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Quinazolinediones (diones) are fluoroquinolone-like inhibitors of bacterial gyrase and DNA topoisomerase
IV. To assess activity against mycobacteria, C-8-methoxy dione derivatives were compared with cognate
fluoroquinolones by using cultured Mycobacterium smegmatis. Diones exhibited higher MIC values than fluo-
roquinolones; however, MICs for fluoroquinolone-resistant gyr4 mutants, normalized to the MIC for wild-type
cells, were lower. Addition of a 3-amino group to the 2,4-dione core increased relative activity against mutants,
while alteration of the 8-methoxy group to a methyl or of the 2,4-dione core to a 1,3-dione core lowered activity
against mutants. A GyrA G89C bacterial variant was strikingly susceptible to most of the diones tested; in
contrast, low susceptibility to fluoroquinolones was observed. Many of the bacteriostatic differences between
diones and fluoroquinolones were explained by interactions at the N terminus of GyrA helix IV revealed by
recently published X-ray structures of drug-topoisomerase-DNA complexes. When lethal activity was normal-
ized to the MIC in order to minimize the effects of drug uptake, efflux, and ternary complex formation, a
3-amino-2,4-dione exhibited killing activity comparable to that of a cognate fluoroquinolone. Surprisingly, the
lethal activity of the dione was inhibited less by chloramphenicol than that of the cognate fluoroquinolone. This
observation adds the 2,4-dione structural motif to the list of structural features known to impart lethality to
fluoroquinolone-like compounds in the absence of protein synthesis, a phenomenon that is not explained by

X-ray structures of drug-enzyme-DNA complexes.

Fluoroquinolones are lethal antibacterial agents that are
widely used to control many bacterial infections (23); for some
diseases, such as multidrug-resistant tuberculosis, fluoroquino-
lones are key to successful treatment (4). As with other anti-
microbials, fluoroquinolone use is threatened by an increasing
prevalence of resistance (1). One way to address the resistance
problem is to identify new derivatives that are particularly
active with resistant mutants. For example, with some bacterial
species, addition of an 8-methoxy substituent increases fluoro-
quinolone activity against mutants (8, 45, 46). Other examples
include quinazolinediones, which have shown good activity
with gyrase resistance mutants selected by fluoroquinolone
treatment of Escherichia coli, Staphylococcus aureus, and Strep-
tococcus pneumoniae (11, 16, 34). We found with E. coli that a
quinazoline-2,4-dione was almost as active with gyrase mutants
as with wild-type cells (12). How quinazolinediones behave
with mycobacteria is unknown.

To compare quinolone-like compounds with regard to the
likely effects of fluoroquinolone resistance mutations, sets of
gyrase mutants are prepared in which the strains are otherwise
isogenic. The MIC for the mutant is measured and related to
the MIC for the wild type to correct for differences in uptake
and efflux. The ratio of the MIC for the mutant to the MIC for
the wild type defines a parameter termed antimutant activity.
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The goal has been to identify compounds for which this MIC
ratio is near unity, since that should narrow the mutant selec-
tion window, the drug concentration range in which resistant
mutant subpopulations are selectively enriched and amplified
(44). Selected compounds are then compared for activity
against resistant subpopulations by population analysis (12, 38)
to confirm that amplification of mutant subpopulations is re-
stricted. These MIC-based measurements reflect only bacte-
riostatic activity. Methods are also available to compare agents
by two types of rapid killing, one that requires ongoing protein
synthesis and one that does not (10); these lethal properties are
likely to be important for limiting the induction of resistant
mutants (27). Thus, MIC measured with wild-type cells, which
is universally used for antimicrobial discovery, is but one of
several ways to evaluate compounds early in drug develop-
ment. Indeed, consideration of resistant mutant studies and
killing tests reveals activity-specific differences not seen with
the wild-type MIC. Some of those differences can now be
combined with structural models of drug-DNA-topoisomerase
interactions to provide a more complete understanding of drug
action.

In the present study, we compared a set of quinazolinedio-
nes with cognate fluoroquinolones for activity against several
fluoroquinolone-resistant gyr4 mutants of Mycobacterium
smegmatis. This mycobacterial species is well suited for cellular
studies of gyrase mutants because it lacks topoisomerase 1V
(6), an additional quinolone target present in many bacteria
that increases the complexity of resistance studies. Moreover,
M. smegmatis serves as a fast-growing model for fluoroquin-
olone-M. tuberculosis interactions (26, 29), which are likely to
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TABLE 1. M. smegmatis strains used in this study”

Strain Relevant genotype
KD1163 Wild type (laboratory isolate of mc?155)
KD2008.. ..grA(G89C)
KD1987.. .QrA(A91V)
..... grA(D95Y)

“ See reference 39.

become increasingly important as the growing prevalence of
multidrug-resistant tuberculosis causes fluoroquinolones to as-
sume a larger role in chemotherapy (36). While quinazoline-
2,4-diones had higher MICs against wild-type M. smegmatis
than those observed for cognate fluoroquinolones, dione ac-
tivity was affected little by resistance mutations. Moreover, the
relative susceptibilities of GyrA variants differed strikingly be-
tween diones and fluoroquinolones, providing an opportunity
to test new structural models describing drug-topoisomerase-
DNA complexes. We also examined M. smegmatis for dione-
specific lethal effects: replacement of the quinolone carboxyl
with a dione enhanced lethal action in the presence of chlor-
amphenicol, thereby revealing a new property that consider-
ations of lethality must explain.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Mycobactium smegmatis mc*155, iso-
late KD1163, has been described previously (47); quinolone-resistant mutants
were obtained by selection on agar plates containing various concentrations of
ciprofloxacin (47). The strains used in the study, listed in Table 1, were grown on
7HI0 agar or in 7H9 liquid medium, each containing 10% ADC (albumin-
dextrose complex), 0.05% Tween, and 0.2% glycerol (18).

Susceptibility determinations. For determination of MICs, cells were grown to
mid-exponential phase, diluted to 10* to 10> CFU/ml in tubes containing fluo-
roquinolone or quinazolinedione, and incubated at 37°C for 2 days with shaking.
Growth was determined by visual inspection, and the lowest quinolone or dione
concentration that blocked growth was taken as the MIC. The MIC for popula-
tion analysis was determined by inhibition of colony formation on drug-contain-
ing agar; MICyy was defined as the drug concentration that blocked the forma-
tion of 99% of the colonies.

Lethal activity was assessed by incubation of exponentially growing bacteria in
liquid cultures with either dione or fluoroquinolone for the times and at the
concentrations indicated in the figures. Incubation was followed by dilution and
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enumeration of CFU by plating on drug-free 7H10 agar. Bacterial survival was
expressed as a fraction of the CFU present at the time of drug addition.

Population analysis profiles. Population analysis was performed as described
previously (47). Briefly, a series of agar plates was prepared in which the con-
centration of the dione UINGS5-207 or the cognate fluoroquinolone (UINGS5-
249) varied over a broad range. Wild-type M. smegmatis (isolate KD1163), grown
to stationary phase in liquid medium, was applied to each plate in amounts that
allowed a small number of colonies to form. These putative mutants were
counted to obtain a preliminary score; the colonies were transferred to drug-free
agar for a second round of growth; and then the colonies were transferred to agar
containing the drug at the same concentration used initially for selection. Clones
that showed growth of separated, individual colonies on drug-containing plates
after transfer were scored as resistant mutants and were used to correct the
preliminary score.

Fluoroquinolones and diones. Ciprofloxacin, moxifloxacin, and Bay y 3114
were obtained from Bayer AG (West Haven, CT). PD160793 was a generous gift
from John Domagala, Parke-Davis Division of Pfizer Corp. (Ann Arbor MI).
PD161148 and additional 8-methoxy quinolones, the 8-methyl- and 8-methoxy-
quinazoline-2,4-diones, and the pyrido[1,2-c]pyrimidine-1,3-dione were prepared
using methods described previously (3, 12, 20, 35, 41). All compounds were
dissolved to 10 mg/ml in either dimethyl sulfoxide (DMSO) (for diones) or 0.1 N
NaOH (for quinolones) prior to use.

Molecular modeling. Structures of fluoroquinolone/dione-DNA-topoisomer-
ase IV complexes were obtained from the Protein Data Bank (PDB) and were
displayed using WebLab ViewerLite. Modeling was performed by manual dock-
ing. Protein Data Bank accession numbers for individual structures are noted in
the figure legends.

RESULTS

Effect of dione structure on wild-type MIC. Since a C-8-
methoxy group improves fluoroquinolone activity with gyrase
resistance mutants (8, 25), we prepared a series of diones in
which all but one had a C-8-methoxy group (compound struc-
tures are shown in Fig. 1). With wild-type M. smegmatis, the
MIC:s of the diones were generally higher than those of com-
parable fluoroquinolones (Table 2 [compounds are arranged
according to their C-7 ring structures, diagramed in Fig. 1 and
represented by the letters a to d]). The higher MIC for diones
was expected, because these compounds are subject to efflux
(12, 17, 40), and with purified E. coli gyrase they exhibit lower
activity than fluoroquinolones (33). Addition of a 3-amine to a
2,4-dione lowered the MIC 4- to 10-fold, depending on the
structure of the C-7 ring, which is located at the other end of

Bayy 3114 (R1=2a, R2=H)

PD160793 (R1=b, R2 =H)

UING5-47 (R1=a, R2=0CH;) UING5-157 (R1 = a, R2 = OCH,3)
Moxifloxacin (R1 = a, R2 = OCH3) UING5-48 (R1=b, R2=0CH;) UING5-209 (R1=b, R2 = 0OCHjs)

UING5-63 (R1 = ¢, R2 = OCH,3)

UIJR1-100 (R1 = d)

UING5-159 (R1 = ¢, R2 = OCHj3)

PD161148 (R1=b, R2=0CH;3) UING5-200 (R1 =d, R2 = OCH3) UING5-207 (R1=d, R2 = OCHj3)

UING5-248 (R1 = ¢, R2 = OCHj)
UING5-249 (R1 =d, R2 = OCHj)

UIJR-048 (R1 =d, R2 = CH,)

FIG. 1. Structures of diones and fluoroquinolones used in this study. The numbering system for core atoms of dione and quinolone structures

is shown in the fluoroquinolone structure on the lower left.
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TABLE 2. MICs of quinolones and diones against wild-type M. smegmatis

MIC (pg/ml)°

Line Compound Compound type* C-7 group”

no. wt G89C mutant A91V mutant DYSY mutant
1 UINGS-47 C-8-OMe 2,4-dione Rl=a 100 = 11.8 50 £ 11.8 200 =0 400 =0

2 UINGS5-157 C-8-OMe 3-amino 2,4-dione Rl=a 125 +35 6.25 2.7 50+0 100 =0

3 Bayy 3114 C-8-H fluoroquinolone Rl=a 0.031 =0 2+0.24 05+0 0.5 +0.06
4 Moxifloxacin C-8-OMe fluoroquinolone Rl=a 0.062 =0 2x0.12 0.25 = 0.06 025 *0

5 UINGS5-48 C-8-OMe 2,4-dione R1=0b 100 = 11.8 2000 200 = 24 200 = 24
6 UINGS5-209 C-8-OMe 3-amino 2,4-dione R1=b 10+1.2 10x1.2 5*0.65 1012
7 PD160793 C-8-H fluoroquinolone R1=Db 0.062 £ 0 4x09 0.5 = 0.06 2+0.5
8 PD161148 C-8-OMe fluoroquinolone R1=b 0.031 0 0.5 +0.24 0.25 = 0.12 0.5*+0.24
9 UINGS5-63 C-8-OMe 2,4-dione Rl=c 50 £6.5 200 = 24 200 = 24 200 £ 0
10 UINGS5-159 C-8-OMe 3-amino 2,4-dione Rl=¢ 125 +35 625+ 1.2 25 4.7 25 4.7
11 UINGS5-248 C-8-OMe fluoroquinolone Rl=c 0125 x0 4+09 1x0.12 2+0
12 UINGS5-200 C-8-OMe 2,4-dione R1=d 25 +6.5 25+ 6.5 50+0 100 = 11.8
13 UINGS-207 C-8-OMe 3-amino 2,4-dione R1=d 5+12 25*0 S5+12 5+12
14 UIJR1-100 C-8-OMe 1,3-dione R1=d 5+0 25*0 10 =11 40 £ 9.4
15 UIJR-048 C-8-Me 3-amino-2,4-dione R1=d 0.625 £ 0.12 0.156 = 0.01 0.625 =0 25*0.12
16 UINGS5-249 C-8-OMe fluoroquinolone R1=d 0.062 =0 1+023 0.125 = 0.01 0.125 = 0.01

“ OMe, methoxy; Me, methyl.
® For the structures represented by the letters a, b, ¢, and d, see Fig. 1.

¢ Values are averages * standard deviations. Where the standard deviation is zero, at least three replicates had identical values. wt, wild type.

the molecule (Table 2; compare MICs for the wild type in lines
1 and 2, lines 5 and 6, lines 9 and 10, and lines 12 and 13). A
1,3-dione (2-amino-pyrido[1,2-c]pyrimidine-1,3-dione; UIJR1-
100) had about the same bacteriostatic activity as its cognate
3-amino-2,4-dione (UINGS5-207) (Table 2); changing the
8-methoxy group to an 8-methyl group lowered the dione MIC
about 8-fold (Table 2, UING5-207 versus UIJR-048). Thus,
ways exist to alter the bacteriostatic activity of diones against
wild-type cells.

Effects of quinolone and quinazoline-2,4-dione structures on
antimutant activity. To relate drug structure to inhibition of
mutant growth, several fluoroquinolones and diones were com-
pared for their abilities to block the growth of a set of other-
wise isogenic gyr4 mutants. In this assay, activity data are
expressed as the ratio of the MIC for the mutant to the MIC
with the wild type (antimutant activity). The C-8-methoxy
group of moxifloxacin lowered this ratio by a factor of 2, as
seen in a comparison with the C-8-H compound Bay y 3114
(Fig. 2A). Two corresponding 2,4-diones (UING5-47 and
UINGS5-157), each of which has a C-8-methoxy group and the
same C-7 ring system as moxifloxacin, lowered the ratio even
more (Fig. 2A). A similar phenomenon was observed when the
compounds contained an ethyl-substituted piperazinyl ring at-
tached to position C-7 (Fig. 2B). These data illustrate the
general effect of the C-8-methoxy group and the 2,4-dione
structure on antimutant activity.

Since pilot studies and work with E. coli (12) have indicated
that the 2,4-dione UINGS5-207 had a particularly low ratio of
the MIC for the mutant to the MIC with the wild type, we
conducted several additional comparisons among derivatives
of this compound. First, a 1,3-dione (UIJR1-100) was found to
be less active than UING5-207 by the antimutant activity test
(Fig. 2C). Reduced antimutant activity was also seen with an
8-methyl-2,4-dione derivative (UIJR-048) and with a 2,4-dione
lacking a 3-amino group (UINGS5-200). A change in the C-7
ring system from an aminomethyl-substituted pyrrolidine
group (UINGS5-207) to the amino pyrrolidine substituent
(UINGS5-159) generated only slightly less antimutant activity.

These data indicate that M. smegmatis UINGS5-207 has the best
antimutant activity of the compounds tested.

The set of compounds related to UINGS5-207 was especially
active with the GyrA G89C substitution (Fig. 2). Indeed, for
eight diones, the MIC with this mutant was at or below the
MIC with the wild type (Table 2; Fig. 2). In contrast, the
cognate fluoroquinolones were more active with the A91V and
D95Y mutants than with the G89C mutant relative to wild-type
cells (Table 2; Fig. 2). The preference was readily seen when
the ratios of the MIC for C89 to the MIC for Y95 were
compared (Table 3). Three diones were outliers: UING5-48,
UINGS5-63, and UINGS5-209 failed to show greater activity with
the G89C variant (Table 3). UINGS5-48 and UINGS5-63 dif-
fered from the other two 2,4-diones (UING5-47 and UINGS5-
200) only in the C-7 ring structure; UING5-209 also differed
from its cognate 3-amino-2,4-diones only in the C-7 ring struc-
ture. These results indicate that C-7 substituents can affect
binding interactions with GyrA in the 89-t0-95 region of helix
IV, which is far from the C-7 position in published X-ray
structures of related compounds (2, 21, 22, 43).

Effect of 2,4-dione on selection of resistant mutants. Popu-
lation analysis was performed with M. smegmatis to assess the
selection of resistant mutants by the 3-amino-2,4-dione
UINGS5-207. Wild-type cells were grown to stationary phase
and were applied to agar plates containing various concentra-
tions of either UINGS5-207 or its cognate fluoroquinolone,
UINGS5-249. After incubation of agar plates, colonies were
counted and retested for susceptibility to the selecting com-
pound. The fraction of cells recovered as mutants was then
expressed as a function of the MIC,, (Fig. 3). The point at
which extrapolation of each population analysis profile in-
tersected the dashed line in Fig. 3 (unlabeled arrows) was
taken to be the mutant prevention concentration (MPC,
defined empirically as the drug concentration at which the
fraction of colonies recovered is less than 1 in 10 [9]).
Population analysis profiles were similar at the low drug
concentrations expected to select nongyrase mutants (47),
while the 3-amino-2,4-dione was more restrictive at the
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FIG. 2. Activities of fluoroquinolones and diones against M. smeg-
matis mutants. The MICs of each compound with wild-type M. smeg-
matis and three GyrA variants, KD2008 (G89C) (shaded bars),
KD1987 (A91V) (filled bars), and KD1991 (D95Y) (open bars), were
determined. Then the ratio of the MIC with the mutant to the MIC
with the wild type was calculated. Compounds are grouped in panels
according to the C-7 ring structure. (A) Compounds in the moxifloxa-
cin series (R1 = a); (B) compounds in the PD161148 series (R1 = b);
(C) compounds in the UINGS5-207 series (R1 = d, except for UINGS-
159). Similar results were obtained in replicate experiments.

higher drug concentrations where gyrase mutants are known
to be selected by fluoroquinolones (47). Thus, the results of
population analysis at high drug concentrations are consis-
tent with the antimutant activity measured with known gy-
rase resistance mutants. This observation supports the idea
that the ability of a compound to block the growth of known
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TABLE 3. Effect of C-7 ring structure on activity with G89C and
D95Y GyrA variants of M. smegmatis

Conmap;;):nd Compound type* C-7 group” (1;/[91891' 5‘%):-
Moxifloxacin Fluoroquinolone a 8
PD161148 Fluoroquinolone b 1
UINGS5-248 Fluoroquinolone c 2
UINGS5-249 Fluoroquinolone d 8
UINGS5-47 2,4-Dione a 0.125
UINGS5-48 2,4-Dione b 1
UINGS-63 2,4-Dione c 1
UINGS5-200 2,4-Dione d 0.25
UINGS-157 3-NH,-2,4-dione a 0.062
UINGS5-209 3-NH,-2,4-dione b 1
UINGS5-159 3-NH,-2,4-dione c 0.2
UINGS-207 3-NH,-2,4-dione d 0.5
UIJR1-100 1,3-Dione d 0.062
UIJR-048 8-Me-2,4-dione d 0.062

“ 8-Methoxy except for UIJR-048. Me, methyl.

? The C-7 ring structures represented by the letters a through d are diagramed
in Fig. 1.

¢ Ratio of the MIC for the G89C mutant to that for the D95Y mutant.

mutants parallels its ability to restrict the growth of unde-
fined mutant subpopulations.

Effect of 2,4-dione structure on lethal activity. In previous
work with E. coli, we found that a 3-amino-2,4-dione (UINGS5-
207) exhibits the same rapid killing as its cognate fluoroquin-
olone when drug concentrations are normalized to MIC (12).
Killing was also observed when exponentially growing M. smeg-
matis was treated with various concentrations of UING5-207
for 18 h (Fig. 4A, open circles). Indeed, the compound killed
cells with the same concentration dependence observed for the
cognate fluoroquinolone (compare open circles in Fig. 4A

MIC
g | 99
S 102}
> H
g O l
e 4 e Ha A
D 1 0 fluoroquinolone
TH | UING5-249
(&)
b~ 61
S 10 .
g L F
= 8 N N
o 1071 i
E K HC” A
L r 2,4-dione
10 UING5-207 : /
10 ; ;

[drug] (X MIC)

FIG. 3. Effect of the dione versus quinolone core structure on mu-
tant subpopulation enrichment. Wild-type M. smegmatis was grown to
stationary phase and was then applied to agar plates containing the
indicated concentrations of the 2,4-dione UINGS5-207 (open circles) or
the cognate fluoroquinolone UINGS5-249 (filled circles) as a function
of the drug concentration that blocks colony formation for 99% of the
CFU in the culture (MICyy). The fraction of mutant cells recovered
was determined as described in Materials and Methods. Unlabeled
arrows indicate the MPC/MIC,, ratio. Similar results were obtained in
replicate experiments; the average MPC/MIC,, ratio = standard de-
viation was 20 * 3.3 for UING5-249 and 6 * 1.6 for UINGS5-207.
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FIG. 4. Effect of the dione versus quinolone core structure on le-
thal action against M. smegmatis. Growing cultures of wild-type M.
smegmatis were either left untreated (open circles) or treated with
chloramphenicol at 20 pg/ml (filled circles) for 1 h and were then
exposed to the indicated concentrations of a 2,4-dione (UINGS5-207)
(A), a fluoroquinolone (UINGS5-249) (B), or moxifloxacin (C). After
18 h, cultures were assayed for viable colony numbers for the deter-
mination of the percentage of survival. Similar results were obtained in
replicate experiments.

with those in Fig. 4B); moxifloxacin was about 3-fold more
lethal when the 99% lethal dose (LDgyy) was compared (Fig.
4C).

Earlier work with killing by quinolones revealed that only a
subset of quinolone-class agents can kill cells when protein
synthesis is blocked (15, 26, 28). With E. coli and mycobacteria,
the ability of fluoroquinolones to kill cells in the presence of
chloramphenicol, an inhibitor of protein synthesis, depends on
the structure of the C-7 substituent (26, 29, 31). This phenom-
enon was also observed in the present work: the lethal activity
of the fluoroquinolone UING5-249 was blocked by chloram-
phenicol, while that of moxifloxacin was not (Fig. 4B and C).
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GyrB/ParE

Helix 111

FIG. 5. Fluoroquinolone/dione-gyrase/topoisomerase IV-DNA com-
plex. The structure of moxifloxacin bound to Acinetobacter baumannii
topoisomerase IV was taken from Protein Data Bank access code
2XKK to show how the quinolones orient on type II topoisomerases
while intercalating into DNA. Moxifloxacin is shown as a space-filling
model. The C-7 ring system is at the upper end of each of the two
moxifloxacin molecules; the carboxyl moiety is at the lower end, near
GyrA helix IV.

These compounds differ only in the structure of their C-7 ring
systems. The lethal activity of UING5-207 was inhibited by
chloramphenicol to a lesser extent than that observed with the
fluoroquinolone (compare Fig. 4A and B). Thus, the core ring
systems (2,4-dione versus 3-carboxylate-substituted quinolone)
also affect lethal action in the absence of protein synthesis.

Modeling of 2,4-dione binding to gyrase and DNA. Several
X-ray crystal structures in which gyrase or topoisomerase IV is
complexed to DNA and a fluoroquinolone or dione (2, 21, 22,
43) serve as the only available models for M. smegmatis gyrase-
drug-DNA interactions (type II topoisomerase structures are
very similar). In the X-ray structures, the fluoroquinolone and
dione cores intercalate into DNA at the sites of nicks. The C-7
substituents extend into the GyrB/ParE region of gyrase/topo-
isomerase IV, and the 3-carboxylate/dione ends of the drugs
point toward a-helix IV of GyrA/ParC (Fig. 5), where the
major fluoroquinolone resistance substitutions are located.
The 4-keto and 3-carboxylate groups of the fluoroquinolone
coordinate Mg®* and form a water-mediated binding contact
with an aspartic acid of GyrA (amino acid 95 in M. smegmatis
[Fig. 6A]). The carboxylate group also forms a hydrogen bond
and a salt bridge with Arg-129. In many bacteria, the amino
acid at the position equivalent to 91 in M. smegmatis is serine,
which can form hydrogen bonds with the fluoroquinolone
3-carboxylate (43). In M. smegmatis, amino acid 91 is alanine,
a hydrophobic amino acid that does not form hydrogen bonds.
This alanine lowers the fluoroquinolone susceptibility of M.
smegmatis and many other mycobacterial species (13, 14), pre-
sumably because of the loss of this drug-topoisomerase hydro-
gen bond.
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FIG. 6. Models of quinolone- and dione-topoisomerase-DNA complexes derived from published X-ray structures. In all cases amino acids are
numbered according to the M. smegmatis gyrase numbering scheme for consistency with the text; data are from structures obtained with
topoisomerase IV. (A) X-ray structure (access code 2XKK) of a fluoroquinolone (moxifloxacin) bound to a cleaved DNA type II topoisomerase
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The X-ray structure of a 3-amino-2,4-dione complexed with
DNA and S. pneumoniae topoisomerase IV shows the dione
oriented in the same way as that seen for fluoroquinolones
(20). Diones lack a 3-carboxyl group and do not coordinate
Mg** (34) (Fig. 6B); consequently, there is no bridging contact
with D95 and no need for Mg>* to mitigate carboxylate-car-
boxylate repulsion. Thus, dione activity is not as sensitive as
fluoroquinolone activity to substitutions for the negatively
charged amino acid at position 95. The dione is also shifted
away from GyrA helix IV by about 1.5 A (Fig. 6C), which
would make diones less sensitive to the steric effects of resis-
tance substitutions in helix IV. Moreover, modeling suggests
that the 3-amino diones can form a hydrogen bond network
with Arg-129 of GyrA (Fig. 6B). Variants at position 129 are
expected to be highly resistant to diones based on this model
(Fig. 6B); however, such variants are unlikely to be viable, due
to the involvement of Arg-129 in the gyrase catalytic reaction
(24, 32, 37). Thus, the formation of a key contact between
diones and Arg-129, an amino acid that cannot be altered
without affecting cell viability, may be a significant factor in
antimutant activity.

The substitution of cysteine at position 89, which strongly
reduces susceptibility to fluoroquinolones (Fig. 2), is expected
to contribute a hydrophobic environment near the 3-carbox-
ylate of fluoroquinolones and a steric clash with Arg-129 (Fig.
6D) (the latter would disrupt interactions of Arg-129 with the
fluoroquinolone carboxylate group). The X-ray structure of
fluoroquinolone complexed with topoisomerase IV and DNA
also shows a gap of about 1 A between the fluoroquinolone and
the helix I'V surface. If the comparable region of M. smegmatis
gyrase were filled by fluoroquinolone, a substitution of cysteine
at position 89 would clash with the fluoroquinolone carbox-
ylate (Fig. 6D).

Manual docking of the dione UING5-207 with topoisomer-
ase IV modeled to contain resistance substitutions (Fig. 6E)
shows the absence of the steric clash between Cys-89 and
Arg-129 that is present in comparable fluoroquinolone-con-
taining complexes (the orientation of Arg-129 is altered by an
interaction with the dione 2-oxo group [compare Fig. 6E and
D]). This factor could contribute to the absence of protection
against the dione by the 89-Cys substitution. Manual docking
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also suggests that the 89-Cys substitution might favor the Arg-
129 orientation seen in dione-containing complexes, which
could contribute to greater activity of diones against this mu-
tant than against wild-type cells. The dione 3-amino group
would also improve the fit between the dione and helix 1V,
which would explain the lower MIC for 3-amino diones than
for 3-H diones (Table 2). The hydrogen bond formed by the
3-amino group and the flanking DNA base of the bottom
strand would explain differences in nucleotide sequence pref-
erence between diones and fluoroquinolones when cleavage is
catalyzed by S. pneumoniae gyrase (34).

Manual docking also showed that fluoroquinolones and di-
ones differ in the interaction of their C-7 rings with GyrB/ParE.
The insets in Fig. 6 show that the dione interacts more closely
than the fluoroquinolone with Arg-482 and Glu-501. This ex-
plains the greater effect of these amino acid substitutions on
dione MICs than on fluoroquinolone MICs (34). Since the C-7
rings are far from GyrA helix IV in the X-ray structures, the
current models do not easily explain the influence of the C-7
ring structure on the MIC of an 89C variant relative to a 95Y
variant that was observed for some diones (Table 3). C-7 ring
structure may have effects on binding that are not reflected by
the static nature of the X-ray structures.

DISCUSSION

The work described above probed drug-gyrase interactions
with M. smegmatis using structural variations in GyrA, fluoro-
quinolones, and quinazolinediones. To examine relationships
between drugs and gyrase structures for possible differences in
interactions, the MIC for each drug was measured with three
grA mutants and was normalized to the wild-type MIC. The
ratio of the MIC for the mutant to the MIC for the wild type
was lower for all diones tested than for their cognate fluoro-
quinolones (Fig. 2). This general result is consistent with the
observation that fluoroquinolones and diones select different
resistance mutations (34) and is largely explained by models of
fluoroquinolone- and dione-topoisomerase-DNA complexes
derived from X-ray analyses (2, 21, 22, 43). Since the MICs of
the diones for M. smegmatis (Table 2) and M. tuberculosis (data
not shown) were high, considerable refinement will likely be

complex. ParE/GyrB residue T500 and ParC/GyrA residues A91 and D95 have been modeled into the structure according to the amino acid
sequence of M. smegmatis GyrA. The C-7 ring system interacts with ParE/GyrB as shown in the inset. The 3-carboxyl and 4-oxo groups interact
with ParC/GyrA, particularly with D-95 through hydrogen bonding with Mg?*-coordinated water and with R-129 through hydrogen bonding and
electrostatic attraction. Data are for Acinetobacter baumannii topoisomerase IV and are taken from reference 43. (Insets) Positioning of
ParE/GyrB amino acids with respect to the C-7 group of moxifloxacin (top) (43) or its counterpart in the 2,4-dione PD0305970 (taken from
reference 21 and modeled onto moxifloxacin). (B) X-ray structure of a 2,4-dione (PD0305970) interacting with type II topoisomerase and DNA.
The C-7 ring system interacts with ParE/GyrB, while the N-3 amino and C-2 oxygen form hydrogen bonds with R-129. Data are for Streptococcus
pneumoniae topoisomerase IV (PDB access code 3LTN) and are taken from reference 21. (Inset) Positioning of ParE/GyrB amino acids with the
C-7 ring system. (C) Superposition of a fluoroquinolone (FQ) and a 3-amino-2,4-dione in drug-topoisomerase IV-DNA complexes. Positions are
shown for moxifloxacin (PDB access code 2XKK) and PD0305970 (PDB access code 3LTN). (D) Proposed effects of three resistance substitutions
on the fluoroquinolone-topoisomerase interaction. For illustrative purposes, three amino acid substitutions (G89C, A91V, and D95Y) are shown
in the same figure as space-filling models along with moxifloxacin as shown in panel A. Y95 eliminates Mg?* coordination with C-3 carboxylate;
VO1 increases the hydrophobicity around the fluoroquinolone carboxylate; and C89 causes R-129 to rotate, possibly disrupting the carboxyl-
arginine hydrogen bond (shown as a red dotted line) and salt bridge. (E) Proposed effects of three resistance substitutions on the dione-
topoisomerase interaction. For illustrative purposes, all three amino acid substitutions (G89C, A91V, and D95Y) are shown in the same figure as
space-filling models along with PD0305970. The 89C, 91V, and 95Y substitutions do not interfere with interactions between the dione and the
enzyme. (F) Comparison of interactions between ParC/GyrA helix IV and diones. 3-Amino-2,4-dione (left) and 2,4-dione (right) are shown as
space-filling models interacting with helix IV of topoisomerase 1V, also as a space-filling model (PDB access code 3LTN). The 3-amino dione has
an extra hydrogen bond with R-129 and fits more closely with helix IV.
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required to make diones into clinically useful agents. However,
comparisons between diones and fluoroquinolones provide
support for the mutant selection window hypothesis (Fig. 2 and
3) and the biological relevance of the reported X-ray struc-
tures.

In the X-ray structures, the 3-carboxyl group of fluoroquino-
lones points toward GyrA/ParC helix IV, and the C-7 ring
system of the drugs points into the GyrB/ParE region (Fig. 5).
Resistance substitutions, such as A91V and D95Y, are ex-
pected to interfere with fluoroquinolone binding by loss of
magnesium coordination and by steric hindrance. Diones lack
a 3-carboxylate group and do not orient within the complex as
closely to GyrA helix IV as cognate fluoroquinolones. These
observations explain why 2,4-diones are not as active as cog-
nate fluoroquinolones when inhibition of purified gyrase or
topoisomerase IV activity is examined (2- to 20-fold difference
with E. coli and S. aureus enzymes [33]). However, 2,4-dione
activity with purified gyrase is not reduced as much as fluoro-
quinolone activity by fluoroquinolone-resistant substitutions in
helix IV of GyrA (33). In the present work, the GyrA G89C
substitution raised MICs for fluoroquinolones, while for many
diones it lowered MICs, in some cases below the level with the
wild type (Table 2; Fig. 2). The effects of the 89C substitution
are explained by differences in fluoroquinolone and dione in-
teractions near the N terminus of helix IV. The absence of this
effect with E. coli (12) probably arises from differences in the
structures of E. coli and mycobacterial GyrA in the region
immediately around the position equivalent to 89 (42).

Among the diones tested, the 8-methyl-2,4-dione (UIJR-
048) had the lowest MIC for wild-type cells, an observation
consistent with previous work showing that an 8-methyl moiety
typically imparts a lower MIC for the wild type than an 8-
methoxy group with several Gram-positive and Gram-negative
organisms (11, 40). One likely explanation for this phenome-
non is that 8-methyl diones fit better in the nicked DNA site of
ternary complexes, perhaps because the methyl group at posi-
tion 8 orients in the plane of the core ring system. In contrast,
an 8-methoxy group sticks out of the plane of the core ring
system, where it might interfere with intercalation into the
nicked site. We are working to make cognate 8-methyl fluoro-
quinolones in order to test this possible difference in complex
binding with quinolones.

The activity of the 8-methoxy dione UINGS5-207 was less
sensitive than that of the 8-methyl derivative (UIJR-048) to
some resistance mutations when data were normalized to wild-
type activity (Fig. 2C). This difference suggests that a more
intimate fit with gyrase and/or DNA might lower the absolute
MIC for the methyl derivative but raise its sensitivity to struc-
tural changes caused by resistance mutations. Thus, MICs for
wild-type cells and for resistant mutants may reflect divergent
structure-function activities. Indeed, in all cases examined,
fluoroquinolones exhibited a lower MIC for wild-type cells
(Table 2), but the cognate diones had a lower ratio of mutant
MIC to wild-type MIC (Fig. 2). Consequently, simply making a
more potent antimicrobial (lowering the MIC) will not neces-
sarily produce agents that are more effective at restricting the
emergence of resistance. In fact, a very potent drug with high-
affinity binding to gyrase via a very intimate lock-and-key fit
will likely be hypersusceptible to resistance mutations. To
achieve good antimutant activity concurrent with a low MIC
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for the wild type, diones and quinolones may need to have
increased binding with the nicked DNA moiety in the drug-
enzyme-DNA complexes, and/or they may need to maintain
bridging capabilities to GyrA helix IV residues in spite of
resistance substitutions. Another possibility is to form binding
contacts with functionally required amino acids that cannot be
sites of resistance mutation (e.g., R-129). Testing of these ideas
requires biochemical studies with purified wild-type and mu-
tant gyrases to eliminate possible differences among com-
pounds with respect to efflux, uptake, and nonspecific interac-
tions with other cellular proteins.

The effects of the C-7 ring structure on the activities of
diones and fluoroquinolones against bacteria with resistance
substitutions in GyrA helix IV are not readily explained by
structural models of drug-topoisomerase-DNA complexes, be-
cause the C-7 rings point toward GyrB/ParE, not GyrA/ParC
(Fig. 5). In the present work, the ratio of the MIC for the 89C
mutant to the MIC for the 85Y mutant differed among both
fluoroquinolones and 2,4-diones in which the only structural
differences were in the C-7 ring structure (Table 3). C-7 ring
effects were also observed in earlier work with M. smegmatis:
an 89C substitution raised the MIC more for a fluoroquinolone
that had an N-ethyl on its C-7 piperazinyl ring than for a
C-ethyl derivative (39). Explaining C-7 ring effects may require
postulating an additional step in drug binding that places the
C-7 ring close to amino acid 89, perhaps as part of drug binding
that occurs prior to DNA cleavage (7, 19). C-7 structure may
also affect drug intercalation into the nicked site of DNA,
possibly altering the distance between the drug and helix IV.
Regardless of the explanation, it is clear that currently avail-
able X-ray structures fail to explain C-7 ring effects or the
2-step nature of complex formation (7, 19).

The different lethal effects of various fluoroquinolones and
diones also remain unexplained by models describing ternary
complexes. For killing, the structure of the C-7 ring is partic-
ularly important, especially when protein synthesis is blocked
by chloramphenicol (26, 30, 31). In the present work, this
phenomenon was seen when the lethal effects of UING5-249
and moxifloxacin were compared (Fig. 4). Surprisingly, a dione
eliminated most of the inhibitory effect of chloramphenicol
(Fig. 4). Thus, the dione/carboxyl end of the compounds may
also be important for killing nongrowing cells. Rapid killing,
which requires higher drug concentrations than ternary com-
plex formation, correlates with chromosome fragmentation (5,
31). A current problem is to understand how the drug binding
seen in X-ray structures leads to chromosome fragmentation.
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