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Amino Acid Substitutions at Position 95 in GyrA Can Add
Fluoroquinolone Resistance to Mycobacterium leprae

Kazumasa Yokoyama,® Hyun Kim,? Tetsu Mukai,® Masanori Matsuoka,? Chie Nakajima,® and Yasuhiko Suzukia<
Division of Global Epidemiology, Hokkaido University Research Center for Zoonosis Control, Sapporo, Japan?; Leprosy Research Center, National Institute of Infectious

Diseases, Higashimurayama, Tokyo, Japan®; and JST/JICA-SATREPS, Tokyo, Japan«

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, 23-25, 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 folP1 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 armino 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 I DNA topoisomerases, DNA gyrase, and topo-
isomerase IV, which play crucial roles in DNA replication during cell
division (8). As M. lepraehas only DNA gyrase, thisis 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. leprae 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 Val
TGC GTA
75 89 90 91 92 93 95
M. leprae wmmm GCA =w=w—- GGC GAC GCA TCG ATT ~~= GAC —-——w
Ala Gly Asp Ala Ser Ile Asp
M. wberculosis ===~ GCC ==~a= GGC GAC GCG TCG ATC ~=w GAC w===
74 88 89 90 91 92 94
fce 7GC! [AAC |{GTGI[CCG| [ATC GGC
Ser Cys AsnValiPro| Met Gly
T GOl GCG RAC
aAla Ala Asn
GCC
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TAC
TyY
CAC
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FIG 1 Nucleotide 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) : 6)]
k4 _ k#g Ndel Sacll Xhol
[ Neextein__ | intein | C-extein g N-exiein L_ C-extein }
k-46 k48 ! T
| PCRRestriction digestion kso
Nelel Sacll Sacll Xhot k-45 tﬁﬁ},
(T — —
| N-extein |
1 Ligation into pET20b , gwg Y
Neel Sacll Xhot k-66
[_Neextein | C-extein ] K45 lP R
B) s
i 2]
g g e —
N-termi S-termi —
L N-terminus | C-terminus ] Y46
k-53 k-55 . Anmneal/PCR/
l Restriction digestion
PCR/Restriction digestion Ndel : Saell
Ndel Pmil Pmil Xhol r e l
[ Rterminus |
l Ligation into pET20b ‘ Ligation into pET20b/C-extein
Ndel Pmil Xhol Nel Sacll Xhol
| N-terminus | C-terminus ] [Neextein £ 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
(aminoacids 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-SaclI and SacII-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
PmaCl-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, ork-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 Sacll 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

pname  Primer sequence (nucleotide positions)*

= 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 1 2 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 was loaded 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 1X 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% (ICss). 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 ul) 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 2 hat
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 ul of 10X DNA load-
ing dye. The total reaction mixtures were subjected to electrophoresis in
0.89% agarose gels in 1 X TBE buffer, followed by ethidium bromide stain-
ing. The extent of DNA cleavage was quantified with ImageJ, and the
quinolone concentrations required to induce 25% of the maximum DNA
cleavage (CC,,s) 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

Asp95Gly

A - WT B
k 2 3 4 5 6

1

C D

Asg)%Asn
1 2 4 5

Rk B e

GyrA = - + o+ - + GytA - - + o+ - +
GyrB - - + - + 4 GyrB - N + - 4+  +
AP - A+ A AP .+ 4+ 4

PR S s S T N

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 ug) 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 Ala91Val

A wT B Ala91Val

OFX (ug/ml) OFX (ug/ml)

OFX (ug/ml) OFX (ug/mi)

0 2.5 5 10 20 40 80 160 320 025 5 10 20 40 80 160 320

Asp9sGly Asp95Asn

OFX (pg/mi)

OFX (pg/ml)

0 255 10 20 40 80 160 320 0 25 8 10 20 40 80 160320

Asp95Asn
OFX (pg/ml)

C Asp95Gly D
OFX (ug/ml)

0 2.5 5 10 20 40 80 160 320

0 25 5 10 20 40 80 160 320

FIG 5 OFX-inhibited DNA supercoiling assay. Relaxed pBR322 (0.3 pg) 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-
Ala91Val (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 ICy,s of FQs
were determined using the quinolone-inhibited DNA supercoil-
ing assay (Fig. 5). Representative data showing the inhibitory ef-

TABLE 2 IC;45 and CC,ss of FQs against WT and mutant DNA gyrases®

0 2.5 5 10 20 40 80 166 320 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
pBR322 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.
ICsys of each FQ against WT and mutant DNA gyrases are sum-
marized in Table 2. Each FQ showed dose-dependent inhibition,
with ICs,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. Sl 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 CC,s
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,ss of each DNA gyrase. DNA gyrases bearing GyrA-
Asp95Gly and -Asp95Asn showed significantly higher CC,s to
quinolones than WT gyrase (Table 2). These DNA gyrases also
showed higher CC,;s 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.

ICs CCys
Drug WT Ala91Vval Asp95Gly Asp95Asn WT Ala91val Asp95Gly Asp95Asn
OFX 6.8*0.8 39.4*155(58) 161.2+44.2(23.7) 262.3 + 105.8(38.6) 7.3+ 0.5 755+ 16.8 (10.1) 240.5 * 30.7 (32.1) 269.5 % 76.5 (35.9)
GAT 1.0%01 3.1=x07(3.1) 7.5 1.6 (7.5) 13.8 £ 1.6 (13.8) 1L1£02 43%02(3.9) 15.6 3.6 (14.2) 13.5 = 3.1 (12.3)
MXF 15%03 52*1.0(3.5) 21.5 £ 4.7 (14.3) 34.7 £ 3.1(23.1) 1.0£0.1 45=*1.0(4.5) 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) 0.3%0.0 09%00(3.0 2.2+ 0.6 (7.3) 23%04(77)

“1Cs0s and CCygs are in pg/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 ug) 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
1Csqs and CC,s 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 IC5,s and CCygs
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 I1C,,s and CC,ss 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 GyrAis 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 ug/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,ys of OFX for WT
and GyrA-Ala91Val, -Asp95Gly, and -Asp95Asn DNA gyrases
were 6.8, 39.4, 161.2, and 262.3 pug/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 ICyys 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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ABSTRACT

Rifampicin is a major drug used to treat leprosy and tuberculosis. Rifampicin resistance
of Mycobacterium leprae and Mycobacterium tuberculosis results from mutation in the
rpoB encoding the B subunit of RNA polymerase. Molecular diagnosis for rifampicin
resistance in these two mycobacteria would be clinically valuable, but the relation
between the mutations and susceptibility to rifampicin must be clarified before its use.
Analysis of responsible mutations for rifampicin resistance using clinical isolates
presents some limitations. Each clinical isolate has its own genetic variations in some
loci other than rpoB, which might affect rifampicin susceptibility. For this study, we
constructed recombinant strains of Mycobacterium smegmatis, carrying the M. leprae or
M. tuberculosis rpoB with or without mutation, and disrupting their own rpoB on the
chromosome. Rifampicin and rifabutin susceptibilities of the recombinant bacteria were
measured to examine the influence of the mutations. Results confirmed that several
mutations detected in clinical isolates of these two pathogenic my?obacteria can confer
rifampicin resistance, but they also suggested that some mutations detected in M. leprae
isolates or rifampicin-resistant M. tuberculosis isolates are not involved in rifampicin

resistance.
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INTRODUCTION

Leprosy and tuberculosis persist as important global public health concerns.
Rifampicin, a major drug used to treat these two infectious diseases, has a molecular
mechanism of activity involving inhibition of DNA-dependent RNA polymerase (15).
In Escherichia coli, this enzyme is a complex oligomer comprising four subunits: o, B,
B’, and o, respectively encoded by rpod, rpoB, rpoC, and rpoD. Rifampicin binds to the
B subunit of RNA polymerase and results in transcription inhibition (15). Mutations in
the rpoB gene, encoding the B subunit of RNA polymerase, reportedly result in
resistance to rifampicin in several mycobacterial species including Mycobacterium
leprae and Mycobacterium tuberculosis (9, 21). The former has not yet been cultured on
artificial media; it requires 11-14 days to double in experimentally infected mice.
Therefore, it is difficult to determine rifampicin susceptibility of M. lepare isolates. The
standardized method using a mouse footpad takes more than half a year to determine
rifampicin susceptibility of M. leprae isolates and requires 5 x 10° M. leprae bacilli (3),
which require almost a year to prepare. In-vitro drug susceptibility testing for M. leprae
using radioactive reagent requires more (10 M. leprae cells (7). In contrast, mutation
in the rpoB gene of M. leprae can be detected in a few days or less. It would be very
helpful if responsible mutations for rifampicin resistance could be determined without
performing mouse footpad testing. The main mutations that confer rifampicin resistance
of M. tubérculosis are located in the 81-bp core region of the rpoB gene, encompassing
codons 507—533, known as the rifampicin resistance determining region (RRDR) (17,
18). About 95% of Rifampicin-resistant M. fuberculosis strains have a mutation in this
region (18, 20). Four mutations for D516V, H526Y, H526D, and S531L are most

commonly associated with high-level rifampicin resistance of M. tuberculosis (4, 10,
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19), but some other mutations in the 81 bp region have not yet been confirmed
completely as responsible for rifampicin resistance.

We have established a method to determine the mutations responsible for dapsone
resistance of M. leprae using recombinant Mycobacterium smegmatis (16). In the
present study, we assessed the applicability of rifampicin resistance to analysis. Then we
analyzed rpoB mutations conferring rifampicin resistance of M. leprae and M.

tuberculosis.
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MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli DH5a was used for DNA cloning. M.
smegmatis mc’155 was used as a mycobacterial host to produce strains for drug
susceptibility testing. Plasmids pYUB854 and phAE87 were kindly provided by
Professor W. R. Jacobs, Jr. (Department of Microbiology and Immunology, Albert
Einstein College of Medicine, New York, NY). M. smegmatis mc?155 and its
transformants were grown in Middlebrook 7H9 medium (Difco Laboratories, Detroit,
MI) supplemented with 0.5% bovine serum albumin (fraction V), 0.2% glucose, 0.085%
NaCl, 0.2% glycerol, and 0.1% Tween 80.

Site-directed mutagenesis. The wild-type rpoB genes of M. leprae and M.
tuberculosis were amplified by PCR from M. leprae Thai-53 and M. tuberculosis
H37Rv and cloned into pMV261. Site-directed mutagenesis was performed using PCR
with DNA polymerase (Takara PrimeStar HS; Takara Bio Inc., Kyoto, Japan) and the
primers presented in Table 1. PCR products were purified and phosphorylated with T4
kinase and ATP and were then ligated to make them circular. The ligation mixture was
used to transform E. coli DHS5a, and kanamycin-resistant colonies were isolated.
Plasmids were extracted from the transformants. Then the mutated sequences were
confirmed by sequencing. The inserts of the plasmids were also cloned into pNN301
(16). Mutations introduced into the M. leprae rpoB or M. tuberculosis rpoB are listed in
Table 2.

Disruption of the rpoB gene on the M. smegmatis chromosome. M. smegmatis
mc?155 cells were transformed with plasmids carrying the M. leprae or M. tuberculosis
rpoB with or without a point mutation. Recombinants were selected on LB medium

containing kanamycin. Allelic exchange mutants were constructed using the
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temperature-sensitive mycobacteriophage method as described in an earlier report (2).
Using the M. smegmatis mc*155 genome sequence (accession number CP000480), the
upstream and downstream flanking DNA sequences were used to generate a deletion
mutation in the rpoB gene (MSMEG_1367). To disrupt the rpoB gene, DNA segments
from 1119 bp upstream through 21 bp downstream of the initiation codon of M.
smegmatis rpoB and from 39 bp upstream through 941 bp downstream of the
termination codon were cloned directionally into the cosmid vector pYUB854, which
contains a res-hyg-res cassette and a cos sequence for lambda phage assembly. Plasmids
thus produced were digested with Pacl and ligated to the PH101 genomic DNA excised
from the phasmid phAE87 by Pacl digestion. The ligated DNA was packaged
(GigaPacklll Gold Packaging Extract; Stratagene, La Jolla, CA). The resultant mixture
was used for transduction of E. coli STBL2 (Life Technologies Inc., Carlsbad, CA) to
yield cosmid DNA. After E. coli was transduced and the transductants were plated on
hygromycin-containing medium, phasmid DNA was prepared from the pooled
antibiotic-resistant transductants and electroporated into M. smegmatis mc®155.
Bacterial cells were incubated at 30°C to produce the recombinant phage. The M.
smegmatis transformant carrying the M. leprae or M. tuberculosis rpoB gene was
infected by the produced temperature-sensitive phage at 37°C for allelic exchange, and
kanamycin-resistant and hygromycin-resistant colonies were isolated. Two colonies for
each point mutation were subjected to subsequent tests. |

Drug susceptibility testing. The MIC values for M. smegmatis recombinant
clones were determined by culture on Middlebrook 7H10 agar plates containing
two-fold serial dilutions of rifampicin (0.25-32 ug/ml) or rifabutin (0.0625-8 pg/ml).

The MIC value for each strain was defined as the lowest concentration of the drug
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RESULTS

Construction of recombinant M. smegmatis strains. In our previous study, we
sequenced the rpoB regions of M. leprae clinical samples isolated in Vietnam and
detected several mutations (11). In addition to these mutations, we detected some
mutations (GGC—GGG at codon 507, ACC—ACA at codon 508, and GGC—GTC at
codon 547) in clinical specimens from Vietnam and other countries (unpublished data).
We prepared plasmids with mutations in the M. leprae and M. tuberculosis rpoB genes.
Each plasmid has one of 40 mutations (12 for M. leprae rpoB and 28 for M. tuberculosis
rpoB) presented in Table 2. Mutated sequences were confirmed by sequencing. Plasmids
carrying the M. leprae or M. tuberculosis rpoB with or without a point mutation were
introduced individually into M. smegmatis. The M. smegmatis transformants were
subjected to allelic exchange to disrupt the rpoB gene on their own chromosome (Fig. 1).
Isolation of rpoB-disrupted mutants carrying the pNN301§rpoB constructs was
unsuccessful. Consequently, the recombinant strains with pMV261-rpoB constructs
were used for subsequent tests. PCR analysis confirmed that the M. smegmatis rpoB
sequences in the recombinant strains with pMV261-rpoB constructs were replaced by
hygromycin resistance gene sequences (data not shown). All strains showed comparable
growth rates to that of the wild type M. smegmatis.

Drug susceptibility. Rifampicin susceptibilities and rifabutin susceptibilities of the
recombinant M. smegmatis strains were tested.‘ The MIC values of rifampicin and
rifabutin for the recombinant M. smegmatis strains and the fold increases in MIC
compared to the wild type sequences are presented in Table 2. It should be noted that the
MIC values for the M. smegmatis strains might be shifted from those for M. leprae or M.

tuberculosis because of their differences in cell wall permeability and other factors. The
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MIC value of rifampicin for the recombinant M. smegmatis with the wild type sequence
of the M. leprae rpoB or M. tuberculosis rpoB was 1 pg/ml. Most strains that have a
mutation at codon 511, 513, 516, 522, 526, 531, or 533 showed rifampicin resistance. In
contrast, strains that have a mutation at codon 507, 508, 517, 521, 523, or 532 showed
comparable levels of MIC value of rifampicin to those of the wild type sequence. The
MIC values of rifabutin for the recombinant M. smegmatis strains with the wild type
sequence of the M. leprae rpoB or M. tuberculosis rpoB were 0.25 pg/ml. Generally,

rifabutin was more efficacious than rifampicin in terms of concentration.
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