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The C-8-methoxy fluoroquinolone moxifloxacin was more lethal against chloramphenicol-treated Mycobac-
terium tuberculosis than Bay y3114, a C-8-H cognate of moxifloxacin, and two C-8-methoxy fluoroquinolones,
gatifloxacin and BMS-433368, which have different C-7 substituents. Thus, an optimal combination of C-7 and
C-8 substituents is likely to be important for killing nongrowing M. tuberculosis.

The fluoroquinolones moxifloxacin and gatifloxacin are
among the new compounds being considered as antitubercu-
losis agents. Both exhibit good activity against M. tuberculosis
in vitro (8, 12) and in animal models (1, 10, 16). Moreover,
both show good activity against subpopulations of resistant
mutants (3). One way to distinguish among quinolones is to
measure lethal activity in the absence of ongoing protein syn-
thesis. Early studies with Escherichia coli led to the proposal
that the quinolones kill cells by two modes, one that requires
protein synthesis and one that does not (4, 7). The former may
involve induction of a “suicide” protein (6, 15), while the latter
may arise from a quinolone-mediated destabilization of drug-
gyrase-DNA complexes that causes chromosome fragmenta-
tion (2). Quinolone structure influences the relative contribu-
tion of each pathway to lethal action, with the protein
synthesis-independent mode being stimulated by the presence
of a methoxy group at the C-8 position (9, 17, 18). Both gati-
floxacin and moxifloxacin contain a C-8-methoxy group. Here
we compare the lethal activities of these and several other
fluoroquinolones against M. tuberculosis in the presence and
absence of chloramphenicol.

M. tuberculosis strain H37Rv was grown at 37°C as liquid
cultures in Middlebrook 7H9 medium containing 10% albumin
and 0.05% Tween 80 or as colonies on 7H10 agar plates (5).
Ciprofloxacin, moxifloxacin, and Bay y3114 were obtained
from Bayer Corp. (West Haven, CT); BMS-433368 and gati-
floxacin were from Bristol-Myers Squibb (Wallingford, CT).
Fluoroquinolones were dissolved in 0.1 ml of 1 N NaOH at
1/10 the final volume, and then sterile water was added to
obtain a final concentration of 10 mg/ml. The MIC was deter-
mined as the minimum concentration required to inhibit
growth in quinolone-containing 7H9 medium during a 6-day
incubation. To measure lethal action, cells were grown in 7H9
medium to mid-log phase with agitation by rolling. Cultures
were divided into 1-ml aliquots, and various concentrations of
quinolone were added. After incubation for 6 days, cells were
diluted in drug-free 7H9 medium and applied to 7H10 agar
plates lacking drug. Agar plates were incubated for 4 to 5
weeks to determine the number of CFU; survival was calcu-
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lated relative to CFU determined at the time of quinolone
addition. For the measurement of killing in the absence of
protein synthesis, chloramphenicol was added to 20 pg/ml 1 h
prior to the addition of fluoroquinolone. At this concentration,
chloramphenicol blocked growth but did not kill cells during
the course of the experiment (not shown).

As shown in Table 1, four agents, gatifloxacin, moxifloxacin,
Bay y3114, and BMS-433368, exhibited similar bacteriostatic
activities (MIC = 0.03 to 0.05 wg/ml) against M. tuberculosis.
Ciprofloxacin was less active. When lethal activities were com-
pared in terms of absolute quinolone concentration (the 99%
lethal dose [LDyy]), moxifloxacin was 10 times more active
than Bay y3114, a compound that is identical to moxifloxacin
except for the absence of a C-8-methoxy group (Table 1 and
Fig. 1A and B). Comparison of three C-8-methoxy compounds
(moxifloxacin, gatifloxacin, and BMS-433368), which differed
only in C-7 ring structure, showed little difference (Table 1 and
Fig. 1). Thus, an 8-methoxy group is important for killing M.
tuberculosis growing in vitro, but the C-7 ring structures tested
are not. Normalization of LDy, to MIC to reveal lethal activity
independent of factors likely to affect ternary complex forma-
tion, such as drug uptake and efflux, indicated that Bay y3114,
the C-8-H derivative of moxifloxacin, was 10 times less effective
than moxifloxacin. The three C-8-methoxy compounds had
similar activities.

The ability of moxifloxacin to kill M. tuberculosis was unaf-
fected by the presence of chloramphenicol, an inhibitor of
protein synthesis (Fig. 1A). Lethal activity of two other C-8-
methoxy compounds, gatifloxacin and BMS-433368, was dra-
matically reduced by chloramphenicol (Fig. 1C and D). Thus,
the C-8-methoxy group does not by itself account for the ability

TABLE 1. Susceptibility of M. tuberculosis to quinolones

Compound MIC (pg/ml)* LDgg (pg/ml)* LDgo/MIC
Moxifloxacin 0.04 0.8 20
Bay y3114° 0.05 10¢ 200¢
BMS-433368 0.05 1.5 30
Gatifloxacin 0.03 0.5 15
Ciprofloxacin 0.15 5 34

¢ Similar values were obtained in replicate experiments. Concentration incre-
ments were 20% for determination of MIC.

> Bay y3114 is a C-8-H cognate of moxifloxacin (Fig. 1).

¢ LDy was determined by extrapolation.
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FIG. 1. Lethal activity of fluoroquinolones in the presence and
absence of chloramphenicol. Exponentially growing cultures of M.
tuberculosis H37Rv were incubated with the indicated concentrations
of fluoroquinolone for 6 days in the presence (filled circles) or absence
(open circles) of chloramphenicol. Aliquots were then removed, di-
luted, and plated on drug-free 7H10 agar for determination of CFU.
Names and structures of compounds tested are indicated in each
panel. Data shown are averages, with error bars indicating ranges of
values.

of moxifloxacin to kill M. tuberculosis in the absence of protein
synthesis, nor does the C-7 ring system, since chloramphenicol
blocked the lethal activity of Bay y3114 (Fig. 1B). If moxifloxa-
cin does not require the production of new protein to kill cells
while other quinolones do, it should exhibit faster killing. As
shown in Fig. 2, moxifloxacin killed M. tuberculosis about twice
as fast as gatifloxacin.

The results described above, which agree well with an earlier
study with Mycobacterium smegmatis (9), emphasize the un-
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FIG. 2. Rate of killing by moxifloxacin and gatifloxacin. Exponen-
tially growing cultures of M. tuberculosis H37Rv were incubated for the
indicated times with 20 times the MIC of gatifloxacin (open circles) or
moxifloxacin (filled circles). Aliquots were then removed, diluted, and
plated on drug-free 7H10 agar for determination of CFU. Data shown
are averages, with error bars indicating ranges of values.

usual ability of moxifloxacin to kill mycobacteria in the absence
of ongoing protein synthesis. With M. tuberculosis, compari-
sons between moxifloxacin and several related compounds
(Fig. 1) indicate that the presence of a C-8-methoxy group and
the diazabicyclo C-7 ring system are both important for the
activity.

Lethal action probably arises through two steps, formation
of bacteriostatic quinolone-gyrase-DNA complexes followed
by chromosome fragmentation. Support for the two-step hy-
pothesis was seen in the present work, as the quinolones (moxi-
floxacin and Bay y3114) exhibited similar MICs but very
different abilities to kill cells (Table 1). The two-step phenom-
enon is also seen with quinolone treatment of E. coli (2, 18).
With this organism, we recently found that under anaerobic
conditions, all quinolones tested blocked growth, but only the
fluoroquinolones killed cells (M. Malik, S. Hussain, and K.
Drlica, unpublished observations). Thus, a low MIC, the tra-
ditional measure of quinolone activity, does not necessarily
mean that a quinolone will be highly lethal.

A central feature of tuberculosis is the tendency of M. tu-
berculosis to enter a dormant state in which the bacterium is
likely to exhibit low susceptibility to chemotherapeutic agents
(13, 14). The exceptional ability of moxifloxacin to kill M.
tuberculosis when protein synthesis is blocked (Fig. 1) encour-
ages additional testing with more relevant models of growth
arrest. For example, with low-dose respiratory infection of
mice, M. tuberculosis grows exponentially during the first 3
weeks postinfection and then enters a nongrowing, chronic
state (11). Thus, growing and nongrowing bacteria can be
tested in the same system. Comparison of the fluoroquinolones
described above in the murine system might support the use of
moxifloxacin as a lead compound for finding quinolones that
are even more active for treatment of tuberculosis.
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