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Are All the DNA Gyrase Mutations Found in Mycobacterium leprae
Clinical Strains Involved in Resistance to Fluoroquinolones?�†
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France3; and Service Bactériologie, AP-HP, Groupe hospitalier Pitié-Salpêtrière, Paris F-75013, France4
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Mycobacterium leprae DNA gyrases carrying various mutations, previously described in clinical strains, were
investigated for quinolone susceptibility by inhibition of supercoiling and DNA cleavage promotion. We
demonstrated that the gyrA mutations leading to G89C or A91V confer fluoroquinolone resistance whereas the
gyrB mutation leading to D205N does not.

Mycobacterium leprae still causes serious chronic disease,
and treatment may fail because of poor drug adherence and
emergence of resistance (4, 10, 11, 13, 18, 19). Fluoroquino-
lones are new drugs for the treatment of leprosy (6, 8–10,
16), but their use can lead to acquired quinolone resistance
in M. leprae (4, 11, 13). DNA gyrase, a heterotetramer
(GyrA2GyrB2) enzyme solving DNA topological problems as-
sociated with DNA replication, transcription, and recombina-
tion (5), is the sole target of quinolones in M. leprae (7).

M. leprae has the longest doubling time (�14 days) among
bacteria and cannot be cultivated in vitro (12). Consequently,
the only way to test antibiotic activity is the mouse footpad
leprosy model, which is labor intensive and expensive and
requires 8- to 12-month experiments (12). Therefore, our aim
was to evaluate the consequences of the DNA gyrase muta-
tions described in M. leprae clinical strains (4, 11, 13) on the
quinolone inhibition of DNA gyrase as a prerequisite for the
development of rapid genetic susceptibility tests. We demon-
strated that the GyrA G89C and A91V alterations are impli-
cated in resistance to quinolones whereas the GyrB D205N
alteration is not.

Plasmids carrying M. leprae genes gyrA and gyrB containing
the mutations corresponding to the GyrA G89C or A91V (4,
13) and GyrB D205N (11) alterations were generated from the
respective wild-type gyrA and gyrB genes of M. leprae cloned
previously (14), with the QuikChange site-directed mutagene-
sis kit (Stratagene). For the oligonucleotides used for mu-
tagenesis, see Table S1 in the supplemental material. Wild-
type and modified GyrA and GyrB proteins were purified as
described previously (14). DNA supercoiling and DNA cleav-
age experiments were carried out as described previously (1, 2,
14). Nalidixic acid, oxolinic acid, ofloxacin, moxifloxacin, gati-
floxacin, and garenoxacin were from Sigma or from the respec-
tive laboratories.

The 50% inhibitory concentrations (IC50s) of gatifloxacin,
moxifloxacin, and ofloxacin for the enzymes modified in GyrA
were 3- to 11-fold higher (GyrA G89C) and 5- to 8-fold higher
(GyrA A91V) than for the wild-type enzyme (Fig. 1; Table 1).
The concentrations of fluoroquinolones and garenoxacin re-
quired for the conversion of 25% of the DNA to the linear
form (CC25s) were 12- to 17-fold higher for the DNA gyrase
GyrA A91V than those measured for the wild-type enzyme
(Fig. 2; Table 1). As observed previously for the wild-type
Mycobacterium tuberculosis and M. leprae DNA gyrases (1, 14),
the two classical nonfluorinated quinolones nalidixic acid and
oxolinic acid did not lead to the formation of a DNA cleavable
complex with the DNA gyrase GyrA A91V (Table 1). DNA
cleavage performed with the DNA gyrase GyrA G89C was too
weak to allow CC25 measurement. We hypothesized that this
defect, previously described in M. tuberculosis DNA gyrase,
also modified for G88C (15), could be the consequence of a
disulfur bond created in the mutant enzyme between Cys89 (or
Cys88) and another cysteine of the DNA gyrase (a good can-
didate is Cys89 of the other GyrA subunit) which could ham-
per the cleavage process.

The IC50s of the three nonfluorinated quinolones tested, i.e.,
garenoxacin, oxolinic acid, and nalidixic acid, were identical or
twofold lower for the GyrA-modified DNA gyrases compared
to the values obtained for the wild-type enzyme (Table 1).
Similar results were previously observed for oxolinic and nali-
dixic acids with M. tuberculosis wild-type and mutant GyrA
enzymes (15). These results were explained by the positioning
of the quinolone along the mycobacterial DNA gyrase and
particularly by the interaction between the R6 and R7 substitu-
ents of the quinolone and residues 88 and 90 of M. tuberculosis
DNA gyrase (corresponding to amino acids 89 and 91 in the M.
leprae numbering). The fact that garenoxacin IC50s did not
increase for any of the M. leprae GyrA mutants is rather inter-
esting. However, its potential impact on leprosy treatment is
garbled by the fact that garenoxacin development was recently
stopped. Surprisingly, the CC25s of garenoxacin increased 10-
fold, i.e., as moxifloxacin. However, the supercoiling inhibition
assay and the cleavable-complex assay are distinct since the
former is a measure of catalytic inhibition whereas the latter
probes an established equilibrium between the ternary DNA-
enzyme-drug complexes (3).
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We demonstrated that the GyrA G89C and A91V modifi-
cations are responsible for fluoroquinolone resistance in M.
leprae, as previously shown in M. tuberculosis (2, 15), as well as
G81C in Escherichia coli (17). The glycine at position 89 in M.
leprae (position 81 in E. coli) is a small and flexible neutral
amino acid, whereas cysteine is polar and bulkier than glycine.
The alanine at position 91 in M. leprae (position 83 in E. coli)
is a relatively small amino acid, whereas valine has higher steric
hindrance and is likely to hamper the good positioning of the
quinolone in the complex DNA-DNA gyrase.

The gyrB mutation leading to the substitution at position 205

FIG. 1. Inhibitory activities of moxifloxacin (A), garenoxacin (B), and
novobiocin (C) on the supercoiling activities of M. leprae wild-type (WT) and
mutant DNA gyrases. Relaxed pBR322 (0.4 �g) was incubated with DNA
gyrases reconstituted from wild-type or mutant subunits (carrying mutations
G89C and A91V in GyrA and D205N in GyrB) in the absence or presence
of the indicated amounts (in �g/ml) of moxifloxacin (MOX), garenoxacin
(GAR), or novobiocin (NOV). Reactions were stopped, and the DNA prod-
ucts were analyzed by electrophoresis in 1% agarose gel. Lane TR represents
relaxed pBR322 DNA. R and S denote relaxed and supercoiled DNAs,
respectively.
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(amino acid 183 in the E. coli numbering system) was reported
in a single M. leprae clinical isolate considered to be quinolone
resistant because the patient did not improve after ofloxacin
treatment (11). We showed that the IC50s and CC25s of quin-
olones for the enzyme carrying GyrB D205N were similar to
those obtained with the wild-type enzyme, demonstrating that
the mutation, located outside the GyrB quinolone resistance-
determining region (defined by amino acids 426 to 464, in the
E. coli numbering), per se does not confer fluoroquinolone
resistance on M. leprae (Fig. 1 and 2; Table 1). Since position
205 in GyrB is located in the ATPase domain, which is the site
of coumarin interaction, we measured the novobiocin IC50s for
the GyrB D205N-modified enzyme and for the DNA gyrases
modified in GyrA as controls. No difference in the novobiocin
IC50s was observed, showing that D205N is not involved in
coumarin resistance either (Table 1). Our findings underlined
the need to bear in mind that mutation does not automatically
mean resistance. Therefore, the demonstration of the role in
quinolone resistance of each novel DNA gyrase mutation ob-
served is an essential prerequisite for interpreting the results of
genetic susceptibility tests.
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FIG. 2. Quinolone (moxifloxacin)-mediated DNA cleavage by M. leprae
wild-type (WT) and mutant DNA gyrases. Supercoiled pBR322 DNA (0.4
�g) was incubated with DNA gyrases reconstituted from wild-type or
mutant subunits (carrying mutation A91V in GyrA or D205N in GyrB) in
the absence or presence of the indicated amounts (in �g/ml) of moxi-
floxacin (MOX). After addition of sodium dodecyl sulfate and proteinase
K, DNA samples were analyzed by electrophoresis in 1% agarose. Lane
TS represents supercoiled pBR322 DNA. R, N, and S denote relaxed,
nicked, and supercoiled DNAs, respectively.
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