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Amino acid substitutions conferring resistance to quinolones in Mycobacterium tuberculosis have generally
been found within the quinolone resistance-determining regions (QRDRs) in the A subunit of DNA gyrase
(GyrA) rather than the B subunit of DNA gyrase (GyrB). To clarify the contribution of an amino acid
substitution, E540V, in GyrB to quinolone resistance in M. tuberculosis, we expressed recombinant DNA gyrases
in Escherichia coli and characterized them in vitro. Wild-type and GyrB-E540V DNA gyrases were reconstituted
in vitro by mixing recombinant GyrA and GyrB. Correlation between the amino acid substitution and quinolone
resistance was assessed by the ATP-dependent DNA supercoiling assay, quinolone-inhibited supercoiling
assay, and DNA cleavage assay. The 50% inhibitory concentrations of eight quinolones against DNA gyrases
bearing the ES40V amino acid substitution in GyrB were 2.5- to 36-fold higher than those against the wild-type
enzyme. Similarly, the 25% maximum DNA cleavage concentrations were 1.5- to 14-fold higher for the E540V
gyrase than for the wild-type enzyme. We further demonstrated that the E540V amino acid substitution
influenced the interaction between DNA gyrase and the substituent(s) at R-7, R-8, or both in quinolone
structures. This is the first detailed study of the contribution of the E540V amino acid substitution in GyrB to

quinolone resistance in M. tuberculosis.

A major human infectious disease, tuberculosis (TB) is es-
timated to affect approximately one-third of the world’s pop-
ulation, and 95% of cases occur in developing countries (15,
30, 31). Current estimates show that approximately 9.4 million
new cases and nearly 1.7 million deaths from TB occur each
year, and TB remains a major cause of premature death (36).

The increased incidence of multidrug-resistant (MDR) TB
(TB resistant to more than two anti-TB drugs, including rifam-
pin and isoniazid [35]) has hampered the treatment and con-
trol of TB and is associated with an increase in mortality rates
in people with TB (3, 37, 40). Consequently, the required drug
dosage for the treatment of TB has dramatically increased
(38), and fluoroquinolones (FQs) are now considered to be
important second-line anti-TB agents (13, 20).

FQs are a large and widely used class of synthetic antibac-
terial agents (10, 11, 21, 39) which are frequently used in
treating patients infected with MDR TB (6, 17, 22). The target
of the FQs in Mycobacterium tuberculosis is DNA gyrase, which
consists of two subunits, GyrA and GyrB, that form the cata-
Iytically active GyrA,GyrB, heterotetrameric structure (7, 9,
18). DNA gyrase is an ATP-dependent enzyme that transiently
cleaves and unwinds double-stranded DNA (9) to catalyze the
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negative supercoiling of DNA and is thus essential for efficient
DNA replication, transcription, and recombination (7, 24, 29).
Most eubacteria, such as Escherichia coli, have two DNA
topoisomerases, DNA gyrase and topoisomerase IV. A few
bacteria, however, such as M. tuberculosis, have only DNA
gyrase (8), which is therefore the sole target of quinolones.

The quinolone-binding sites in DNA gyrase have been
found to be in the quinolone resistance-determining regions
(QRDRs) in the GyrA subunit (amino acids Gly-88 to Asp-94
in M. tuberculosis) and the GyrB subunit (amino acids Asp-500
to Asn-538 in M. tuberculosis), which contain the majority of
the amino acid substitutions that confer quinolone resistance
(Fig. 1) (2, 19, 27, 32, 33). A recent study using three-dimen-
sional structure analysis, however, has suggested that QRDRs
of M. tuberculosis gyrase are located at amino acids Ser-73 to
GIn-113 of the GyrA subunit and Asn-493 to Asn-540 of the
GyrB subunit (28). The QRDRs in GyrB are thought to inter-
act with those in GyrA and DNA strands to form a quinolone-
binding pocket (QBP).

In this study, we elucidated the contribution of an amino
acid substitution located at position 540 that is found in a
quinolone-resistant clinical isolate by in vitro DNA supercoil-
ing and cleavage assays in the presence or absence of FQs. We
also propose the mechanism of interaction between substitu-
ents of FQs and amino acid residues in the QBP of GyrB.

MATERIALS AND METHODS

Reagents and kits. Gatifloxacin (GAT), levofloxacin (LVX), ciprofloxacin
(CIP), sparfloxacin (SPX), and enoxacin (ENX) were purchased from LKT
Laboratories, Inc. (St. Paul, MN); sitafloxacin (SIX) was from Daiichi Pharma-
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FIG. 1. Amino acid substitutions found within the QRDR of GyrB
in FQ-resistant M. tuberculosis. The amino acid substitutions are shown
below the nucleotide sequence. The target nucleotide substitution of
this study is denoted by the asterisk, and mutated bases are underlined.

ceutical, Co., Ltd. (Tokyo, Japan); norfloxacin (NOR) was from Wako Pure
Chemical Industries, Ltd. (Tokyo, Japan); moxifloxacin (MXF) was from To-
ronto Research Chemicals Inc. (Ontario, Canada); and ampicillin was from Meiji
Seika Kaisha, Ltd. (Tokyo, Japan). Oligonucleotide primers were synthesized by
Life Technologies (Carlsbad, CA). TOPO TA cloning (pCR 4-TOPO) and Ni-
nitrilotriacetic acid protein purification kits were purchased from Life Technol-
ogies. Restriction enzymes were obtained from New England BioLabs, Inc.
(Ipswich, MA). The supercoiling assay kit and supercoiled and relaxed pBR322
DNA were purchased from John Innes Enterprises Ltd. (Norwich, United King-
dom). Protease inhibitor cocktail (Complete Mini, EDTA free) was purchased
from Roche Applied Science (Mannheim, Germany).

Bacterial strains and plasmids. E. coli strain TOP-10 (Life Technologies) was
used as the host for cloning purposes. E. coli strains Rosetta-gami 2 and
BL21(DE3)/pLysS were purchased from Merck KGaA (Darmstadt, Germany)
and used for protein expression. Vector plasmids pET-20b (+) and pET-19b
(Merck KGaA) were used to construct expression plasmids for M. tuberculosis
proteins GyrA and GyrB, respectively.

Construction of wild-type (WT) and GyrB-E540V DNA gyrase expression
vectors. The construction of WT DNA gyrase expression vectors is shown in Fig.
S1 in the supplemental material. A nucleotide substitution was introduced into
the M. tuberculosis WT gyrB gene by PCR with pairs of complementary primers
containing the nucleotide substitution of interest (Table 1). The gyrB-M cassettes
with mutated bases were amplified from the WT gyrB gene cassette (see Fig. S1C
in the supplemental material) and ligated into the TA cloning plasmid. Recom-
binant plasmids were recovered from the colonies, and a nucleotide substitution
in QRDRs in the 294-base PCR products was confirmed. The gyrB-M cassettes
were digested with Sacl and HindIll, ligated into pTB-B digested with same
restriction endonucleases, and transformed into E. coli TOP-10 to obtain GyrB-
E540V expression plasmids. Recombinant clones were selected from the resis-
tant colonies on LB agar plates containing ampicillin (100 pwg/ml).

Sequencing of products. PCR products were purified by agarose gel electro-
phoresis. The agarose blocks containing the bands of interest were sliced out of
the agarose gel, frozen at —80°C for 30 min, and centrifuged at 20,400 X g at 4°C
for 10 min to collect the supernatants. Supernatants having DNA concentrations
between approximately 10 and 20 ng/pl were used directly as templates for cycle
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sequencing in both directions with corresponding primers (0.10 wmol) using the
ABI Prism BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems,
Foster City, CA). The sequencing reactions were performed according to the
manufacturer’s instructions. Cycle sequencing products were subsequently ana-
lyzed on an ABI PRISM 3130x automated genetic analyzer (Applied Biosys-
tems). The sequences generated with the program were compared to their
respective WT and GyrB-E540V sequences using BioEdit software.

Recombinant expression and purification of DNA gyrase. DNA gyrase sub-
units were purified as previously described, with the following modifications (1,
2). Expression vectors carrying the gyrA and gyrB genes of M. tuberculosis were
transformed into E. coli Rosetta-gami 2 and BL21(DE3)/pLysS, respectively.
Expression of GyrA and GyrB was induced with the addition of 1 mM isopropyl-
B-p-thiogalactopyranoside (IPTG; Wako Pure Chemicals Ltd.), followed by fur-
ther incubation at 14°C for 20 h or at 23°C for 5 h, respectively. Combined elution
fractions resulting from the addition of elution buffer (20 mM Tris-HCI [pH 8.0],
500 mM NaCl, 250 mM imidazole) to nickel-nitrilotriacetic acid agarose resin
(Invitrogen) were dialyzed twice overnight at 4°C against 1 liter of gyrase dilution
buffer (50 mM Tris-HCI [pH 7.5], 100 mM KCI, 2 mM dithiothreitol, 1 mM
EDTA). After dialysis, the eluates were added to glycerol to yield 50% (wt/vol)
and stored at —80°C until use. The protein fractions were examined by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.

DNA supercoiling assay and inhibition by FQs. ATP-dependent DNA super-
coiling and quinolone-inhibited supercoiling assays were carried out as previ-
ously described (1, 2, 25). DNA supercoiling activity was tested with a combina-
tion of purified M. tuberculosis GyrA and GyrB proteins. The reaction mixture
(total volume, 30 pl) consisted of DNA gyrase assay buffer, relaxed pBR322
DNA (0.3 pg), and WT and GyrB-E540V gyrase proteins (3 pM). Reactions
were run at 37°C for 1 h and stopped by the addition of 30 pl of chloroform-
isoamyl alcohol (24:1 mixture) and 6 wl of 5X stop and loading solution. The
total reaction mixtures were subjected to electrophoresis in 1% agarose gels in
0.5X Tris-borate-EDTA (TBE) buffer. The gels were run for 1 h at 50 mA and
stained with ethidium bromide (0.7 wg/ml). E. coli DNA gyrase (John Innes
Enterprises Ltd.) was used as a positive control for the assay procedures and
buffer. The inhibitory effects of quinolones on DNA gyrase were assessed by
determining the drug concentrations required to inhibit the supercoiling activity
of the enzyme by 50% (ICss) in the presence or absence of serial 2-fold
increases in the concentrations of the eight FQs. Supercoiling activity was as-
sessed by tracing the brightness of the bands corresponding to the supercoiled
pBR322 DNA with the Molecular Analyst software ImageJ (http://rsbweb.nih
.gov/ij). To allow direct comparison, all incubations with WT and GyrB-E540V
enzymes were carried out and processed in parallel on the same day under
identical conditions. All enzyme assays were performed at least three times to
confirm reproducibility.

Quinolone-mediated DNA cleavage assay. DNA cleavage assays were carried
out as previously described (1, 2, 25). Supercoiled, rather than relaxed, pBR322
DNA was used as the substrate for cleavage assays. The reaction mixture (total
volume, 30 pl) contained DNA gyrase assay buffer, purificd DNA gyrase sub-
units, supercoiled pBR322 DNA (0.3 pg), and increasing concentrations of GAT,
LVX, CIP, MXF, SPX, or SIX. After incubation for 1 h at 37°C, 3 pl of 2% SDS
and 3 pl of proteinase K (1 mg/ml) were added to the reaction mixture. After
additional incubation for 30 min at 37°C, reactions were stopped to allow relax-
ation activity by the addition of 3 pl of 0.5 mM EDTA, 30 pl of chloroform-

TABLE 1. Oligonucleotide sequences of primers used in PCR

Primer Sequence (nucleotide position), underlined element(s) Comment
ON-873 5'-CCCATATGACAGACACGACGTTGCCGCC-3" (1-23), Ndel site WT gyr4
ON-874 5'-GTTAACCGGGCTTCGGTGTACCTCATCG-3' (377-404), Hpal site WT gyrd4
ON-875 5'-GGTTAACCCCGTTGGCGATGGAGATGC-3' (398-424), Hpal site WT gyr4
ON-876 5'-GGCTCGAGTTAATGATGATGATGATGATGATTGCCCGTCTGGTCTGCGCCG-3' WT gyr4

(2493-2517), Xhol site and 6-histidine tag, respectively
ON-35 5'-CCCCCCCATATGGGTAAAAACGAGGCCAGAAG-3' (1-23), Ndel site WT gyrB
ON-882 5'-CACGAGCTCTCGTGCCTTACGTGCCGCGATACG-3" (1366-1398), Sacl site WT gyrB
ON-883 5'-GAGAGCTCGTGCGGCGTAAGAGCGCCACCG-3’ (1388-1417) WT gyrB
ON-884 5'-CGATCTTGTGGTAGCGAAGCTTGCCGATATCGA-3' (1667-1699), HindIII site WT gyrB
ON-885 5'-CGATATCGGCAAGCTTCGCTACCACAAGATCG-3' (1668-1699) WT gyrB
ON-886 5'-GGCTCGAGTTAGACATCCAGGAACCGAACATCC-3" (2130-2145), Xhol site WT gyrB
ON-40 5'-AAAGAACACCGTAGTTCAGGCGA-3' (1607-1630)" Mutant gyrB
ON-41 5'-TCGCCTGAACTACGGTGTTCTTT-3" (1607-1630)" Mutant gyrB

“ Mutated codon shown in bold type.



VoL. 55, 2011

1 2 3 4 S 6

SC =

GyrA -
GyrB -
ATP +

Relaxed
DNA

FIG. 2. Recombinant WT GyrA and GyrB subunits of M. tubercu-
losis generate an ATP-dependent DNA supercoiling activity. Relaxed
pBR322 DNA (0.3 pg) was incubated with WT DNA gyrase reconsti-
tuted from GyrA (3 pM) and GyrB (3 pM) in the presence and
absence of 1 mM ATP. The reactions were stopped, and the DNA
products were separated by electrophoresis in 1% agarose gels. DNA
was stained with ethidium bromide and photographed under UV illu-
mination. Lane 1, relaxed pBR322 DNA; lane 2, relaxed pPBR322 DNA
and E. coli DNA gyrase; lane 3, relaxed pBR322 DNA and both
recombinant GyrA and GyrB proteins; lane 4, relaxed pPBR322 DNA
and only GyrA protein; lane 5, relaxed pBR322 DNA and only GyrB
protein; lane 6, absence of ATP. R and SC, relaxed and supercoiled
pBR322 DNA, respectively.
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isoamyl alcohol (24:1 mixture), and 3 pl of 10X DNA loading solution. Plasmid
pBR322 linearized by BamHI digestion was used as a marker for cleaved
DNA. The total reaction mixtures were subjected to electrophoresis in 0.8%
agarose gels in 0.5X TBE buffer. The gels were run for 1.5 h at 50 mA, stained
with ethidium bromide (0.7 pg/ml), and photographed under UV transillu-
mination. The extent of DNA cleavage was quantified with the Molecular
Analyst software ImageJ (http://rsbweb.nih.gov/ij). The quinolone concentra-
tions required to induce 25% of the maximum DNA cleavage (CC,ss) were
determined for the eight FQs.

RESULTS

Expression and purification of recombinant gyrase A and B
proteins. The WT gyr4 and gyrB genes were amplified from M.
tuberculosis H37Rv (1, 2, 34). The full-length gyr4 and gyrB
genes were inserted downstream of the T7 promoter in expres-
sion vectors pET-20b (+) and pET19b, respectively, for ex-
pression as His-tagged recombinant proteins since the His tag
has been previously shown not to interfere with the catalytic
functions of GyrA and GyrB (14). Resulting plasmids pTB-A
(gyrA in pET-20b) and pTB-B (gyrB in pET-19b) were used

A) WT gyrase
CIP (ng/ml)
10 20 40 80 160 320

0 25 S5

SC
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to transform E. coli Rosetta-gami 2 (DE3)/pLysS and
BL21(DE3)/pLysS, respectively. Expression of the WT gyrd
and gyrB genes in E. coli strains by induction with IPTG and
subsequent purification of the corresponding proteins by Ni-
nitrilotriacetic acid affinity purification resulted in 2 and 5 mg
of soluble His-tagged 93-kDa and 79-kDa proteins from
200-ml cultures, respectively. We used mutagenesis of WT gyrB
to introduce the desired amino acid substitution and purified
the corresponding GyrB-E540V protein by the same proce-
dure as that used for WT GyrB. All recombinant subunits were
obtained at high purity (>95%) in milligram amounts (see Fig.
S2 in the supplemental material) and free of contaminating E.
coli topoisomerase activity, as assessed by the lack of super-
coiling activity of either GyrA or GyrB alone (Fig. 2, lanes 4
and 5).

DNA supercoiling activity of WT and GyrB-E540V DNA
gyrases. Combinations of the WT GyrA and GyrB subunits
were examined for DNA supercoiling activity with relaxed
pBR322 DNA as the substrate in the presence and absence of
ATP (Fig. 2). A combination of GyrA and GyrB at 3 uM each
was sufficient for the conversion of 100% of 0.3 pg of relaxed
plasmid pBR322 DNA to its supercoiled form and was used for
all DNA supercoiling experiments. Since the combination of
the GyrA and GyrB subunits at 3 pM led to plasmid super-
coiling in the presence of ATP, reconstituted DNA gyrase was
considered functional (Fig. 2, lane 3). Neither subunit alone
exhibited DNA supercoiling activity in the presence of 1 mM
ATP (Fig. 2, lanes 4 and 5), and no supercoiling activity was
observed when ATP was absent from the reaction mixture
(Fig. 2, lane 6), indicating that both subunits and ATP were
essential for DNA supercoiling activity. The activity of a GyrB-
E540V enzyme (designated GyrB-E540V) was also determined
by DNA supercoiling assay in the presence of complementary
WT GyrA (see Fig. S3 in the supplemental material).

Determination of IC,,s of quinolones. The inhibitory effects
of quinolones on the WT and GyrB-E540V enzymes were
elucidated by quinolone-inhibited DNA supercoiling assay. A
set of representative data showing the inhibitory effect of CIP
is shown in Fig. 3, and data for the other FQs are presented in
Fig. S4 in the supplemental material. Each of the quinolones
showed dose-dependent inhibition of the WT and GyrB-
E540V enzymes. Inhibitory effects of quinolones against re-
combinant gyrases are presented as ICsys ordered from low to
high in Table 2. The gyrase bearing the ES40V amino acid
substitution in GyrB was highly resistant to inhibition by quin-

B) E540V

CIP (pg/ml)
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0 25 5

FIG. 3. Inhibitory activities of CIP on the supercoiling activities of WT and GyrB-E540V M. tuberculosis DNA gyrases. Relaxed pPBR322 DNA
(0.3 pg) was incubated with WT (A) or GyrB-E540V (B) DNA gyrase in the presence of the concentrations of CIP indicated. The reactions were
stopped, and the DNA products were analyzed by electrophoresis in 1% agarose gels. R and SC denote relaxed and supercoiled pBR322 DNA,

respectively.
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TABLE 2. ICs4s and CC,5 of FQs against WT and mutant DNA gyrases”
-Basic quinolone- -Ciprofloxacin- -Moxifloxacin- -Sitafloxacin-
B) o o © o o o o
F
PO NS 00 B I
N N N N N N
BNO A A D@ cl
NH, »
Substituent 1Csy (pg/ml) CCss (pg/ml)
Quinolone

R-1 R-7 R-8 WwT E540V Ratio WT E540V Ratio

SIX Fluorinated cyclopropyl Pyrrolidine Cl 4 10 2.5 2 3 1.5
GAT Cyclopropyl Piperazine O-CH; 9 37 4.1 7 26 3.7
SPX Cyclopropyl Piperazine F 7 52 7.4 10 37 3.7
MXF Cyclopropyl Azabicyclo O-CH; 16 61 3.8 5 17 3.4
LVX Bridge N1-C8 Piperazine Bridge N1-C8 22 82 3.7 25 57 23
CIP Cyclopropyl Piperazine H 7 251 359 23 317 13.8
NOR Ethyl Piperazine H 102 274 2.7 NO* NO NO
ENX Ethyl Piperazine N 84 >320 >3.8 NO NO NO

“ The structures of the compounds used (A, basic quinolone; B, CIP; C, MXF; D, SIX) and the locations of the substituents are shown at the top.

» NO, not observed.

olones (Fig. 3; Table 2; see Fig. S4 in the supplemental mate-
rial). The ICs, of SIX was 10 pg/ml, those of GAT, LVX,
MXEF, and SPX were 37 to 82 pg/ml, and those of CIP, NOR,
and ENX were 251, 274, and >320 wg/ml, respectively.

Quinolone-mediated DNA cleavage complex formation by
WT and GyrB-E540V DNA gyrase. To examine the effects of
FQs on cleavage complex formation by WT and GyrB-E540V
DNA gyrase, cleavage assays were performed in which super-
coiled pBR322 was incubated with WT or GyrB-E540V DNA
gyrase in the presence or absence of increasing concentrations
of quinolones. Figure 4 shows the results of a representative
cleavage assay using CIP. Table 2 presents the CC,ss of the
other FQs. The CC,ss of FQs for WT gyrase ranged from 2 to
25 pg/ml, while those for the GyrB-E540V enzyme ranged
from 3 to 317 pg/ml (Table 2).

DISCUSSION

In light of the increased demand for a new treatment regi-
men for MDR TB, FQs have started to be used as anti-TB
agents (13, 20). Although the main target of FQs is known to
be bacterial DNA gyrase, the molecular details of quinolone-
gyrase interactions are not yet fully understood. In this study,
we examined the ES40V amino acid substitution we recently
found in a clinical isolate from Bangladesh (unpublished data).

A) WT gyrase
CIP (ng/ml)
25 5

10 20

SC L 0

L
SC

The same amino acid substitution has also been reported in a
clinical isolate from Vietnam (12). Even though the E540 res-
idue of GyrB, equivalent to the E466 residue in E. coli, has
been suggested to be located in the QRDR in M. tuberculosis
by X-ray crystallography (28), there was no experimental con-
firmation of this. We examined the effect of the amino acid
substitution on FQ resistance at the molecular level by using
purified recombinant gyrase subunits. Supercoiling and cleav-
age assays in the presence of several FQs demonstrated the
significant contribution of the E540V amino acid substitution
to quinolone resistance (Fig. 2 and 3; Table 2; see Fig. S3 and
S4 in the supplemental material). These results support the
model proposed by Piton et al. (28).

The structure-activity relationship between FQs and WT
and GyrB-E540V gyrases were analyzed. All eight FQs studied
have a substituent, pyrrolidine, piperazine, or azabicyclo, at
R-7 which has been suggested to be associated with E540 on
GyrB (28). NOR and ENX, with an ethyl residue at R-1, have
high ICs.s (102 and 84 pg/ml, respectively), whereas the other
FQs, with a cyclopropyl at R-1 or an N1-C8 bridge, have
significantly lower ICsys (4 to 22 pg/ml) for WT gyrase, sug-
gesting that a cyclopropyl at R-1 or an N1-C8 bridge contrib-
utes to FQ activity. Although higher IC5,s of all FQs were
observed for the GyrB-E540V enzyme than for the WT en-

ES40V gyrase
CIP (pg/ml)
0 25 5 10 20 40 80 160 320

B)

FIG. 4. CIP-mediated DNA cleavage complex by WT and GyrB-E540V gyrases of M. tuberculosis. Supercoiled pBR322 DNA (0.3 pg) was
incubated with WT (A) or GyrB-E540V (B) DNA gyrase in the presence of the concentrations of CIP indicated. After addition of SDS and
protease K, the reactions were stopped and the mixture samples were analyzed by electrophoresis in 0.8% agarose gels. R, L, and SC denote

relaxed, BamHI-linearized, and supercoiled pBR322 DNA, respectively.
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FIG. 5. Hypothetical models of interactions of WT and E540V GyrB with quinolones with substituents at R-7 and R-8. The models show the
hydrogen bonding network relationship between residues of the WT and E540V gyrases and the R-7 and R-8 groups of CIP (A). Panels B and
C show the relationships of MXF and SIX with the QBP of the DNA GyrB subunit of M. tuberculosis. The left and right panels show the WT and
GyrB-E540V gyrase activities for hydrogen interaction with quinolones. Position 540 is indicated by bold type.

zyme, the difference in the two ICy,s was lowest for SIX. In
particular, this FQ has a fluorinated cyclopropyl ring at R-1
while four other FQs, GAT, SPX, MXF, and CIP, have a
cyclopropyl. In contrast, the difference between the CIP I1Css
for the E540V and WT enzymes was significantly high. The
only apparent difference between CIP and the other effective
FQs was the absence of a substituent at R-8 (Table 2). We have
also attempted to elucidate the effects of the E540V amino
acid substitution in GyrB using DNA cleavage assays (Fig. 4

and Table 2) to confirm the results obtained by quinolone-
inhibited supercoiling assays.

Amino acid residues in GyrB located close to E540 (ES01 in
reference 28), including N538 (N499) and T539 (T500) on the
a2 helix and R482 (R521) on B2, have been proposed to
interact with the GyrA subunit and DNA strands to form the
QBP (28). It has been suggested that the B1-al loop (residues
498 to 501 in GyrB of M. tuberculosis) interacts with the R-1
group, the B2-DBL (DNA-binding loop, residues 519 to 525)
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interacts with the R-7 and R-8 groups, and the beginning of a2
(residues 537 to 541) interacts with the R-7 group (28). A
substitution of the glutamic acid at position 540 with a valine
may therefore lead to a conformational change in QBP geom-
etry in GyrB (28).

Based on the crystal structure and current data obtained
with several FQs (5, 16, 28), we hypothesize the mechanism of
FQ resistance conferred by the E540V amino acid substitution
on GyrB as shown in Fig. 5. The hydrogen bonding network
involving ES40 could play a pivotal role in the recognition of
quinolones by the GyrB subunit on QBP. One of the FQs, CIP,
exerts potent inhibitory activity against WT DNA gyrase (ICs, =
7 ng/ml) and may bind tightly to GyrB through two hydrogen
bonds (O-H—N and O™ —H-N) involving a hydroxyl group
(OH) of the T539 residue and a carboxylate (CO,-) of the
E540 residue (Fig. SA, left; Table 2). In contrast, the efficacy of
CIP against the GyrB-E540V gyrase is drastically lower
(ICso = 251 pg/ml). The E540V amino acid substitution re-
places glutamic acid, which bears a carboxyl group, with valine,
which is nonpolar and sterically demanding. The subsequent
loss of the hydrogen bonding interactions with E540 could
induce a substantial conformational change, which would dis-
rupt binding with CIP (Fig. 5A, right). The efficacy of other
FQs carrying a substituent at R-8 against the ES40V enzyme
was shown to be higher than that of CIP (Table 2). For exam-
ple, MXF showed inhibitory activities against WT GyrB and
E540V GyrB, with IC,ys of 16 and 61 pg/ml, respectively. MXF
and CIP vary structurally with regard to the substituents at R-7
and R-8: MXF has a bulky azabicyclo group at R-7 and a
methoxy group at R-8, whereas CIP has a simple piperazine
group at R-7 and no substituent at R-8 (Table 2). In the
binding of MXF with WT GyrB (Fig. 5B, left), the substituents
at R-7 and R-8 may efficiently interact with residues of the
GyrB subunit through three hydrogen bonding networks in-
volving T539 (O-H—N), E540 (O™—H-N), and R521 (H-N-
H—O-Me). With regard to the GyrB E540V gyrase (Fig. 5B,
right), however, MXF could still retain a substantial affinity for
the GyrB subunit through hydrogen bonding with the substitu-
ents at R-7 and R-8 (O-H—N and H-N-H—O-Me), whereas
CIP could not retain such an affinity due to the absence of
hydrogen bonding with the substituent at R-8 and would thus
be more sensitive to the amino acid substitution. Apart from
MXEF and CIP, SIX carries a pyrrolidine at R-7 and a halide
(chlorine) at R-8 and exhibits potent activities toward the WT
(ICsy = 4 ng/ml) and GyrB-E540V (ICs, = 10 pg/ml) gyrase
enzymes. As shown in Fig. 5C, the substituents at R-7 and R-8
of SIX may interact with the residues of the WT GyrB subunit
through three hydrogen bonds and van der Waals forces and/or
halogen bonding (4) involving T539 (O-H—N), E540 (O —
H-N), N538 (O-O—H-N), and R521 (van der Waals radius
zone between residue R521 and the R-8 halide group). It
seems likely that interactions between R521 and the substitu-
ents at R-1 and R-8 are sufficient to make up for the loss of
hydrogen bonding with the GyrB-E540V gyrase and thus play
important roles in the binding of SIX.

In summary, our study indicates that the E540V amino acid
substitution in GyrB is involved in the resistance of M. tuber-
culosis against quinolones, although E540 is reported to be
outside GyrB QRDRs. We thus propose that the ES40 residue
be included in the QRDR in M. tuberculosis as shown in Strep-
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tococcus pneumoniae (23, 26). Moreover, we also demon-
strated an association between structural features of quino-
lones and activities against the WT and E540V forms of the
GyrB DNA gyrase subunit of M. tuberculosis. The interaction
between FQs and GyrB, which is composed of hydrogen bond-
ing networks involving substituents of FQs and amino acid
residues of QBP in GyrB, plays an important role in the in-
hibitory activity of FQs. Further studies investigating the con-
tributions of other amino acid substitutions may also help gain
a comprehensive understanding of the mechanism by which
FQ-resistant TB emerges.
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