D). Intriguingly, introduction of the
E540D mutation in the GyrB subunit remarkably increased IC50s,
particularly for later-generation quinolones, i.e., SPX, MXF, GAT,
and DC-159a (2.9- to 11.2-fold increases), to the same levels as
those observed in GyrB-N538D mutant enzymes (2.3- to 11.7-fold
increases) (P 	 0.05), but it had a less significant impact on IC50s
for early-generation quinolones, i.e., OFX, LVX, and CIP (1.5- to
2-fold increases) than GyrB-N538D (7.1- to 16.1-fold increases)
(P � 0.01).

TABLE 3 Mutations outside QRDR-A and QRDR-B in quinolone-susceptible and quinolone-resistant M. tuberculosis isolates

Gene and nucleotide
position(s)

Allele
change(s)

Amino acid
substitution(s)a

No. of
isolatesb

Spoligotype(s)c

Previously reported
lineage-specific mutations
(reference[s])QS QR

gyrA
165 G/A V55V 1 EAI1_SOM NDd

996 C/T Y332Y 1 EAI6_BGD1 ND
1151 and 1842 C/T and T/C A384V and I614I 8 2 EAI1_SOM, EAI2_NTB, EAI5,

EAI6_BGD1, Manu1
Lineage 1 (31, 32)

1468 C/A H490N 1 Beijing ND
1542 G/A E514E 1 1 Beijing ND
1820 G/A R607H 1 Beijing ND
1959 G/C L653L 1 EAI2_NTB Lineage 1.2.1 (31)
2106 C/A G720G 1 EAI5 ND
2238 C/T G746G 2 T2 ND

gyrB
261 G/A E87E 11 Manu_ancestor ND
990 G/C M330I 8 2 EAI1_SOM, EAI2_NTB, EAI5,

EAI6_BGD1, Manu1
Lineage 1 (31, 32)

1018 G/T V340L 1 LAM9 Lineage 4.3.4.2 (31)
1457 C/A S486Ye 1 Beijing ND
1651 G/A G551Re 1 2 Beijing ND
1933 G/C G645S 1 EAI1_SOM ND
1966 G/T D656Y 1 Beijing ND
2082 C/T D694D 1 EAI1_SOM ND

a GyrA E21Q and G668D were found in all isolates.
b QS, quinolone susceptible; QR, quinolone resistant.
c Data are from a previous study (27).
d ND, not demonstrated in a previous report.
e GyrB S486Y and G551R are not involved in quinolone resistance (20).

TABLE 4 MICs of quinolones tested against clinical M. tuberculosis isolates harboring different gyrase mutations

Mutation (no. of isolates)

MIC (�g/ml)a

OFX LVX CIP SPX MXF GAT DC-159a

None, wild-type M. tuberculosis H37Rv 1 0.5 0.5 0.25 0.25 0.125 0.06
None, quinolone susceptible (5) 1–2 0.25–0.5 0.5–1 0.25 0.125–0.25 0.06–0.125 0.03–0.06
GyrA D94G (6) 8–16 4–8 8–16 2 2–8 2–4 0.25–0.5
GyrB N538D (1) 8 8 8 2–4 2 2 0.25
GyrA A90V (5) 8 2–4 2–8 0.5–2 0.5–1 0.5–1 0.125
GyrA D94A (5) 2–8 2–8 2–8 1 –2 0.5–2 0.25–1 0.06–0.25
GyrB E540D (4) 2 1–2 1–2 2 4 2 0.5
a Boldface indicates an increase in MIC of 	8-fold.
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DISCUSSION

As can be seen from the phenotypic profiles of quinolone suscep-
tibility and MIC results, later-generation quinolones, i.e., SPX,
MXF, GAT, and DC-159a, exhibited better in vitro activity against
M. tuberculosis than early-generation quinolones, i.e., OFX, LVX,
and CIP. Our findings underscore the possibility of evaluating

later-generation quinolones for the treatment of ofloxacin-resis-
tant TB (33, 34) and as a salvage therapy in patients with MDR-TB
(35). In addition, our results imply that susceptibility to OFX may
not necessarily indicate susceptibility to all quinolones when OFX
is used as a representative quinolone in susceptibility testing (17).
We thus suggest that the susceptibility to each quinolone should

TABLE 5 IC50s of seven quinolones for wild-type and mutant GyrB of M. tuberculosis

Quinolone

Substituents IC50 (�g/ml, mean 
 SD) IC50 ratio

P valueaR-1 R-7 R-8 WT GyrB-N538D GyrB-E540D
GyrB-
N538D/WT

GyrB-
E540D/WT

OFX Bridge N-1–C-8 Methyl piperazine Bridge N-1–C-8 54.4 
 6.2 	400 93.2 
 8.5 NDb 1.7 �0.001
LVX Bridge N-1–C-8 Methyl piperazine Bridge N-1–C-8 22.5 
 2.2 363.3 
 20.3 46.4 
 2.5 16.1 2.0 0.001
CIP Cyclopropyl Piperazine H 21.8 
 5.9 154.5 
 1.2 32.1 
 9.8 7.1 1.5 0.002
MXF Cyclopropyl Azabicyclo OCH3 11.5 
 0.6 95.3 
 14.6 99.3 
 6.0 8.3 8.7 0.688
SPX Cyclopropyl Dimethyl piperazine F 9.4 
 1.5 109.8 
 10.5 104.5 
 13.7 11.7 11.2 0.651
GAT Cyclopropyl Methyl piperazine OCH3 9.2 
 1.2 98.2 
 2.8 76.5 
 18.8 10.7 8.3 0.096
DC-159a Fluorinated cyclopropyl Methyl pyrrolidine OCH3 5.7 
 0.7 13.5 
 4.2 16.1 
 4.3 2.3 2.9 0.497
a Significant differences between the IC50 of GyrB N538D and the IC50 of GyrB E540D were determined by an independent t test. A P value of less than 0.05 was considered
statistically significant.
b ND, not determined.

FIG 3 Representative data on the inhibitory effects of levofloxacin (LVX) (A), moxifloxacin (MXF) (B), ciprofloxacin (CIP) (C), and DC-159a (D) on DNA
supercoiling activities. The supercoiling activities against DNA gyrase complexes bearing WT GyrB, GyrB-N538D, and GyrB E540D in the presence of the
indicated concentration of each quinolone are shown. R and Sc, relaxed and supercoiled pBR322 DNA, respectively.
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be tested as recommended by WHO (36) because the quinolones
are not completely cross-resistant. However, it should be noted
that the percentage of later-generation quinolone-resistant iso-
lates and the level of cross-resistance may be underestimated in
this study, because the critical concentration of 2 �g/ml for LVX,
MXF, and GAT was used instead of 1.0, 0.5, and 1.0 �g/ml, respec-
tively (24, 29).

Based on the fact that quinolone resistance in M. tuberculosis
occurs by introduction of mutations in gyrA and gyrB (15), we
attempted to determine how gyrase mutations are related to the
quinolone-resistance phenotypes of pre-XDR-TB and XDR-TB
Thai clinical isolates. The prevalence of gyrA mutations in clinical
isolates from quinolone-resistant tuberculosis varies across coun-
tries, ranging from 64.5% to 94.1% (37–40). In this study, we
found a relatively high prevalence of mutations in QRDR-A, at
96.7% among isolates examined, and the most frequent mutations
occurred in GyrA at D94 (72.7%). Because the D94 residue, which
anchors the water-magnesium ion bridge with a conserved C3/C4
keto acid moiety of quinolones, plays an important role in stabi-
lizing the quinolone molecule in the QBP, an amino acid substi-
tution at this position will exaggerate the deleterious effect of the
binding between most quinolones and DNA gyrase (41, 42). In
addition, the high frequency of D94 mutations in clinical isolates
from pre-XDR and XDR-TB may be due to the positive epistasis
between D94 mutations and mutations conferring rifampin resis-
tance leading to the progression of MDR-TB to XDR-TB (43).

Furthermore, our results underscore the differences in quino-
lone resistance levels caused by different mutations in GyrA, i.e.,
D94G, A90V, and D94A. Similarly, other studies have reported
that clinical isolates carrying D94G exhibit higher levels of resis-
tance to OFX, MXF, and GAT than isolates carrying A90V or
D94A (16, 17, 38). Recently, Rigouts et al. showed strong evidence
for a higher rate of failure/relapse in the presence of the D94G
mutation (70.0%) than in that of the D94A mutation (11.1%)
when patients were treated with GAT (38). One possible explana-
tion for this difference is that the GyrA-D94G mutation may in-
crease bacterial fitness while simultaneously lowering quinolone
susceptibility (43, 44).

In addition to the mutations in QRDR-A, we observed two
quinolone resistance-associated mutations in QRDR-B, i.e.,
N538D and E540D. Whereas the N538D mutation is a well-char-
acterized mutation causing high-level resistance across quino-
lones (20, 21), there is little information on the role of the E540D
mutation in quinolone-resistant tuberculosis. Previously, Malik et
al. demonstrated that E540D transductants uniquely exhibit resis-
tance to MXF and not to CIP, LVX, or OFX (21). Here, we first
described a novel characteristic of clinical isolates carrying the
E540D mutation, which confers high-level resistance (8- to 16-
fold increases in MICs) not only to MXF but also to SPX and GAT,
while the E540D mutation maintained low-level resistance (2- to
4-fold increases in MICs) to OFX, LVX, and CIP. These fold dif-
ferences in MICs were approximately the same as described by
Malik et al., even though the MICs against M. tuberculosis H37Rv
were relatively 2-fold higher in this study (21).

These findings were confirmed by the DNA gyrase supercoiling
inhibition assay and may be explained by a structure-activity re-
lationship. In principle, the addition of the cyclopropyl moiety at
N-1 and the substituents at C-8 in later-generation quinolones led
to the improvement in antimycobacterial activities (45–47). Inter-
estingly, this enhanced the activity of the later-generation quino-

lones against WT GyrB and the GyrB-N538D mutant but not the
GyrB-E540D mutant. The likely reason for this occurrence is that
replacement of glutamic acid, a larger amino acid residue, at po-
sition 540 with aspartic acid, a smaller amino acid residue, may
disturb hydrogen bonds between the amino acid residue at posi-
tion 540 and the C-7 substituents of quinolones and may reduce
the QBP size, leading to a steric effect of the C-8 substituents, e.g.,
8-fluoro and 8-methoxy groups (21, 48).

Consideration of structure-activity relationships revealed
three structural features that are related to the alteration of super-
coiling-inhibitory activities of the quinolones that were tested.
First, the addition of N-1-cyclopropyl, C-8-fluoro, and C-8-me-
thoxy substituents led to lower IC50s against DNA gyrase bearing
either WT GyrB or GyrB-N538D. Second, in contrast, the pres-
ence of C-8-fluoro or C-8-methoxy moieties did not necessarily
decrease the IC50s against the GyrB-E540D mutant enzyme.
Lastly, the addition of fluorine to N-1-cyclopropyl and the pres-
ence of the C-8-methyl pyrrolidine group in DC-159a were able to
decrease the IC50s against either WT GyrB or mutant GyrB
(N538D and E540D).

Protein structure analysis of DNA gyrase interacting with
quinolones is required to further explain this paradoxical effect.
Nonetheless, the characteristic resistance pattern of clinical iso-
lates carrying the GyrB-E540D mutation raises awareness of using
later-generation quinolones for the treatment of MDR-TB with
low-level resistance to OFX (36). In addition, these findings reveal
that gyrB QRDR mutations may have significant roles in quino-
lone resistance even if they are rare mutations. Likewise, Von Groll
et al. noted that gyrB mutations should be considered in determin-
ing resistance to quinolones, especially to 8-methoxyfluoroquino-
lones (48). Due to insufficient information regarding the patients’
medical history, we are not able to identify whether the GyrB-
E540D mutation was acquired from previous exposure to 8-me-
thoxyfluoroquinolones.

Forty-five percent of mutations outside the QRDRs found in
this study either were previously proved to be neutral variants,
e.g., GyrB S486Y and G551R (20), or were well-known lineage-
specific markers, e.g., GyrA A384V and GyrB M330I (31, 32),
while whether the remaining 55% of mutations outside the
QRDRs, e.g., GyrB G645S and D656Y, are related to quinolone
resistance is still unclear since they coexisted with mutations in the
QRDRs. Therefore, additional analysis may be needed to deter-
mine the unclarified roles of these mutations in quinolone resis-
tance (18–21). In addition, one synonymous mutation, GyrB-
E87E, may be a potential genetic marker for the Manu-ancestor
clade (Spoligo-International-Type 523), which is a rare genotype
causing the clonal spread of XDR-TB in western Thailand (27, 49).

Currently, the clinical applications of whole-genome sequenc-
ing are being expanded to produce genotypic drug susceptibility
profiles faster than phenotypic susceptibility results can be ob-
tained (50, 51). The construction of a database of resistance-re-
lated mutations is required for the reliable genotypic prediction of
drug resistance. We demonstrate that mutations within not only
QRDR-A but also QRDR-B should be considered potential deter-
minants of quinolone resistance (14, 18, 19), while mutations out-
side the QRDRs are likely linked to the genotypic background of
M. tuberculosis (31, 32). Furthermore, knowing the gyrase muta-
tions not only is relevant for the prediction of quinolone resistance
but also may be useful for estimating levels of resistance to various
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quinolones (16, 17, 40), which can aid in the selection of the ap-
propriate quinolone and its dosing.
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