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t URBBEBIIZERTREDIEIRLTHERY, Lk
Mo T, N ROREICIIENANEAT BT 0
FURAFRTH B, BENICIE, HEKICK>T
& Mycobacterium bovis BCG (BCG) 7 7 F /& L
THWHNZRRD D - 120, BUERSERNIC
26%THBEHERINTLS Y, BCCHEMME
AU WRKOEHIZ, BCCIIIEETDOXRA, T
ZHBHUFERRMAE (antigen presenting cell, APC)
WKBRTZ T 7 IV —LEERKL, SAVYV—LA
LOREEMIET BT LICERLTVS Y9, —7,
BCG I 5 W EG EDRREETBEAEICHEB L THFE
THHEZEL. 2471 CD4 G T Mifaz &
LT 2RENZFVENLEEH LTS EAHS
NTV3, Lieh>T, BCGItRDBH LWEHR
MWICEATE D 7 F 2 2FRT B 78HIcid. BCGIC
WBEMAZDOD—HETHZLEAONS, &
HEFIZ. TNETIKBCC DHBICH Tz k& Ix%%
N% > TE, &I, MMP-I Z A T o
31U areF > b BCG (BCG-SM) ZfEB LTz,
BCG-SM 3 KRBRAED CD4 [51% - CD8 Rzt T Mifazx
HAHARBERHEL, SURABBICERRIEZL
BOHEMEEARREANGMHEILZY, T3 Lz
HiF. NURRTNHRETEFENEZDWMEESAE
EHURR MR U THiEZ &R T 5 ETEM
THEHTEEHHLTVR EELZLONS, FT T,
MMP-Il ZHIlEAN TR BT BICHZD, v X
O V%R %9 % heat shock protein (HSP)70 %
FIF$ 5, 9745 HSPTO-MMPIl @& EHZ 7
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WEEBCEILT, B2V arye+ bk BCG
(BCG-70M) Z{EHIL 72z 9, BCG-70M . BCG-SM
WKL K058 & FREMECDA B THIRKR U
CD8 [G1: T a2 &b L, IFN-y OEERFE
Liz19, &5l 830U a>r¥+ bk BCG (BCG-
A UT-11-3) ZER L%, BCCIEV L7 —E%EF
B35 0RENST VETRESEL, 774
V—LOpHETIVHVRICHEITZTET, 77
V- L0 EEIHIL, SV Y —LEDR
BRMEIELTVWS Y, 22T, BCChHTLT—
Y& a— K9 % UreC BInT%2FR%E L BCG-AUT-
11-3 284 L7, BCG-AUT-11-33AZICT AV
V—=LABITL, & FRESE CD4 51 T Mifaz 58
SEMIELEY, Lizh > T, DO LIZ/75E,
HSP70-MMP-Il @t & EHOMBEANTWME I LT —
PEEOREZ. L& THIlREZERILT S LT
B TCHol, TIT. TODDHEEHRBE
b3, bbbyl 7—EREYVIVEF U
BCG IZ HSP70-MMP-Il @& @z 728 A LT 4
DY ar¥F b BCG (BCG-D7OM) % {E8IL =
(K1) BCG-D70M @ T fHRiE (L RER FLM T 5
iZH7-v.a> ra—)VBCG & LT BCG-261H (N
% —2> s a—)VBCG)., BCG-70M KU BCG-A
UT-11-3 2Rz,

BCG-D70M D{EH

BCG-AUT-11-3 (&, BCG-Tokyo ¥k & i #k & L
THWERI Uz, L7 —+X1d,. BCGY / LED
ureABCFGD @ 6 DB T 6lEb %, D
T. BBV ureC BIn¥ (1734bp) ZHEHET 3
BIETORENE Uiz, 72, AAFRERLRTZBCCH
AANEATZHEE LT, fiBEEICRRET Y
AIWATHZ 77—V ORTRERZELEME
FMAT2HEZRC, AEE, ThETHILHN
TWHEX ORI RECFREALES
FiETHb, A r7axA > VidtEB i FrEs
KD ureC BITFD ERBEL U TROEEES =
TS5 AX R pYUBBS4 N O—= % Uiz, EHIC
HIEFE P B M.smegmatis % A\ ureC BB
T 7=V DR RITo Tz, H#R 77— % BCG-
Tokyo ICBREE, N1 raxA L U z2aE T
HEHICEE 30°CTHEERT> T, K 3EME. ©
ENfzao——%FEEL, VL7 —ERERHE
HTHBTeRER L, 7/ LICHAENTZN
A7avA Y UittEBRTEYIOH L, HkeH
CAHFPRAT Y, N TaxA v VERZEOKA
UT-11-3 %3#R LU 7z, BCG-D7TOM {&. A UT-11-3

BCG-D70M ) {E &

‘.

®1:9L7—

€Z0—-F7%UeCEGEFERETSHYOEF > b BCG (BCG-AUT-11-3) [T,

HSP60 O E— 42 —§IfDE & BCG 3K HSP70 BIEF & 5 W EHE MMP-I BEFEEZ L
REBEECFEEAL. HRYIVEFV F BCG (BCG-D70M) E{ERILT,

200

-73 -



N Asp60 O T 11E— X —FEKD THRIC BCGAsp70
BIETF LD VEMMPIBETRZMEEE. bl
BAANTT I A P& UTHRFT % pMV261 il
FihF. EHIT, BRNTOLE L R D=0
NATaxA Y ViR EFREFEDTIAINE
AL TIER L, BCG-D70M &, BAEERF
IC Hsp70 & MMP-II D& L 72 (HSP70-MMP-1I
MEEH) ZRWT(CeEYIIAZY IOy b
EERVHERE LTz,

BCG-D70M OD&¥h

BCG-D70M {3 Eif&~\ HSP70-MMP-I1 Z 753 #4 L .
I hu—)U BCG IZ b Ui & a8 < BHIRHIAE 2 Hl
LTIL-12p70 ZEAFET S L e bIC, IL-18 K&
U TNFa Z¥FEMICEEFE L, THIC. BIK
MR X ¥ % L BCG-261H Ictk LA EIC HLA-
ABC - HLA-R - CD86 K U CD83 HUR DF L~ 158
T/, F7-. BCG-D7OM #% B & & 7= ik HIAE
EHERTHREE UTHWS &, & FREME CD4
R T M & U CD8 [a1E T M & FUE R RAYIC
EHE(ELUTIFN-y OESX%Z5EE L7z, BCG-7T0M -
BCG-AUT-11-3F, 777 —Y%NALTR b
DAEY— CD4 [HMH THlazZEE L LiBEh o7z
. BCG-D70M & X&) — CD4 [ T Mifa% &k
fLUTIFN-y OFEAZFE LT, COEMRLEH
BRI TH > o BCG-DTOM IZ & % T IS
(L8RS 7 fiREA S % 728, BCG-D70M RRGAHIRM e
OfifaRE X RN % &, MMP-Il RO TF R
PREBELU T\, LizA> T, BCG-DIOM A7 7
dYV'— 1 CHSP7O-MMP-l @& EHZ S L. 7
WENTRMEEANMBNIC T oLy TEhn
TW3EEZ N, 51, BRMlEEFHT 7
OV —LOBEIREATHE /7 uaF_ 2 TH
HLTHEL L, BHRMREREO MMP-II HXR 55+
DOREPEETEZ D, 77TV —LORHA
LA RERMIRI R~ MMP-TI OFBICEAE L T
WBT WALz, 22T, 773V —LDRK
L& THIRRDOEMEL L ORBEZKRET T 5 720,
BIMlEkO<r I/ 07— oanF_
THLEE U 72 BCG-D70M % RY & 8 T #fa & )i
T B &, R CDA Gk T iR - KRIEAME CD8 (5
% T #IFE R O X £ 1) — CD4 [51% T #iflah 5 0 IFN-
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y DEENSTHERICIHIENS Z EAHAL
ETHiT, BRMlRZT L7V T 4 Y AHB N
T NV RT 4 VTR % & RIEMECD8 REtE T
MROEEENMEIE Nz, DF b, BCG-D70M
& TAP R U 7 a 74 V' — LI k77 L 7z cytosolic
cross-presentation pathway I & o T K B {E CD8
T HIfEZEEIE L TV B T EAHLN 5
fzo % 7z. BCG-D70M X in vitro T CCRT*" & U
CD27™ D AEY — XA 7 CD8 M T i U3 —
74V VEEMEF S — CDS BB T Mifa#3h==mic
EE L. »DCH7BL/6 ¥ 7 A BCG-D7TOM % &
TFES B &, in vitro T MMP-1I & % & HSP70
Vo) a—VHIRICKSUTIFN-y ZEL
T2AEY— THIRRZHRNICEE LT, TDX
TYU— THIRREAREE, FTEER 12EBULE
WEEL 12, BRI, BCG-DTOM DT 7 F VR %
C57BL/6 XU RAZAWVWTRILT 5L, XU &X—a
> b —)V BCG I bk LR DR BRI B BN
BINhESWEOEBEEIGIL, R9k377F
VHIBRERLTOS T EAHBAL T,

BbYlc

NEVRICH LEMICER T % B BCG
DEHICH > TR, VL T7—EHELEDRE,
HSP70-MMP-1l @& B In FOBANERN TH > 7z,
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RETE WBEHOBEANRETHZH, SHEE
THONICHRN B KRBT L ZB> TV 5,

N VIREREDREICH > TR, HESE
RUNERDT 7 F UHREICEDYZ D)
S HAEEN N VERER Y Z—ARD
FEEICEL LB L Bz,
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Enhanced activation of T lymphocytes by urease-deficient recombinant
bacillus Calmette-Guérin producing heat shock protein 70-major
membrane protein-1I fusion protein
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To activate naive T cells convincingly using Mycobacterium bovis BCG (BCG), rBCG (BCG-D70M)
that was deficient in urease, expressed with gene encoding the fusion of BCG-derived heat shock protein
(HSP) 70 and Mycobacterium leprae-derived major membrane protein (MMP)-1I, one of the immunodomi-
nant Ags of M. leprae, was newly constructed. BCG-D70M was more potent in activation of both CD4" and
CD8" subsets of naive T cells than rBCGs including urease-deficient BCG and BCG-70M secreting HSP70-
MMP-II fusion protein. BCG-D70M efficiently activated dendritic cells (DC) to induce cytokine produc-
tion and phenotypic changes, and activated CD4" T cells even when macrophages were used as APCs. The
activation of both subsets of T cells was MHC and CD86 dependent. Pre-treatment of DC with chloroquine
inhibited both surface expression of MMP-II on DC and the activation of T cells by BCG-D70M-infected
APCs. The naive CD8" T cell activation was inhibited by treatment of DC with brefeldin A and lactacystin
so that the T cells was activated by TAP- and proteosome-dependent cytosolic cross-priming pathway. From
naive CD8" T cells, effector T cells producing perforin and memory T cells having migration markers, were
produced by BCG-D70M stimulation. BCG-D70M primary infection in C57BL/6 mice produced T cells
responsive to /n vitro secondary stimulation with MMP-II and HSP70, and more efficiently inhibited the
multiplication of subsequently challenged M. /eprae than vector control BCG. These results indicate that
the triple combination of HSP70, MMP-II and urease depletion may provide useful tool for inducing better
activation of naive T cells.
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Introduction

Leprosy is one of the oldest human infectious diseases and
remains a public health problem. At the beginning of 2011, the
number of registered leprosy cases was 192,246, and that of new
cases reported during 2010 was 228,474, mainly from Asian, Latin
American, and African countries [1]. Multibacillary leprosy is
usually treated by administering dapsone (DDS), clofazimine
(CLF), and rifampicin (RIF) in combination, where single skin
lesion paucibacillary leprosy is recommened to be treated by
administering RIF, ofloxacin (OFX), and minocycline (MIN) [2].
Since the late 1990s, multi-drug resistant (MDR) isolates of M.
leprae, resistant to RIF and DDS, have emerged and the
importance of OFX has been a focus for the treatment of
MDR-leprosy [3]; however, their use not only for leprosy but also
for other infectious diseases including tuberculosis has already led

PLOS Neglected Tropical Diseases | www.plosntds.org

to OFX resistance in M. lgprae [4-8]. Hence, early prediction of
FQ resistance seems to be essential for the proper treatment of
leprosy.

OFX is a fluoroquinole (FQ) and FQs inhibit type II DNA
topoisomerases, including DNA gyrase and topoisomerase IV [9].
FQ resistance is given mainly by amino acid substitutions in the
quinolone resistance-determining regions (QRDRs) located on the
N- and C-terminal domains of A (GyrA) and B (GyrB) subunits of
DNA gyrase and, less prominently, amino acid substitution in the
QRDR on the N- and C-terminal domains of A (ParC) and B
(ParE) subunits of topoisomerase IV has been reported [10]. M.
leprae has only DNA gyrase [11], which is therefore the sole target
of FQs. Genetic analysis of M. lgprae clinical isolates revealed
reduced FQ sensitivity associated with amino acid substitutions
only at position 89 or 91 and 205 in GyrA and GyrB, respectively
[4-8,12]. In the latter study, the contribution of amino acid

October 2012 | Volume 6 | Issue 10 | 1838

-77 -



M. leprae Ofloxacin Resistance Mutations in gyrB

substitution in GyrA at position 89 or 91 to reduced FQ sensitivity
was confirmed by an in vitro analysis [13]. In addition, the effect of
amino acid substitution at position 95 in GyrA was predicted [14].
In contrast, amino acid substitution in GyrB at position 205,
reported by You et al. [8], was revealed not to affect FQ sensitivity
by an & wvitro study [13]. Reduced FQ sensitivity associated with
amino acid substitutions has been frequently reported in GyrA in
M. tuberculosis; however, those in GyrB have been reported less
frequently (Figure 1) [10,15). According to the reports, important
residues of GyrB in M. tuberculosis were thought to be at codon 461,
499 and 501 (with a counting system proposed by Maruri et al.
[10]). Notably, amino acid substitutions at position 499 and 501 in
M. tuberculosis showed a correlation with reduced FQ susceptibility
by an in wuitro assay [15 18]. Lack of the detection of FQ-resistant
M. leprae carrying GyrB amino acid substitutions is due to the low
number of FQ resistant cases analyzed. Hence, it is highly
important to elucidate the contribution of amino acid substitutions

A 426 485 459 464 466

464 485 497 502 504

B --—-GAT --- CGT - GAC--- AAC --- GAA ---
Asp Arg Asp Asn Glu
461 521 494 499 501

C --GAC --- CGC - GAC--AAC --- GAA --
Asp | Asp Asn Glu

D AAC GCC| [|[GAC| |GTA
Asn Ala Asp Val

CAC ACC
His Thr

GCC AAA
Ala Lys

Figure 1. Nucleotide and amino acid sequences of QRDR of M. /eprae and M. tuberculosis gyrB and mutations found in FQ-resistant
isolates. (A) amino acid number of GyrB in E. cofi, (B) Amino acid number, nucleotide sequences and amino acid sequence of WT M. leprae GyrB
QRDR, (C) Amino acid number, nucleotide sequences and of WT M. tuberculosis GyrB QRDR, (D) Altered amino acids and corresponding nucleotide
substitutions found in higher rate in FQ-resistant M. tuberculosis isolates.

doi:10.1371/journal.pntd.0001838.g001
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in GyrB to FQ resistance utilizing recombinant technology and in
vitro assay.

On the basis of reports on M. tuberculosis, we selected target
amino acid substitutions at position 464, 502 and 504 in M. leprae
GyrB, equivalent to position 461, 499 and 501 in M. tuberculosis, to
reveal the significance of these amino acid substitutions for
reduced FQ sensitivity, and conducted the FQ-inhibited super-
coiling assay and FQ-mediated DNA cleavage assay using
recombinant DNA gyrase.

Methods

Drugs and kits

Ofloxacin (OFX), ciprofloxacin (CIP) and levofloxacin (LLVX)
were purchased from LKT Laboratories, Inc. (St. Paul, MN);
moxifloxacin (MXF) was from Toronto Research Chemicals Inc.
(Toronto, Ontario, Canada); sitafloxacin (SIT) was from Daiichi-
sankyo Pharmaceutical, Co., Ltd. (Tokyo, Japan); ampicillin and
kanamycin were purchased from Meiji Seika Pharma Ltd. (Tokyo,
Japan). Oligonucleotide primers were synthesized by Life Tech-
nologies Corp. (Carlsbad, CA). 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
Kingdom).

Bacterial strains and plasmid

The Thai-53 strain of M. lgprae [19], maintained at the Leprosy
Research Center, National Institute of Infectious Diseases (Tokyo,
Japan), was used to prepare M. leprae DNA. Escherichia coli strains
TOP-10 (Life Technologies Corp.), Rosetta-gami 2, and BL21
(DE3) pLysS Merck KGaA, Darmstadt, Germany) were used for
cloning and protein expression. pET-20b (+) Merck KGaA) vector
was used to construct expression plasmids for M. lgprae DNA

gyrases.

Construction of expression plasmids

Wild-type (WT) recombinant GyrA and GyrB expression
plasmids were constructed as described previously [14,16].
Mutations were introduced into the WT gy7B gene by PCR using
pairs of complementary primers containing the mutations of
interest (Table 1). All PCR reactions were carried out in a thermal
cycler (Life Technologies Corp.) under the following conditions:
pre-denaturation at 95°C for 2 min; 35 cycles of denaturation at
95°C for 10 s, annealing at 50-60°C for 15 s, and extension at
68°C for 1 to 3 min, and then a final extension at 68°C for 5 min.

Table 1. Nucleotidé sequences of primers used in this study. .

M. leprae Ofloxacin Resistance Mutations in gyrB

The gyB C-terminal cassettes with base substitutions were digested
with Pml1 and Xho |, ligated into W'T gyzB expression plasmid, and
digested with the same restriction endonucleases to obtain mutant
o7B expression plasmid (Figure 2). The nucleotide sequences of
the DNA gyrase genes in the plasmids were confirmed using a
BigDye Terminator (version 3.1) cycle sequencing kit and an ABI
Prism 3130x! genetic analyzer (Life 'Technologies Corp.) accord-
ing to the manufacturer’s protocol.

Expression and purification of recombinant DNA gyrase
subunits

Recombinant DNA gyrase subunits were expressed and purified
as previously described [13,14,16,20]. Briefly, expression plasmids
carrying the gyrd and gyrB of M. leprae were transformed into E. coli
Rosetta-gami 2 and BL21 (DE3) pLysS, respectively. The
transformants were grown in Luria-Bertani (LB) medium in the
presence of 100 pg/mL Ampicillin to the log phase and the
expression of DNA gyrase was induced with the addition of 1 mM
isopropyl-beta-D-thiogalactopyranoside (Wako Pure Chemical
Industries Ltd., Osaka, Japan), followed by further incubation at
14°C for 16 h. The harvested E. coli were lysed by sonication
(Seontfier 250; Branson, Danbury, CT) and the recombinant DNA
gyrase subunits in supernatants after centrifugation (10,000 x g for
30 min) were purified by Ni-NTA Agarose resin (Life Technol-
ogies Corp.) column chromatography and dialyzed against DNA
gyrase dilution buffer (50 mM Tris-HCI pH 7.5, 100 mM KClI,
2 mM DTT, 1 mM EDTA). The purified protein fractions were
examined by sodiumn dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).

DNA supercoiling assay and inhibition by FQs
ATP-dependent and FQ-inhibited DNA supercoiling assays
were performed according to previous reports [13,14,16,20]. DNA
supercoiling activity was examined with reaction mixture consist-
ing of DNA gyrase reaction buffer, relaxed pBR322 DNA (0.3 pg),
and GyrA and GyrB subunits (50 ng each) in a total volume of
30 ul. Reactions were run at 30°C for 1.5 h followed by stopping
with the addition of 30 pl chloroform/iso-amyl alcohol (24:1
mixture) and 3 pl of 10x DNA loading solution. The total
reaction mixtures were subjected to electrophoresis on 1% agarose
gels in 1x Tris-borate-EDTA (TBE) buffer and stained by
ethidium bromide (0.7 pug/ml). The extent of supercoiled DNA
was quantified with Image] (http://rsbweb.nih.gov/ij) and the
inhibitory effects of FQs on DNA gyrase were assessed by
determining the drug concentration required to inhibit the
supercoiling activity of the DNA gyrase by 50% (ICss) in the

Primer name

D464N_Rv

N502D_Rv

Rv

E50.

5'-C ACC AGC CGA ATT ACCTTCCAC T

Primer sequence (Nucleotide Position)

5'-G AAC TTC GGT GTC CTT TAG CAC T

Mutated codons are indicated in boid face.
doi:10.1371/journal.pntd.0001838.t001
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Figure 2. Construction of WT and mutant DNA gyrase expression plasmid. (A) Primer pairs k-54+D464N_Rv, N502D_Rvor E504V_Rv (Table 1)
were used for amplifying the DNA fragment encoding N-terminus half {amino acid 424 to 467, 505 or 507, respectively) of C-terminus region of GyrB
carrying Asp464Asn, Asn502Asp and Glu504Val, respectively. Primer pairs k-55+D464N_Fw, N502D_Fw or E504V_Fw (Table 1) were used for
amplifying the DNA fragment encoding the C-terminus half (amino acid 461, 499 or 501 to 678, respectively) of the C-terminus region of GyrB
carrying Asp464Asn, Asn502Asp and Glu504Val, respectively. (B) To complete the C-terminus region encoding cassette, DNA fragments encoding the
N-terminus half and C-terminus half of the C-terminus region of GyrB were annealed and reamplified by PCR using the primer pair of k-54 and k-55.
(C) The mutated gyrB-C cassettes were digested with Pmil and Xhol restriction endonucleases and ligated into the expression plasmid containing the
WTgyrBN-terminus region DNA fragment digested by the same enzymes.

doi:10.137 1/journal.pntd.0001838.002

presence or absence of serial two-fold increases in the concentra- FQ-mediated DNA cleavage assay

tions of OFX, MXF, SIT, CIP and LVX. Enzymatic assays were DNA cleavage assays were also carried out as described in
performed at least three times to confirm the reproducibility. previous reports [13,14,16,20,21]. Briefly, the reaction mixture
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(total volume 30 pl) contained DNA gyrase assay buffer, purified
DNA gyrase subunits, supercoiled pBR322 DNA (0.3 pg) and
increasing concentrations of OFX, MXF, SIT, CIP and LVX.
After incubation for 2 h at 30°C, cleavage reactions were stopped
by adding 3 pl of 2% SDS and 3 pl proteinase K (1 mg/ml). After
subsequent incubation for 30 min at 30°C, proteinase K reactions
were stopped by the addition of 3 ul of 0.5 mM EDTA, 30
chloroform/iso-amyl alcohol (24:1 mixture) and 3 pl of 10x DNA
loading dye. The total reaction mixtures were subjected to
electrophoresis in 0.8% agarose gels in 1x TBE buffer, followed
by ethidium bromide staining. The extent of DNA cleavage was
quantified with Image] (http://rsbweb.nih.gov/ij) and the FQ
concentrations required to induce 25% of the maximum DNA
cleavage (CCyss) were determined.

Results

Construction and purification of recombinant WT and
mutant DNA gyrase subunits

The WT GyrA and GyrB expression plasmids constructed in
our previous work [14] were used. DNA fragments with mutations
causing amino acid substitutions at position 464, 502 and 504 in
GyrB were amplified from WT GyrB expression plasmid [14] and
introduced into expression vector pET-20b (+). Recombinant
GyrA and GyrB were expressed as C-terminus hexa-histidine
tagged protein for ease of purification, as the His-tag has been
shown not to interfere with the catalytic functions of GyrA and
GyrB [13-16,20,22]. Expressed recombinant WT and mutant
DNA gyrase subunits were purified as 0.4 to 1.7 mg soluble His-
tagged protein with molecular weights of 80 kDa and 75 kDa for
GyrA and GyrB, respectively, from 500 ml cultures. The purity of
recombinant proteins was confirmed by SDS-PAGE (Figure SI).

A
wr
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All of the recombinant proteins were obtained with high purity
(>90-95%).

ATP-dependent DNA supercoiling activities of WT and
mutant DNA gyrases

Combinations of WI' GyrA and WT or mutant GyrBs (GyrB-
Asp464Asn, GyrB-Asn502Asp or GyrB-Glu504Val) were exam-
ined for DNA supercoiling activities using relaxed pBR322 DNA
as a substrate in the presence or absence of ATP (Figure S2). DNA
supercoiling activities were observed in the presence of ATP and
recombinant DNA gyrase subunits (Figure $2 A D, lane 3), while
neither subunit alone exhibited DNA supercoiling activity (Figure
S2 A D, lane 4, 5). In addition, no supercoiling activity was
observed when ATP was omitted from the reaction condition
(Figure 82 A D, lane 6). Consequently, ATP-dependent DNA
supercoiling activities were confirmed with WT and three mutant
DNA gyrases.

ICs¢s of five FQs for WT and mutant DNA gyrases

FQs-inhibited DNA supercoiling activities were assessed for the
determination of ICsgs. Figure 3 shows a representative result of
the inhibitory effect of OFX and the results for the other FQs are
presented in Figure S3. Results show the dose-dependent
inhibition of five FQs against WT and mutant DNA gyrases, as
summarized in Table 2. The five FQs inhibited the DNA
supercoiling activities of WT DNA gyrase at low concentration
(Table 2).

CCyss of five FQs for WT and mutant DNA gyrases

DNA cleavage assay was performed in the presence of
increasing concentrations of FQs to estimate CCyss. Figure 4
presents the results of a representative DNA cleavage assay using

B
~ Asp464Asn

OFX (pg/ml)

OFX (ug/ml)

R 0 25 5 10 20 40 80 160 320

Asn502Asp

R0 25 5 10 20 40 80 160320

D

GluS04Val

OFX (ug/ml)

OFX (ug/mb)

R 0 255 10 20 40 80160320

SC

0 255 10 20 80 160 320

Figure 3. OFX-inhibited DNA supercoiling assay. Relaxed pBR322 (0.3 mg) was incubated with GyrA (50 ng) and GyrB (50 ng} in the presence
of the indicated concentration of OFX. FQ-inhibited supercoiling activity assay was performed in combination of WTGyrA+WTGyrB (A), GyrB-
Asp464Asn (B), GyrB-Asn502Asp (C) and GyrB-Glu504Val (D). R and SC denote relaxed and supercoiled pBR322 DNA, respectively.

doi:10.1371/journal.pntd.0001838.9g003
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Table 2. ICsps and CCyss of FQs against WT and‘ mutant DNA gyrases.

CCos (ug/mi)

ICso (ng/mi)

106.6x£25.1

LVX 45+03

329:+32 46.8+1.1

34643

19929

300+79

24+0.2 327+6.3 782+126

- 1.4%0.1 18.6:£4.9 51.7+106 9.3+0.7

doi:10.1371/journal.pntd.0001838.t002

OFX, and Figure S4 shows those using other FQs. Table 2 shows
the CCyss of FQs for WT and mutant DNA gyrases. Highest
CCyss of FQs were observed for GyrB-Asn502Asp DNA gyrase.

Discussion

We focused on amino acid substitutions at position 464, 502 and
504 in GyrB in M. leprae equivalent to 461, 499 and 501,
respectively, in M. tuberculosis, as amino acid substitutions at these
positions in M. tuberculosis are known to contribute to FQ resistance
[13- 16,20,22,23]. We carried out a FQ-mediated supercoiling
activity inhibition assay and a DNA cleavage assay using
recombinant WT and mutant DNA gyrases at 30°C, the optimal
temperature of M. leprae growth [24], and calculated IC5ps and
CCyss of five FQs, including OFX, MXF, SIT, CIP and LVX. All
FQs inhibited DNA supercoiling activities of WT DNA gyrase at
low concentration (T'able 2). In strong contrast, three mutant DNA

A
WT

gyrases showed reduced sensitivity to all five FQs. GyrB-
Asn502Asp DNA gyrase exhibited the lowest FQ sensitivity
among the three mutant DNA gyrases. ICs0s of OFX, MXF, SIT,
CIP and LVX for GyrB-Asp464Asn, Asn502Asp and Glu504Val
DNA gyrases were 2.4- to 9.5-fold, 3.2- to 112.1-fold and 3.4- to
21.4-fold higher than those for W1 DNA gyrase (Figure 3, 5, S3
and Table 2). A similar tendency was observed in the DNA
cleavage assay. Namely, CCyss of OFX, MFX, SIT, CIP and
LVX for GyrB-Asp464Asn, Asn502Asp and Glu504Val DNA
gyrases were 4.5- to 13.6-fold, 5.0- to 47.2-fold and 3.5- to 27.4-
fold higher than for WT DNA gyrase (Figure 4, 5, S4, Table 2).
These results suggested the contribution of these amino acid
substitutions in GyrB to reduced FQ sensitivity and the possible
emergence of M. lgprae with mutant GyrB, although previously
identified Asp to Asn amino acid substitution in GyrB at position
205 [8] was revealed not to have an effect on FQ susceptibility
[13]. It is noteworthy that mutant DNA gyrases exhibited a similar

B
Asp464Asn

OFX (ug/ml)

OFX (p.g/ml)

Asn502Asp

L RSC 0 255 10 20 4080160320 L RSC 0 25 5 10 20 40 80160320

D

Glu504Val

OFX (ug/ml)

OFX {pg/ml)

L RSC 0 255 10 20 40 80 160 320

L RSC 0 25 5 10 20 40 80 160 320

Figure 4. OFX-mediated DNA cleavage assay. Supercoiled pBR322 (0.3 mg) was incubated with GyrA (50 ng) and GyrB (50 ng) in the presence
of the indicated concentration of OFX. DNA cleavage assay was performed in combination of WT GyrA+WT GyrB (A), GyrB-Asp464Asn (B), GyrB-
Asn502Asp (C) and GyrB-Glu504Val (D). R, L and SC denote relaxed, linear and supercoiled pBR322 DNA, respectively.

doi:10.1371/journal.pntd.0001838.g004
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Figure 5. Increased 1Csos and CC,5ss of FQs for mutant DNA gyrases. ICsos and CCyss were calculated by the quinolone-inhibited supercoiling
assay and FQ-mediated cleavage assay, respectively. Fold increase of each FQ for mutant DNA gyrases was plotted. (A) ICsos, (B) CCyss. Open, closed
and hatched bar denotes the value for GyrB- GyrB-Asp464Asn, GyrB-Asn502Asp and GyrB-Glu504Val DNA gyrase, respectively.

doi:10.1371/journal.pntd.0001838.g005

sensitivity pattern to those reported for mutant GyrB in AL
tuberculosis. M. leprae GyrB-Asn502Asp DNA gyrase had lower FQ
sensitivity than GyrB-Asp426Asn and GyrB-Glu504Val DNA
gyrase, as has been shown in M. wuberculosis [15-18]. The high
homology of the entire GyrB and full sequence match in QRDR
between M. lgprae and M. tuberculosis might lead to a similar
tendency of FQ sensitivity. It is interesting that the Asp to Asn
amino acid substitution in E. cofi at position equivalent to 464 in
M. leprae showed enhancing effect on CIP resistance [25] where
Glu to Asp or Ala amino acid substitution in Streptococcus pneumonia
at position equivalent to 504 in M. lgprae showed little or reducing
effect on CIP resistance, respectively [26]. Overall or QRDR
structure of GyrB might affect the acquisition of FQ resistance.
IC50s of FQs were 8 to 40 times higher than the minimum
inhibitory concentrations (MICs) in M. tuberculosis [17,18,22]. This
non-proportionality presumably reflects basic differences in the
cell-permeating properties and the accumulation of different FQs

PLOS Neglected Tropical Diseases | www.plosntds.org

[22]. We investigated the inhibitory effects of OFX, GAT, MXF,
LVX and SIT against WT and mutant DNA gyrases. IC50s of
OFX for WT DNA gyrase was 5.7 ug/ml (Table 2) and it seemed
reasonable that OFX has been used by a single application of 400
to 600 mg for leprosy patients with a single lesion and two or three
doses of 400 to 600 mg in combination with first-line drugs, DDS
and RIF [27] for the treatment of patients with MDR leprosy. On
the contrary, IC5qs of OFX for GyrB-Asp464Asn, Asn502Asp and
Glu504Val showed 9.5, 18.7 and 6.1 fold higher concentration
comparing to WT DNA gyrase, respectively, and OFX seems not
to have the ability to inhibit M. leprae with DNA gyrase with these
mutations. On the other hand, the order of inhibitory activity was
SIT>MXF>CIP>LVX>O0FX. Namely, SIT most effectively
inhibited WT and mutant DNA gyrases among five FQs. ICss of
SIT for WT was 0.5 pg/ml and the increase was 3.6-, 3.2- and
3.4-fold for GyrB-Asp464Asn, GyrB-Asn502Asp and GyrB-
Glu504Val DNA gyrases, respectively. In addition, the maximum
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serum concentration (Cmax) of OFX, SIT, CIP and LVX in
100 mg dosage was determined in clinical trials to be 0.95, 1.00,
1.33 and 1.22 pg/ml, respectively [28-31], and that of MFX in
400 mg dose to be 4.13 [32]. SIT might strongly inhibit M. leprae
carrying GyrB-Asp464Asn, Asn502Asp and Glu504Val DNA
gyrase as well as that carrying GyrA-Ala90Val, Asp95Gly, and
Asp95Asn [14,16,20]. Thus, SIT is a promising candidate for the
treatment of leprosy caused by OFX-resistant M. lgprae with these
problematic gyrases. Although SIT is now only approved in Japan
and mild gastrointestinal disorders as adverse reactions have been
reported, our data in this study might encourage the use of SIT for
OFX-resistant leprosy.

In conclusion, we revealed the contribution of Asp464Asn,
Asn502Asp and Glu504Val amino acid substitution to reduced
sensitivity to FQ in M. leprae by an in vitro assay. This suggested the
possible emergence of FQ-resistant M. lgprae carrying GyrB with
these amino acid substitutions in the future. Hence we would like
to propose the analysis of these amino acid substitutions in GyrB to
detect FQ-resistant leprosy. Additionally, effectiveness of sitaflox-
acin to the mutant DNA gyrases suggested the potential use of this
FQ for the treatment of ofloxacin resistant cases.

Supporting Information

Figure S1 SDS-PAGE analysis of purified M. leprae DNA
gyrases. The His-tagged recombinant DNA gyrases were over
expressed in E. coli and purified by Ni-NTA affinity resin
chromatography. Lanes: M: Protein marker (NEB), 1: WI'GyrA,
2: WT'GyrB, 3: GyrB-Asp464Asn, 4: GyrB-Asn502Asp, 5: GyrB-
Glu504Val. 300 ng of each protein was loaded on 5-20% gradient
polyacrylamide gel.

(TIF

Figure $2 DNA supercoiling assay. Supercoiling activities of
WT DNA gyrase (A), DNA gyrases bearing GyrB-Asp464Asn (B),
Asn502Asp (C) and Glub04Val (D) were analyzed. Relaxed
pBR322 (0.3 mg) was incubated with GyrA (50 ng) or GyrB
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(50 ng) or both. Lanes: 1: relaxed pBR322 alone, 2: relaxed
pBR322 and ATP, 3: relaxed pBR322, ATP, GyrA and GyrB, 4:
relaxed pBR322, ATP and GyrA, 5: relaxed pBR322, ATP and
GyrB, 6: relaxed pBR322, GyrA and GyrB.

(TIF)

Figure §3 Inhibitory activities of (A) MXF, (B) SIT, (C)
CIP and (D) LVX on supercoiling activities against M.
leprae WT and mutant DNA gyrases. Relaxed pBR322
DNA (0.3 mg) was incubated with 50 ng each of GyrA and GyrB
in the absence or presence of the indicated concentration (in mg/
ml) of three FQs. The reactions were stopped, and the DNA
products were analyzed by electrophoresis on 1% agarose gel. R
and SC denote relaxed and supercoiled pBR322 DNA, respec-
tively. '

(TIE)

Figure S4 DNA cleavage activity of (A) MXF, (B) SIT, (C)
CIP and (D) LVX against M. lepraeWT and mutant DNA
gyrases. Supercoiled pBR322 DNA (0.3 mg) was incubated with
50 ng each of GyrA and GyrB in the absence or presence of the
indicated concentration (in mg/ml) of three FQs. The reactions
were stopped, and the processed DNA products were analyzed by
electrophoresis on 1% agarose gel. R, L. and SC denote relaxed,
linear and supercoiled pBR322 DNA, respectively.

(TTE)
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Amino Acid Substitutions at Position 95 in GyrA Can Add
Fluoroquinolone Resistance to Mycobacterium leprae
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Diseases, Higashimurayama, Tokyo, Japan®; and JST/JICA-SATREPS, Tokyo, Japanc

Amino acid substitutions at position 89 or 91 in GyrA of fluoroquinolone-resistant Mycobacterium leprae clinical isolates have
been reported. In contrast, those at position 94 in M. tuberculosis, equivalent to position 95 in M. leprae, have been identified
most frequently. To verify the possible contribution of amino acid substitutions at position 95 in M. leprae to fluoroquinolone
resistance, we conducted an in vitro assay using wild-type and mutant recombinant DNA gyrases. Fluoroquinolone-mediated
supercoiling activity inhibition assay and DNA cleavage assay revealed the potent contribution of an amino acid substitution of
Asp to Gly or Asn at position 95 to fluoroquinolone resistance. These results suggested the possible future emergence of
quinolone-resistant M. leprae isolates with these amino acid substitutions and the usefulness of detecting these mutations for

the rapid identification of fluoroquinolone resistance in leprosy.

eprosy is a chronic human infectious disease caused by Myco-

bacterium leprae which may cause severe disabilities due to
damage to the peripheral nerves (33). The World Health Organi-
zation (WHO) reported the global number of registered new cases
in 2010 to be 228,474, while during 2009 it was 244,796 (37).
Although the number of new cases detected globally fell by 16,322
(6.7%) during this period, new leprosy cases are still detected ev-
ery year, mainly in Asia, Latin America, and Africa (21, 37). In the
1980s, the WHO introduced multidrug therapy (MDT), com-
posed of dapsone (DDS), rifampin (RIF), and clofazimine (36).
Recently, fluoroquinolones (FQs), especially ofloxacin (OFX),
have been recommended for the treatment of leprosy with a single
lesion. The emergence of multidrug-resistant (MDR) leprosy, re-
sistant to both DDS and RIF owing to therapeutic failure or low
compliance, has been reported (17, 29), and FQs are thought to be
important. For appropriate treatment, early assessment of drug
susceptibility is essential; however, M. leprae cannot be cultivated
on artificial media and a drug susceptibility test depending on in
vitro growth is not available. Consequently, antibiotic susceptibil-
ity tests have relied on the mouse footpad leprosy model, requir-
ing 8 to 12 months because of the slow growth of M. leprae (18).
Recently, genetic analysis of drug-resistant M. leprae substantiated
the correlation of DDS, RIF, and OFX resistance with mutations in
folP1, encoding dihydropteroate synthetase (5, 15, 19, 2325, 35);
rpoB (4, 6, 12, 19, 23-25, 33), encoding the beta subunit of RNA
polymerase; and gyrA, encoding the A subunit of DNA gyrase (4,
19, 24, 26, 40), respectively. Among these, data for folPI in M.
tuberculosis are not available as DDS is not used for the treatment
of tuberculosis. Mutations in rpoB observed in M. leprae showed
good agreement with those obtained from RIF-resistant M. tuber-
culosis. In contrast, the distribution of mutations in gyrA of FQ-
resistant M. tuberculosis was distinct from that in gyrA of OFX-
resistant M. leprae (Fig. 1). Namely, amino acid substitutions at
position 94 in GyrA were found in approximately half of FQ-resistant
M. tuberculosis isolates, whereas no amino acid substitutions at posi-
tion 95, equivalent to position 94 in M. tuberculosis, have been re-
ported in M. leprae, and 11 cases with amino acid substitutions at
position 91, equivalent to position 94 in M. tuberculosis, were re-
ported from a total of six countries (4, 19, 24, 26, 40). Thus, elucida-
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tion of the contribution of amino acid substitutions at position 95 of
GyrA in M. leprae to FQ resistance is important for the gene-based
detection of fluoroquinolone resistance.

FQs inhibit type II DNA topoisomerases, DNA gyrase, and topo-
isomerase IV, which play crucial roles in DNA replication during cell
division (8). As M. leprae has only DNA gyrase, this is the sole target of
FQs. DNA gyrase, consisting of two GyrA and two GyrB subunits,
catalyzes the negative supercoiling of the circular bacterial chromo-
some by cleaving double strands and passing the enwrapped DNA,
followed by resealing the double strands (8, 13). To reveal the signif-
icance of amino acid substitution at position 95 to FQ resistance, we
conducted the FQ-mediated supercoiling activity inhibition assay
and DNA cleavage assay using recombinant DNA gyrases having an
amino acid substitution in GyrA at position 95, Asp to Gly (GyrA-
Asp95Gly) or Asp to Asn (GyrA-Asp95Asn). These mutations are
frequently found in FQ-resistant M. tuberculosis strains (1, 7,9, 10,32,
34, 39) but not in FQ-resistant M. leprae strains.

MATERIALS AND METHODS

Materials. The Thai-53 strain of M. leprae (22), maintained at the Leprosy
Research Center, National Institute of Infectious Diseases (Tokyo, Japan),
was used to prepare M. lepraec DNA. Escherichia coli strains TOP-10 (Life
Technologies Corp., Carlsbad, CA), Rosetta-gami 2, and BL21(DE3)(pLysS)
(Merck KGaA, Darmstadt, Germany) were used for cloning and protein ex-
pression. GyrA and GyrB expression plasmids were constructed on the basis

- of pET-20b (+) (Merck KGaA). OFX and gatifloxacin (GAT) were purchased

from LKT Laboratories, Inc. (St. Paul, MN); moxifloxacin (MXF) was from
Toronto Research Chemicals Inc. (Toronto, Ontario, Canada). Sitafloxacin
(SIT) was a gift from Daiichisankyo Pharmaceutical, Co., Ltd. (Tokyo, Ja-
pan). Ampicillin was purchased from Meiji Seika Pharma, Ltd. (Tokyo, Ja-
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Cys A‘Jalb
TGC GTA
75 89 90 91 92 93 95
M. leprae wmres GCA mmwwe GGC GAC GCA TCG ATT ~== GAC ——==
. Ala Gly Asp Ala Ser Ile Asp
M. tuberculosis <=w~ GCC wwmww GGC GAC GCG TCG ATC —== GAC =ww-
74 88 89 90 91 92 94
TCC TGC| ARC{GTG{CCG| |ATG) GGC
Ser Cysi AsniiVali Pro|Met Gly
GCC| GCG AAC
aAla Ala Asn
GCC
Ala
TAC
Tyx
CAC
His

FIG 1 Nudleotide substitutions encoding the quinolone resistance-determining region in gyrA of WT and FQ-resistant M. leprae and M. tuberculosis. Nucleotide
sequences encoding the quinolone resistance-determining region of WT M. leprae and M. tuberculosis GyrA were aligned with the amino acid sequence at the
corresponding positions indicated by the numbers. Altered amino acids and the corresponding nucleotide substitutions of M. leprae and M. tuberculosis are
placed above and below WT sequences, respectively.

pan). Oligonucleotide primers were synthesized by Life Technologies Corp. Re- Construction of recombinant wild-type (WT) and mutant DNA gy-
striction enzymes were obtained from New England BioLabs, Inc. (Ipswich, MA).  rase expression plasmids. DNA gyrase expression vectors were con-
The supercoiling assay kit and supercoiled and relaxed pBR322 DNA were pur-  structed basically as previously described (16), and Fig. 2 presents an

chased from John Innes Enterprises Ltd. (Norwich, United Kingdom). overview of the procedure. The sequences of the primers used in the study
A) O
kag 3 k47 Ndel Sacll Xhol
L Neextein | inteln ] C-exiein 1 [ Neexieim T . Coexiom )
k-46 k48 i el
T
. ) PCR/Restriction digestion k-59 )
Ndel Saell Sacll Xhol k-45 ‘1222%
Clextein l ——a —
e ) 1 N-extein ]
] Ligation into pET20b 58 o
Ndel Sacll Xhol k-66
N-extei C-extei
[ -extein | extein ] 45 JPCR
. B) —
. i =X
kg kst ‘ - ES—
N-terminus | C-terminus ] —
— — k-46
k-53 k-55 . Anneal/PCR/
l ) Restriction digestion
PCR/Restriction digestion
7 Sacll
Ndel . Pml  Pml xiol M o !
)
l Ligation into pET20b l, Ligation into pET20b/C-extein
Ndel _ Pmll Xhol Netel Sacll Xhol
| Nerminus | C-terminus 1 [ N-extein X | C-extein |

FIG 2 Construction of WT and mutant DNA gyrase expression plasmid. (A) DNA fragments encoding N-extein (amino acids 1 to 130) and C-extein of GyrA
(amino acids 125 to 830) were amplified by PCR with primer pairs k-45/k-46 and k-47/k-48 (Table 1), respectively. Similarly, those encoding the N-terminal
(amino acids 1 to 428) and C-terminal (amino acids 424 to 679) regions of GyrB were amplified with primer pairs k-52/k-53 and k-54/k-55 (Table 1), respectively.
PCR products encoding N-extein and C-extein of GyrA were digested by Ndel-Sacll and SaclI-Xhol, respectively, and introduced simultaneously into Ndel-
Xhol-digested plasmid pET-20b (+). (B) DNA fragments encoding the N-terminal and C-terminal regions of GyrB were digested by Ndel-PmaCI and
PmaCI-Xhol, respectively, and introduced into pET20b as described above. (C) Primer pairs consisting of primer k-45 and primer k-60, k-62, or k-66 (Table 1)
were used for amplifying the DNA fragment encoding the N-terminal portion (amino acids 1 to 94) of N-extein carrying Ala91Val, Asp95Gly, and Asp95Asn,
respectively. Primer pairs consisting of primer k-46 and primer k-59, k-61, or k-65 (Table 1) were used for amplifying the DNA fragment encoding the C-terminal
portion (amino acids 88 to 130) of N-extein carrying Ala91Val, Asp95Gly, and Asp95Asn, respectively. To complete the N-extein-encoding cassette, DNA
fragments encoding the N-terminal and C-terminal regions of N-extein of GyrA were annealed and reamplified by PCR using the primer pair k-45/k-46. The
mutated gyrA-N cassettes were digested with Ndel and SacII restriction endonucleases and ligated into the expression plasmid containing WT gyrA C-extein DNA
fragment digested by the same enzymes.
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TABLE 1 Nucleotide sequences of primers used in PCR

Primer
name Primer sequence (nucleotide positions)”
k-45  5-GGCATATGACTGATATCACGCTGCCACCAG-3’

k-47

5"-CACCCGCGGCGATGCGTTATACCGAGGCTCGGCTTACTC

k-54 5 ’-CGTXAAGCACGTGAG'I‘TAGTGCGTCGAA.AAAGTGCC-3 o

(1270-1305)

 k-61

4 Six-histidine tag codons are underlined, and mutated codons are shown in bold type.

are shown in Table 1. All PCRs were carried out in a thermal cycler (Ap-
plied Biosystems) under the following conditions: predenaturation at
98°C for 2 min; 35 cycles of denaturation at 98°C for 10 s, annealing at 50
to 60°C for 15 s, and extension at 68°C for 1 to 2.5 min; and then a final
extension at 68°C for 2 min, The nucleotide sequences of the DNA gyrase
genes in the plasmids were confirmed using a BigDye Terminator (version
3.1) cycle sequencing kit (Life Technologies Corp.) and an ABI Prism
3130x! genetic analyzer (Life Technologies Corp.) according to the man-
ufacturer’s protocol.

Expression and purification of recombinant DNA gyrase. DNA gy-
rase subunits were purified as previously described (2, 3, 16, 20, 21, 31).
Expression plasmids carrying the gyrA (WT and mutants) and WT gyrB
genes of M. leprae were transformed into E. coli Rosetta-gami 2 and
BL21(DE3)(pLysS), respectively. Expression of GyrA and GyrB was in-
duced with the addition of 1 mM isopropyl-B-p-thiogalactopyranoside

kDa
175

58

M 12 3 4 5

FIG 3 SDS-PAGE analysis of purified M. leprae DNA gyrases. The His-tagged
recombinant DNA gyrases were overexpressed in E. coli and purified by Ni-
NTA affinity resin chromatography. Lanes: M, protein marker (NEB); 1, WT
GyrA; 2, GyrA-Ala91Val; 3, GyrA-Asp95Gly; 4, GyrA-Asp95Asn; 5, WT GyrB.
Three hundred nanograms of each protein wasloaded onto a 5 to 20% gradient
polyacrylamide gel.
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(Wako Pure Chemical Industries Ltd., Tokyo, Japan), followed by further
incubation at 14°C for 16 h. The recombinant DNA gyrase subunit in the
supernatant of the sonication lysate (by Sonifier 250; Branson, Danbury,
CT) was purified by nickel-nitrilotriacetic acid (Ni-NTA) agarose resin
(Life Technologies Corp.) column chromatography. The protein frac-
tions were examined by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

DNA supercoiling activities and inhibition by FQs. ATP-dependent
and quinolone-inhibited DNA supercoiling assays were carried out as
previously described (2, 3, 16, 20, 21, 31) with the following modifica-
tions. DNA supercoiling activity was examined with a reaction mixture
(total volume, 30 ul) consisting of DNA gyrase reaction buffer, relaxed
pBR322 DNA (300 ng), and purified GyrA and GyrB (50 ng each) sub-
units. Reactions were performed at 30°C for 1.5 h and stopped by adding
an equal volume of chloroform-isoamyl alcohol (24:1 mixture) and 3 ul
of 10X DNA loading dye. The total reaction mixtures were subjected to
electrophoresis in a 1% agarose gel in 1 X Tris-borate-EDTA (TBE) buf-
fer, followed by ethidium bromide (0.7 ug/ml) staining. Supercoiling ac-
tivity was evaluated by tracing the brightness of the bands with the soft-
ware Image] (http://rsbweb.nih.gov/ij). Gyrase bearing an Ala91Val
amino acid substitution in GyrA was used as a positive control for all
assays (20). The inhibitory effect of FQs on DNA gyrases was assessed by
determining the drug concentrations required to inhibit the supercoiling
activity of the enzyme by 50% (ICs,s). 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 (16, 20, 21, 31). The reaction mixture
(total volume, 30 pl) contained DNA gyrase reaction buffer, recombinant
DNA gyrase subunits (50 ng), supercoiled pBR322 DNA (300 ng), and
2-fold serially increasing concentrations of FQs. After incubation for 2h at
30°C, 3 ul of 2% SDS and 3 ul proteinase K (1 mg/ml) were added to the
reaction mixture. After subsequent incubation for 30 min at 30°C, reac-
tions were stopped by the addition of 3 ul of 0.5 mM EDTA, 30 ul
chloroform-isoamyl alcohol (24:1 mixture), and 3 pl of 10X DNA load-
ing dye. The total reaction mixtures were subjected to electrophoresis in
0.8% agarose gels in 1 X TBE buffer, followed by ethidium bromide stain-
ing. The extent of DNA cleavage was quantified with Image], and the
quinolone concentrations required to induce 25% of the maximum DNA
cleavage (CC,ss) were determined.

Temperature sensitivity of M. leprae DNA gyrase. The reactions with
mixtures (total volume, 30 ul) consisting of DNA gyrase reaction buffer,
relaxed pBR322 DNA (300 ng), and recombinant DNA gyrase subunits

A WT B

Asp95Gly
1 2 3 45

C
OtA = <« + + - + OyA <« o + + = +
GyB -« - + - 4+ 4 GyB . PR T .
ATP - + + + + - ATP - + + + + -
I R R T e o+ o+ o+

FIG 4 DNA supercoiling assay. Supercoiling activities of WT DNA gyrase (A)
and DNA gyrases bearing GyrA-Ala91Val (B), GyrA-Asp95Gly (C), and GyrA-
Asp95Asn (D) were analyzed. Relaxed pBR322 (0.3 pg) was incubated with
GyrA (50 ng) or GyrB (50 ng), or both. Lanes: 1, relaxed pBR322 alone; 2,
relaxed pBR322 and ATP; 3, relaxed pBR322, ATP, GyrA, and GyrB; 4, relaxed
pBR322, ATP, and GyrA; 5, relaxed pBR322, ATP, and GyrB; 6, relaxed
pBR322, GyrA, and GyrB.
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A WT B Als91Val A wT B Ala91Val
OFX (n/mD) OFX (ug/mb) OFX (g/ml) OFX (/D)
20 40 8

0 2.5 5 10 20 40 80 160 320

R P
scC i
c Asp95Gly D Asp95Asn
OFX (ug/m}) OFX (ug/ml)
0 2.5 5 10 20 40 80 160 320 0 2.5 5 10 20 40 80 160 320
R E & 9% v 5 7 : 2

FIG 5 OFX-inhibited DNA supercoiling assay. Relaxed pBR322 (0.3 pug) was
incubated with GyrA (50 ng) and GyrB (50 ng) in the presence of the indicated
concentration of OFX. Quinolone-inhibited supercoiling activity assay was
performed with combinations consisting of WT GyrB-WT GyrA (A), GyrA-
Ala%1Val (B), GyrA-Asp95Gly (C), and GyrA-Asp95Asn (D). R and SC, re-
laxed and supercoiled pBR322 DNA, respectively.

(50 ng) were run at 25, 30, 33, 37, and 42°C for 1.5 h. Supercoiling activ-
ities of recombinant DNA gyrases were evaluated at each reaction temper-
ature as described above.

RESULTS

Construction and purification of recombinant His-tagged GyrA
and GyrB proteins. DNA fragments, including the gyrA and gyrB
genes, were successfully amplified from M. leprae Thai-53 strain
DNA and inserted in frame downstream of a T7 promoter in pET-
20b (+). GyrA and GyrB were expressed as C-terminal
hexahistidine-tagged proteins for ease of purification, as the His
tag has been shown not to interfere with the catalytic functions of
GyrA and GyrB (2, 3, 16, 20, 21, 31). Expressed recombinant WT
and mutant DNA gyrase subunits were purified as 0.3 to 1.5 mg
soluble His-tagged 80-kDa protein of GyrA and 75-kDa protein of
GyrB from 500-ml cultures. The purity of the recombinant pro-
teins was confirmed by SDS-PAGE (Fig. 3). All of the recombinant
proteins were obtained with high purity (>95%).

DNA supercoiling activities. Combinations of GyrA WT,
Ala91Val, Asp95Gly, or Asp95Asn and WT GyrB subunits were
examined for DNA supercoiling activities using relaxed pBR322
DNA as a substrate in the presence or absence of ATP (Fig. 4).
DNA supercoiling activities were observed in the presence of ATP
and recombinant DNA gyrase subunits (Fig. 4A to D, lane 3),
while neither subunit alone exhibited DNA supercoiling activity
(Fig. 4A to D, lanes 4 and 5). In addition, no supercoiling activity
was observed when ATP was omitted from the reaction mixture
(Fig. 4A to D, lane 6).

Inhibition of DNA gyrase activities by FQs. The IC;,s of FQs
were determined using the quinolone-inhibited DNA supercoil-
ing assay (Fig. 5). Representative data showing the inhibitory ef-

TABLE 2 IC;s and CC,ss of FQs against WT and mutant DNA gyrases®

0 2.5 5 10 20 40 80 160 320 0 25 5 10

S e =

0 160 320

Asp95Gly

OFX (ug/ml)
0 255 10 20 40 80 160 320

D Asp95Asn

OFX (pg/mi)
0 25 5 10 20 40 80 160 320

FIG 6 OFX-mediated DNA cleavage assay. Supercoiled pBR322 (0.3 ug) was
incubated with GyrA (50 ng) and GyrB (50 ng) in the presence of the indicated
concentration of OFX. DNA cleavage assay was performed with combinations
consisting of WT GyrB-WT GyrA (A), GyrA-Ala91Val (B), GyrA-Asp95Gly
(C), and GyrA-Asp95Asn (D). R, L, and SC, relaxed, linear, and supercoiled
PpBR322 DNA, respectively.

fects of OFX against DNA gyrase are shown in Fig. 5, and data for
other FQs are presented in Fig. S1 in the supplemental material.
IC;4s of each FQ against WT and mutant DNA gyrases are sum-
marized in Table 2. Each FQ showed dose-dependent inhibition,
with ICy;s ranging from 0.4 to 262.3 ug/ml. DNA gyrases bearing
GyrA-Asp95Gly and -Asp95Asn showed significantly higher IC;s
to quinolones (Table 2; Fig. 5; see Fig. S1 in the supplemental
material) than WT gyrase (Table 2). These DNA gyrases also
showed higher resistance than DNA gyrase bearing GyrA-
Ala91Val, which was simultaneously analyzed as a positive control
for resistance to FQs. Inhibitory effects of FQs were ranked SIT >
GAT > MXF > OFX in all DNA gyrases.

FQ-mediated DNA-cleavable complex formation. The CCs
of FQs were determined. Figure 6 shows the result of a DNA cleav-
age assay using OFX, and Fig. S2 in the supplemental material
presents the results using GAT, MXF, and SIT. Table 2 summa-
rizes the CC,;s of each DNA gyrase. DNA gyrases bearing GyrA-
Asp95Gly and -Asp95Asn showed significantly higher CCyss to
quinolones than WT gyrase (Table 2). These DNA gyrases also
showed higher CC,ss than gyrase bearing GyrA-Ala91Val (Table
2). Effects on cleavable complex formation were ranked SIT >
GAT > MXF > OFX in all DNA gyrases.

Temperature sensitivity of M. leprae DNA gyrase. Figure 7
shows the effects of temperature on DNA gyrase activities. The
highest DNA supercoiling activities were observed at 33°C in all
DNA gyrases. WT and GyrA-A91V DNA gyrases showed reduced
DNA supercoiling activities at 37°C, whereas Gyr-Asp95Gly and
Asp95Asn DNA gyrases maintained activities comparable to those
at 33°C. No supercoiling activities were observed in any of the
DNA gyrases at 42°C.

1Cs, CCys
Drug WT AlaS1Val Asp95Gly Asp95Asn WT Ala91Val Asp95Gly Asp95Asn
OFX 6.8*08 394*155(5.8) 161.2*442(23.7) 262.3 = 1058 (38.6) 7.3 0.5 755 16.8(10.1) 240.5 % 30.7 (32.1) 269.5 = 76.5 (35.9)
GAT 1.0x0.1 31*07(3.1) 7.5 * 1.6 (7.5) 13.8 £ 1.6 (13.8) 1.1+£02 43*02(3.9) 15.6 = 3.6 (14.2) 13.5 = 3.1 (12.3)
MXF 1.5*03 52=*10(3.5) 21.5 = 4.7 (14.3) 347 = 3.1 (23.1) 1.0+01 45*1.0(45) 25.5 %= 3.7 (25.5) 20.8 = 5.0 (20.8)
SIT 04*00 1.0*02(25) 2.2+ 0.5 (5.5) 3.9+ 0.6 (9.8) 03+0.0 09=*0.0(3.0) 2.2*06(7.3) 23+04(7.7)

“1Csq8 and CC,ss are in ug/ml, and data in parentheses represent the fold increase compared to WT.
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FIG 7 Temperature-dependent DNA supercoiling activity of DNA gyrases.
Relaxed pBR322 (0.3 pug) was incubated with WT GyrB-WT GyrA (A), GyrA-
Ala91Val (B), GyrA-Asp95Gly (C), and GyrA-Asp95Asn (D) at the tempera-
tures (in °C) indicated above the lanes. The proportion of supercoiled DNA
compared to that of WT DNA gyrase at 33°C is plotted for each incubation
temperature.

DISCUSSION

Mutations in the gyrA gene of quinolone-resistant M. leprae clin-
ical isolates have predominantly been reported at codon 91, and a
smaller number have been reported at codon 89 (4, 19, 24, 26, 40).
Amino acid substitutions at other positions have not been re-
ported, in strong contrast to the substitutions reported in M. tu-
berculosis, with predominant mutations in codon 94 (1, 7, 9, 10,
32, 34, 39), equivalent to codon 95 in M. leprae (Fig. 1). This study
aimed to obtain basic data for the rapid detection of FQ-resistant
leprosy by elucidating the correlation between mutations at codon
95 and quinolone resistance.

To explain the discrepancy described above, we first hypothe-
sized that amino acid substitution at position 95 in GyrA of M.
leprae has less of an influence on FQ resistance. Hence, we carried
out a quinolone-mediated supercoiling activity inhibition assay
and DNA cleavage assay at 30°C, the optimal temperature of M.
leprae growth, using recombinant DNA gyrases and calculated
ICsos and CC,ss of four FQs, OFX, MXF, GAT, and SIT. The DNA
gyrase bearing GyrA-Ala91Val, used as a control, exhibited resis-
tance, having approximately 2- to 10-fold higher IC;s and CC,ss
of FQs than WT DNA gyrase, as has been reported previously (20,
21). Interestingly, DNA gyrases bearing GyrA-Asp95Gly or
-Asp95Asn showed resistance, having approximately 5- to 40-fold
higher IC;ys and CC,5s of FQs than WT DNA gyrase (Table 2).
Namely, amino acid substitution from Asp to Gly or Asn at posi-
tion 95 added higher resistance to DNA gyrase than that from Ala
to Val at position 91. This was similar to the observation in M.
tuberculosis (2, 3). These results suggested that a possible property
of Asp95Gly and Asp95Asn amino acid substitutions in GyrA is to
give higher FQ resistance to DNA gyrase in M. leprae.

We then hypothesized that amino acid substitutions at posi-
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tion 95 place a disadvantage on the enzymatic property of DNA
gyrases, especially lower or abolished activity at higher tempera-
tures, and thus, we conducted a DNA supercoiling assay at various
temperatures: 25, 30, 33, 37, and 42°C. DNA supercoiling activi-
ties of WT and GyrA-Ala91Val DNA gyrase showed a similar tem-
perature dependence, with the highest activity being at 25 to 33°C,
reduced activity occurring at 37°C, and activity being completely
abolished at 42°C. In contrast, DNA gyrases bearing GyrA-
Asp95Gly or -Asp95Asn maintained their activities even at 37°C.
Our hypothesis was rejected by these data.

The influence of the clear usage of FQs for the treatment of
leprosy and tuberculosis might solve this question. For leprosy
patients with a single lesion, a single application of 400 to 600 mg
of OFX is used. For the treatment of MDR leprosy, two or three
doses of 400 to 600 mg in combination with first-line drugs DDS
and RIF (11) are applied. In contrast, for tuberculosis, OFX is
taken twice daily at 400 mg each time with first-line drugs such as
isoniazid and rifampin for several months (11, 36). The maximum
serum concentration (C,_,,,) of OFX has been reported to show a
dose-dependent increase. The C,,,.s achieved with administration
of 100 mg, 300 mg, and 600 mg of OFX in humans were 1.00, 2.81,
and 6.81 pg/ml, respectively (14). The blood concentration of
OFX is low in leprosy patients and is maintained at a high level in
tuberculosis patients because of the treatment regimen. Thus, M.
leprae carrying DNA gyrase with lower resistance, such as GyrA-
Ala91Val, might be predominantly selected for various reasons in
leprosy patients, whereas GyrA-Asp94Gly or -Asp94Asn is pre-
dominantly found in M. tuberculosis-infected patients (1, 7, 9, 10,
32, 34, 39); however, the possible emergence in the future of highly
FQ-resistant M. leprae having an amino acid substitution at posi-
tion 95 cannot be rejected, especially when MDR leprosy is treated
by repeated administration of FQs.

We investigated the inhibitory effects of OFX, GAT, MXF, and
SIT against WT and mutant DNA gyrases. IC;,s of OFX for WT
and GyrA-Ala91Val, -Asp95Gly, and -Asp95Asn DNA gyrases
were 6.8, 39.4, 161.2, and 262.3 ug/ml, respectively (Table 2). The
order of FQ inhibitory activity was SIT > GAT > MXF > OFX.
OFX does not have the ability to inhibit M. leprae with DNA gyrase
carrying GyrA-Asp95Gly or -Asp95Asn. The IC;, of SIT was the
lowest of the four quinolones, with ICss of 0.4, 1.0, 2.2, and 3.9
pg/ml for WT, A91V, D95G, and D95N gyrases, respectively. As
the C_.,s of OFX, GAT, MXF, and SIT at the 100-mg dosage were
determined in clinical trials to be 1.00, 0.87 to 5.41, 4, and 0.3 to
1.9 pg/ml, respectively (14, 27, 28, 30), SIT might strongly inhibit
M. leprae carrying GyrA-Ala91Val DNA gyrase and be a promising
candidate for the treatment of the majority of cases of FQ-resistant
leprosy.

In conclusion, we revealed the contribution of the GyrA-
Asp95Gly and -Asp95Asn amino acid substitutions to FQ resis-
tance in M. leprae by an in vitro assay. This suggested the possible
emergence in the future of FQ-resistant M. leprae carrying GyrA
with these amino acid substitutions, although further analysis is
needed to clarify a direct relationship to in vivo resistance. Hence,
we would like to propose analysis for these amino acid substitu-
tions to detect FQ-resistant leprosy.
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