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We investigated how cyclothialidine (Ro 09-1437), a novel DNA gyrase inhibitor belonging to a new chemical
class of compounds, acts to inhibit Escherichia coli DNA gyrase. Cyclothialidine up to 100 ,ug/ml showed no
effect on DNA gyrase when linear DNA was used as a substrate. Under the same conditions, quinolones, which
inhibit the resealing reaction of DNA gyrase, caused a decrease in the amount of linear DNA used. No effect
of cyclothialidine was observed on the accumulation of the covalent complex ofDNA and the A subunit ofDNA
gyrase induced by ofloxacin in the absence of ATP. The effect of cyclothialidine on the DNA supercoiling
reaction was antagonized by ATP, reducing the inhibitory activity 11-fold as the ATP concentration was
increased from 0.5 to 5 mM. Cyclothialidine competitively inhibited the ATPase activity of DNA gyrase (Ki =
6 nM). The binding of [14C]benzoyl-cyclothialidine to E. coli gyrase was inhibited by ATP and novobiocin, but
not by ofloxacin. These results suggest that cyclothialidine acts by interfering with the ATPase activity of the
B subunit of DNA gyrase. Cyclothialidine was active against a DNA gyrase resistant to novobiocin, suggesting
that its precise site of action might be different from that of novobiocin.

DNA gyrase is a type II DNA topoisomerase that catalyzes
the negative supercoiling of DNA in prokaryotes. Its function
is essential to DNA replication, transcription, and bacterio-
phage X integrative recombination (for reviews, see references
6, 14, and 27). A large body of evidence indicates that topo-
isomerases, including DNA gyrase, are the targets of therapeu-
tically useful antibacterial and antitumor agents (5). The
enzyme from Escherichia coli consists of two subunits, A and B,
with molecular masses of 97,000 and 90,000 Da, respectively;
the active enzyme is an A2B2 tetramer complex. Mechanistic
studies have suggested that the following steps are involved in
the DNA supercoiling process. The enzyme binds to DNA and
forms a complex in which about 120 bp of DNA is wrapped
around a protein core. Both strands of the wrapped DNA are
then cleaved and covalent bonds are formed between the
protein and the DNA (cleavable complex). A segment ofDNA
is passed through this break, and probably through part of the
protein itself. Although gyrase requires the hydrolysis of ATP
for the supercoiling of DNA, in its absence gyrase can relax
negatively supercoiled DNA, albeit inefficiently. Replacement
of ATP by the nonhydrolyzable ATP analog 5'-adenylyl-P--y-
imidodiphosphate (ADPNP) results in limited supercoiling by
gyrase, suggesting that ATP binding can promote a single
round of supercoiling, but the hydrolysis step is required to
regenerate the enzyme in an active form (25).
DNA gyrase is the target of two classes of antibiotics: the

synthetic quinolones, typified by nalidixic acid and the new
fluoroquinolones, and the natural coumarins, such as novobio-
cin and coumermycin Al. Recently, three antibacterial agents,
cinodine, microcin, and clerocidin, which fall outside the
quinolone and coumarin classes have been reported to have
DNA gyrase as their target (15, 18, 28). The quinolones are
thought to act at the A subunit, probably by interfering with
the DNA-rejoining step of the gyrase-mediated DNA strand-
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passing reaction (7, 20-22, 26). The coumarins are thought to
act at the B subunit, probably by competing with ATP for
binding to the B subunit of the enzyme (1, 3, 4, 8, 25).
From our screening of natural products for DNA gyrase

inhibitors, we isolated a novel gyrase inhibitor, cyclothialidine,
from Streptomyces filipinensis NR0484 (29). Cyclothialidine
contains a unique 12-membered lactone ring that is partly
integrated into a pentapeptide chain (see Fig. 4) (10). Cy-
clothialidine potently inhibited DNA gyrases from several
bacterial species, including E. coli and Staphylococcus aureus,
with a high degree of selectivity (17). In the study described
here we investigated the mechanism by which cyclothialidine
inhibits DNA gyrase and compared its mode of action with
those of known DNA gyrase inhibitors, i.e., quinolones and
coumarin antibiotics.

MATERIALS AND METHODS

Materials. Cyclothialidine was purified from a culture broth
of S. filipinensis NR0484 and was shown to have >98% purity
by high-pressure liquid chromatographic (HPLC) analysis (10).
Novobiocin, coumermycin Al, distamycin A, ATP, ADPNP,
and adenosine-5'-O-,-thiotriphosphate (ATPyS) were pur-
chased from Sigma Chemical Company. Ofloxacin (Daiichi)
and ciprofloxacin (Bayer) were >98% pure. The restriction
endonuclease EcoRI was purchased from Takara Suzo Com-
pany.
DNA gyrase. Gyrase A and B subunits were purified sepa-

rately from gyrase A and B subunit overproducing E. coli
N4186 and MK47, respectively, by the method of Mizuuchi et
al. (16). After valine-Sepharose chromatography, the gyrase A
subunit-containing fraction contained minor amounts of gyrase
B subunit. Therefore, it was applied to a novobiocin-Sepharose
column as described by Staudenbauer and Orr (24), and the
flowthrough fraction was collected. The gyrase B subunit was
eluted from a hydroxylapatite column. Each sample was stored
in 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid)-KOH (pH 8.0) containing 1 mM dithiothreitol
(DTJ), 0.2 mM EDTA, and 50% (wttvol) ethylene glycol at
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-70°C. The purified A subunit was judged to be >90% pure by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis; similarly, the purified B subunit was >95% pure.

Gyrase activity was measured by a standard supercoiling assay

(19). One unit was defined as the minimum amount of
reconstituted gyrase that maximally supercoiled 0.5 jig of
relaxed ColEl DNA in 30 min at 30°C. The specific activities of
the A and B subunits were 6.4 x 105 and 1.2 x 105 U/mg,
respectively. Protein concentrations were determined by a

Bio-Rad protein assay by using bovine serum albumin as a

standard.
DNA gyrases for binding experiments and experiments with

resistant DNA gyrases. DNA gyrases were partially purified
from E. coli D110 (thyA end) (wild type), E. coli RK4429
[A(tonB-trp) Alac(U119) araD metE non gyrA rpsL btuB btuC
Zdh::TnS) (gyrA), and E. coli NBR2 (gyrB); E. coli NBR2 was

spontaneously isolated from an E. coli D110 strain showing
coumermycin Al resistance in coumermycin Al-containing
medium. Cells were lysed with lysozyme and Brij 58 as

described by Otter and Cozzarelli (19), and the lysates were

precipitated with ammonium sulfate. The 35 to 45% fraction
was dialyzed against buffer A (25 mM HEPES-KOH [pH 8.0],
1 mM DTT, 1 mM EDTA, 10% [wt/vol] ethylene glycol, 0.5
mM phenylmethylsulfonyl fluoride, 0.15 M KCl) and fraction-
ated by affinity column chromatography on novobiocin-Sepha-
rose (24). One unit was defined as the minimum amount of
gyrase that maximally supercoiled 0.5 jig of relaxed ColEl
DNA in 30 min at 30°C.
DNA. Supercoiled ColEl DNA was purified from E. coli Hfr

HS(ColEl/ColElr) by the alkaline lysis method (11) and was

centrifuged in cesium chloride density gradients. Relaxed
ColEl DNA was conveniently prepared by treating this puri-
fied supercoiled DNA with the topoisomerase in a crude
nuclear extract of rat liver in the presence of EDTA to inhibit
nucleases (2, 19). Linear ColEl DNA was prepared by cleav-
age with EcoRI according to the supplier's instructions. Bac-
teriophage A DNA was purchased from Bethesda Research
Laboratories and was then extracted with phenol and chloro-
form and precipitated with ethanol before use.

DNA rejoining assay. The DNA rejoining assay mixture (20
jil) contained 50 mM Tris-HCl (pH 8.0), 20 mM KCl, 10 mM
MgCl2, 2 mM DTT, 5 mM ATP, 5 mM spermidine * 3HCl, 50
jig of bovine serum albumin per ml, 17 fmol of EcoRI-
restricted linear ColEl DNA, and 5 U of reconstituted DNA
gyrase. This reaction mixture was incubated for 30 min at 30°C,
and then 2 jIl of 5.5% SDS and 1 mg of proteinase K per ml
were added to give final concentrations of 0.55% and 100
jig/ml, respectively. After incubation for an additional 30 min
at 30°C, the reaction was stopped by adding 4 jil of a solution
containing 37.5% (wt/vol) glycerol and 500 jig of bromophenol
blue per ml. The reaction mixture was immediately loaded
onto a 1% agarose gel and was electrophoresed. The amount
of linear ColEl DNA was quantitated by scanning the photo-
graphic negatives of the ethidium bromide-stained gels with a

Shimadzu densitometer (model CS-920).
DNA-gyrase cleavable complex assay in the presence of

ofloxacin. The drug-dependent effect was assayed by measur-

ing the DNA-gyrase cleavable complex formed by gyrase in the
presence of ofloxacin. The 20-jil reaction mixture contained 50
mM Tris-HCl (pH 8.0), 10 mM MgCl2, 20 mM KCl, 2 mM
DTT, 5 mM spermidine * 3HCl, 50 jig of bovine serum albumin
per ml, 125 jig of E. coli tRNA per ml, 0.5 jig of relaxed ColEl
DNA, 2 U of reconstituted DNA gyrase, and 100 jig of
ofloxacin per ml. The reaction mixture was incubated for 30
min at 30°C and was then loaded onto a 0.8% agarose gel and
electrophoresed.

DNA-supercoiling assay. The DNA-supercoiling assay for
DNA gyrase was performed as described elsewhere (17). The
formation of supercoiled ColEl DNA bands was analyzed by
using 0.8% agarose gels.
ATPase assay. [y-32P]ATP (specific activity, 6,000 Ci/mmol)

and [3H]glycine (specific activity, 18 Ci/mmol) were purchased
from Amersham. [-y-32P]ATPase was assayed by following the
method of Maxwell and Gellert (13). The ATPase reaction
mixtures contained 20 or 60 nM B subunit, a twofold molar
excess of the A subunit, 10 or 30 ,ug of linear bacteriophage X
DNA per ml, 0.05 to 25 mM ATP, [-y-32P]ATP (100 nCi), and
0.06 to 0.12 ,uM [3H]glycine (30 to 60 nCi) to normalize the
data and to compensate for pipetting errors in a buffer
containing 35 mM Tris-HCl (pH 7.6), 24 mM KCl, 6 mM
MgCl2, 1.8 mM spermidine, 0.27 mg of bovine serum albumin
per ml, 9 jig of E. coli tRNA per ml, 6.5% (wt/vol) ethylene
glycol, 5 mM DTT, and 10 mM potassium phosphate. Reaction
mixtures containing DNA gyrase were incubated for 30 min at
25°C prior to the addition of ATP and DNA. Samples of 30 RI
were withdrawn at various times and placed in 1 ml of an
ice-cold 16% (wt/vol) suspension of activated charcoal in
water, and the mixtures were left on ice with occasional
shaking for 10 min. Samples were then spun in a microcentri-
fuge for 10 min, 0.5 ml of the supernatant was withdrawn, and
the amounts of labelled phosphate and glycine were deter-
mined by scintillation counting. Less than 5% glycine and more
than 99.5% ATP bound to the activated charcoal. These
control experiments were done under the same conditions as
the assay but without cold ATP, DNA, and DNA gyrase. The
binding of Pi was prevented by the addition of 10 mM
potassium phosphate to the reaction buffer, and the measured
release of P1 was always less than 0.1 mM. Results were
calculated as the ratio of 32P/3H counts and were converted to
the percentage of ATP hydrolyzed by comparison with the
32P/3H ratio of an untreated reaction. Initial rates were deter-
mined from time points taken in the early part of the reaction
(<5% hydrolysis).

[14C]benzoyl-cyclothialidine. [14C]benzoyl-cyclothialidine
was prepared by the reaction of cyclothialidine with [14C]ben-
zoic acid (21.8 mCi/mmol) in the presence of N,N'-disuccin-
imidyl carbonate in acetonitrile-pyridine (1:1) and was found
to have >98% purity (see Fig. 4). The labelled compound had
a specific activity of 21.8 mCi/mmol. Its mobilities on thin-layer
chromatography (TLC) and HPLC were identical to those of
authentic benzoyl-cyclothialidine. Benzoyl-cyclothialidine has
almost the same inhibitory activity as cyclothialidine against E.
coli DNA gyrase (data not shown).

[14C]benzoyl-cyclothialidine-binding experiment. The bind-
ing of [14C]benzoyl-cyclothialidine was determined by a cen-
trifugal filtration method (21, 23). Centrifree micropartition
devices (Amicon no. 4103) were used to separate [14C]benzoyl-
cyclothialidine bound to DNA gyrase from the free ligand.
Reactions (reaction mixture, 400 jil) were carried out as
described above for the supercoiling assay, but without ATP,
and contained an appropriate amount of DNA gyrase and
radioactive ligand in standard buffer (50 mM Tris-HCl [pH
8.0], 20 mM KCl, 10 mM MgCl2, 1 mM EDTA, and 1 mM
DTT). After incubation for 30 min at 30°C, the mixtures were
transferred to the Centrifree devices and were centrifuged at
1,600 x g in a Kubota KR-180B (swinging bucket rotor) for 30
min at 4°C. The membrane disks and 0 rings of the Centrifree
devices were placed in vials with 1 ml of standard buffer. The
vials were shaken on a rotary shaker for 2 h to solubilize the
[14C]benzoyl-cyclothialidine. Then, 15 ml of liquid scintillator
{toluene-ethanol [1:1], 0.7% butyl-PBD [2-(4-tert-butylphe-
nyl)-5-(4"-biphenylyl)-1,3,4-oxadiazole]} was added to each
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vial to measure the radioactivity. To determine the nonspecific
ligand binding, the assay was run with excess cyclothialidine.
The amount of bound ligand was calculated after subtracting
the nonspecific bound radioactivity.

RESULTS

Cyclothialidine does not inhibit the rejoining step of DNA.
We investigated whether cyclothialidine acts similarly to the
quinolone drugs (Fig. 1). It is well established that quinolone
drugs such as ofloxacin inhibit the DNA-rejoining step of the
gyrase-mediated DNA strand-passing reaction (Fig. 1). The A
subunit is likely to be the site of action of quinolones because
it carries out the DNA breakage and rejoining steps. When
gyrase and DNA are incubated together in the presence of
ofloxacin, the so-called gyrase-DNA cleavable complex is
formed, which, after the addition of SDS, releases DNA that is
cleaved in both strands (19). To detect the release of cleaved
DNA from this cleavable complex easily, we used linear ColEl
DNA in place of relaxed ColEl DNA and then measured the
decrease in the amount of this linear ColEl DNA caused by
the drug. Ofloxacin at a concentration of 0.6 ,ug/ml resulted in
a 50% decrease in the amount of the linear DNA used,
whereas cyclothialidine, similar to novobiocin and coumermy-
cin Al at concentrations up to 100 p.g/ml caused no decrease
in the amount of linear DNA, indicating that under these
conditions, in which ofloxacin stabilizes the gyrase-DNA cleav-
able complex, cyclothialidine does not appear to do so. This
result was quite consistent with our previous findings (17) that
cyclothialidine does not produce the gyrase-DNA cleavable
complex like quinolones do in the DNA supercoiling assay.
Therefore, we concluded that the mode of action of cyclothia-
lidine as well as its structure are different from those of the
quinolones.

Cyclothialidine does not inhibit the DNA-binding or the

DNA-cutting step of DNA gyrase. We used the cleavable
complex assay to examine whether cyclothialidine inhibits the
DNA-cutting step or even DNA binding (Fig. 1). As described
above, quinolones such as ofloxacin arrest DNA gyrase at the
cleavage step, resulting in the accumulation of a ternary
complex of DNA, gyrase, and quinolone. If cyclothialidine
were to inhibit one of the previous steps, the amount of
cleavable complex formed in the presence of both cyclothiali-
dine and ofloxacin should be decreased. To simplify the
reaction, ATP was depleted from the assay mixture, and
distamycin A, a DNA-binding agent, was used as a reference
compound. Distamycin A inhibits gyrase in the DNA-super-
coiling reaction, with 50% inhibitory concentration (IC50) of 3
,ug/ml (data not shown). In the DNA cleavable complex assay
carried out in the presence of 100 ,ug of ofloxacin per ml,
distamycin A prevented the accumulation of cleavable com-
plexes. The formation of cleavable complexes was fully inhib-
ited at a concentration of 10 ,ug of distamycin A per ml (Fig. 2).
It is predicted that distamycin A probably inhibits the DNA
gyrase reaction at one of the initial steps, such as by preventing
DNA gyrase from binding to DNA or from moving to the
DNA-cutting sites. In contrast, the amount of cleavable com-
plex remained constant in the presence of another reference
compound, novobiocin, which is known to inhibit the ATPase
activity of gyrase, even when the concentration of novobiocin
was increased to 10 p.g/ml (IC50 in the DNA-supercoiling
reaction, 0.06 ,ug/ml). Cyclothialidine in the range from 0.2 to
10 ,ug/ml also showed no effect on the accumulation of the
cleavable complex (IC50 in the DNA-supercoiling reaction,
0.03 ,ug/ml) (17). Thus, we conclude that cyclothialidine inhib-
its neither the DNA-binding nor the DNA-cutting step of
DNA gyrase.
Antagonism with ATP in the DNA-supercoiling reaction.

DNA gyrase requires ATP for the DNA-supercoiling reaction,
and it is well established that the B subunit catalyzes the

1968 NAKADA ET AL.



CYCLOTHIALIDINE, A NOVEL DNA GYRASE INHIBITOR 1969

120 1 Al

0

0

0

IOc

20

0 2 4 6 8 10 12

Concentration (jg/mi )
FIG. 2. Effects of inhibitors on the formation of DNA-gyrase

cleavable complex in the presence of ofloxacin. Reactions were as
described in Materials and Methods, except for the addition of the
indicated amounts of cyclothialidine (0), novobiocin (0), or distamy-
cin A (O). The accumulation of the DNA-gyrase-cleavable complex
was quantitated as described in Materials and Methods for the
DNA-rejoining assay.

hydrolysis of ATP (19). Therefore, it is possible that cyclothia-
lidine inhibits the ATPase activity of gyrase. We did a prelim-
inary test to see whether cyclothialidine inhibition of the
DNA-supercoiling reaction was antagonized by ATP. When
the ATP concentration was increased from 0.5 to 5 mM, the
IC50s of the B-subunit inhibitor novobiocin increased 13-fold
(from an IC50 of 0.09 ,ug/ml in 0.5 mM ATP to an IC50 of 1.2
,zg/ml in 5 mM ATP). In contrast, with an A-subunit inhibitor,
ciprofloxacin, the IC50 was not affected so much, increasing
only 2.8-fold (from an IC50 of 0.40 ,ug/ml in 0.5 mM ATP to an
IC50 of 1.1 ,ug/ml in 5 mM ATP). The inhibitory activity of
cyclothialidine was also antagonized by ATP, showing an
11-fold increase in the IC50, from 0.048 ,ig/ml in 0.5 mM ATP
to 0.55 ,ug/ml in 5 mM ATP, which is similar to the result
obtained with novobiocin (Table 1).

Cyclothialidine is competitive with ATP. To study further
the ATP antagonism for cyclothialidine inhibition shown in
Table 1, we measured the ATPase activity of DNA gyrase. We
confirmed the results of Maxwell and Gellert (13), that the B
subunit alone has a very low level of ATPase activity which is
highly stimulated by the addition of the A subunit and DNA. In
our case we measured at least a 20-fold increase in the ATPase
activity (data not shown). If cyclothialidine simply prevents

TABLE 1. Effect of ATP on DNA-supercoiling inhibitory activity'

IC50 (p.g/ml) Ratio of IC50 in 5 mM
Compound 0.5 mM S mM ATP/IC50 in 0.5 mM

ATP ATP ATP

Cyclothialidine 0.048 0.55 11.5
Novobiocin 0.090 1.20 13.3
Ciprofloxacin 0.40 1.10 2.8

' DNA-supercoiling reactions were as described in Materials and Methods,
except that 0.5 pLg of relaxed ColEl DNA, 4 U of reconstituted DNA gyrase, 0.5
or 5 mM ATP, and several concentrations of cyclothialidine, novobiocin, and
ciprofloxacin were used. The IC50 is defined as the inhibitory concentration at
which the intensity of the supercoiled DNA band was half that of the control.

4.0 6.0
1/IS] (mM )

Lineweaver-Burk plot

FIG. 3. Competitive inhibition of the ATPase activity of E. coli
DNA gyrase by cyclothialidine. Reactions were as described in Mate-
rials and Methods. The ATPase reaction mixtures contained the
indicated amounts of ATP and no cyclothialidine (0), 10 nM cy-

clothialidine (0), 25 nM cyclothialidine (E), or 50 nM cyclothialidine
(U). After incubation at 25'C, samples were withdrawn at various
times and the release of 32p; was measured by scintillation counting.

ATP binding, it should be a competitive inhibitor, similar to
novobiocin and coumermycin Al. To test this hypothesis, we
measured the ATPase activity in the presence of different
concentrations of cyclothialidine. The intersection on the
ordinate of the family of lines in the Lineweaver-Burk plot in
Fig. 3 indicates that under steady-state conditions cyclothiali-
dine indeed seems to compete with ATP. The K1 value for
cyclothialidine derived from these ATPase data is 6 x 10-' M.
This value is comparable to the Ki values for the B-subunit
inhibitors novobiocin (1 x 10-8 M) and coumermycin Al (4.5
x 10' M) (25). Therefore, cyclothialidine is a B-subunit
inhibitor, similar to novobiocin and coumermycin Al. The
efficacies of cyclothialidine, novobiocin, and coumermycin Al
as inhibitors of the ATPase activity closely correlated with
their potencies in the DNA-supercoiling assay (17), implying
that the inhibition of DNA supercoiling, which includes the
whole DNA gyrase reaction process, resulted from the inhibi-
tion of the ATPase by the B-subunit inhibitors.

[14C]benzoyl-cyclothialidine binding to gyrase. To further
characterize the mechanism of cyclothialidine inhibition, we

examined the binding of [14C]benzoyl-cyclothialidine to E. coli
DNA gyrase. The structures of [14C]benzoyl-cyclothialidine
and cyclothialidine are shown in Fig. 4. The [14C]benzoyl-
cyclothialidine binding increased in proportion to the amount
of DNA gyrase added (data not shown). When a 250-fold
excess of unlabelled cyclothialidine was added, the amount of
[14C]benzoyl-cyclothialidine bound to DNA gyrase was de-
creased to a level at which it could hardly be detected (Fig. 5),
indicating that [14C]benzoyl-cyclothialidine binds reversibly to
DNA gyrase. This suggests that cyclothialidine also binds
reversibly to the DNA gyrase. However, the half-life of the
dissociation could not be exactly determined in this experi-
ment, because the membrane filtration step by centrifugation
took 30 min, although most of the reaction mixture passed
through the membrane in 10 min.
Then, we studied the effects of cyclothialidine, novobiocin,

Novoblocin

C

Dlstamycin A
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FIG. 4. Structures of cyclothialidine and [14C]benzoyl-cyclothialidine.

ATPyS, and ofloxacin on [14C]benzoyl-cyclothialidine binding.
Binding was inhibited by cyclothialidine, novobiocin, and
ATPyS, with IC50s of 1.1 X 10-7, 5.9 X 10-7, and 2.2 x 10-3
M, respectively, whereas ofloxacin did not inhibit binding at
concentrations of up to 1 x 10-1 M (Fig. 6A and B). From the
Scatchard analysis, [14C]benzoyl-cyclothialidine was found to
bind to DNA gyrase with a Kd value of 2.8 x 10-8 M, and the
binding capacity (Bm.) of approximately 1 pmollpmol of the B
subunit indicated that ['4C]benzoyl-cyclothialidine binds to the
B subunit in a one-to-one stoichiometric fashion (Fig. 7). A
similar Kd (1.8 x 10-9 M) and one-to-one stoichiometry were
also obtained with a highly purified enzyme. Moreover, in the
presence of novobiocin, the Bm. of ["4C]benzoyl-cyclothiali-
dine was invariant (17a), although the decreasing slope of the
Scatchard plot was dependent on the concentration of novo-
biocin.

Inhibitory activity against DNA gyrases isolated from resis-
tant gyrA and gyrB mutants of E. coli. To learn whether the
inhibition mechanism of cyclothialidine is the same as those of
other known gyrase inhibitors, we tested the inhibitory activity
of cyclothialidine against gyrases isolated from E. coli strains
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FIG. 5. Association and dissociation of [14C]benzoyl-cyclothiali-

dine binding to E. coli DNA gyrase. Experiments were performed as
described in Materials and Methods. Reaction mixtures contained 8.3
pmol of the A subunit, 25.5 pmol of the B subunit, and 1.3 x 10-7 M
[14C]benzoyl-cyclothialidine. The time course for [I4C]benzoyl-cy.
clothialidine binding to DNA gyrase was examined for up to 60 min.
After 30 min of incubation, one aliquot was withdrawn and a 250 times
excess of unlabelled cyclothialidine (1 mg/ml, 10 ,l) was added to the
reaction mixture, which was incubated for an additional 30 min.
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FIG. 6. Effects of inhibitors on [ 4C]benzoyl-cyclothialidine binding

to E. coli DNA gyrase. Experiments were performed as described in
Materials and Methods. Reaction mixtures contained 8.3 pmol of the
A subunit, 25.5 pmol of the B subunit, 1.3 x 10' M [14C]benzoyl-
cyclothialidine, and the indicated amounts of cyclothialidine (0) and
novobiocin (0) (A) or ATP-yS (U) and ofloxacin (A) (B). After 30 min
at 30°C, the levels of bound ["4C]benzoyl-cyclothialidine were deter-
mined by the centrifugal filtration method.
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FIG. 7. Scatchard analysis of [14C]benzoyl-cyclothialidine binding
to E. coli DNA gyrase. Reactions were as described in the legend to
Fig. 6 and Materials and Methods, except that 11 pmol of the A
subunit, 34 pmol of the B subunit, and 0.075 to 1 ,ug of [14C]benzoyl-
cyclothialidine per ml were added.

resistant to either quinolone (gyrA) or novobiocin (gyrB). The
gyrase from the gyrA mutant did not show resistance to
cyclothialidine, whereas it was 10-fold more resistant than the
wild-type gyrase to ofloxacin. Gyrase from the gyrB mutant was
inhibited by cyclothialidine as potently as the gyrase from the
parent strain was. However, the gyrB gyrase was 16-fold more
resistant than the wild-type gyrase to novobiocin and coumer-
mycin Al (Table 2). Because a mutation in the gyrB gene was
confirmed by the resistance of gyrB gyrase to the B-subunit
inhibitors novobiocin and coumermycin Al (17a), the precise
action site of cyclothialidine seems to be different from those
of the coumarin-type antibiotics.

DISCUSSION

Characterization of the mode of interaction of DNA gyrase
with the novel inhibitor cyclothialidine promises to yield
important information on the mechanism of DNA supercoil-
ing.
DNA replication directed from the oriC origin of E. coli was

inhibited by cyclothialidine (17). However, the activity of
cyclothialidine in the DNA replication assay was weaker than
its inhibitory activity against DNA gyrase (IC50 replication/
IC50 gyrase = 11.7). Because similar activity ratios were

observed with the B-subunit inhibitors novobiocin and coumer-

mycin Al but not with the A-subunit inhibitor ofloxacin, it
appeared that cyclothialidine might have a mode of action
similar to those of the coumarin-type drugs in attacking the B
subunit. The similarity of the mode of action of cyclothialidine
to the known B-subunit inhibitors was further reinforced by the
following four results. First, cyclothialidine did not interfere
with the DNA-rejoining reaction of DNA gyrase that is
inhibited by quinolones. Second, neither cyclothialidine nor

novobiocin affected the accumulation of DNA-gyrase com-

plexes produced by the action of ofloxacin (Fig. 2). Third, ATP
reversed the inhibitory activity of cyclothialidine and novobio-
cin in the DNA-supercoiling assay (Table 1). Finally, the
results of the ATPase assay with DNA gyrase indicate that
cyclothialidine may compete with ATP. Thus, it was shown that
cyclothialidine is a B-subunit inhibitor whose inhibitory mech-
anism is quite similar to those of the coumarin-type antibiotics.
However, two important differences were observed between
cyclothialidine and the coumarin-type antibiotics. First, cy-
clothialidine was much more selective than novobiocin and
coumermycin Al for the DNA gyrase (17). Cyclothialidine
inhibited E. coli DNA gyrase potently, with an IC50 of 0.03
,ug/ml; furthermore, cyclothialidine showed high selectivity
toward DNA gyrase in comparison with its inhibition of DNA
topoisomerases I and II of calf thymus, with IC50s of 1,700 and
1,900 ,ug/ml, respectively. However, novobiocin inhibited those
human topoisomerases with IC50s of 760 and 400 jig/ml,
respectively, and coumermycin Al inhibited them with IC50s of
39 and 75 ,ug/ml, respectively. This highly selective activity of
cyclothialidine was confirmed by the evaluation with two
nucleic acid polymerases, E. coli RNA polymerase and HeLa
DNA polymerase a. Cyclothialidine did not inhibit these two
enzymes (IC50s, greater than 1,000 ,ug/ml), while novobiocin
inhibited these enzymes with IC50s of 300 to 400 ,g/ml and
coumermycin Al inhibited them with IC50s of 20 to 40 ,ug/ml.
Second, despite its resemblance to novobiocin in its mecha-
nism of action, cyclothialidine was active against the DNA
gyrase isolated from a novobiocin-resistant E. coli gyrB mutant
(Table 2). These facts show that cyclothialidine is novel not
only in its structure but also in its mode of action.

[14C]benzoyl-cyclothialidine was shown to bind to DNA
gyrase in direct proportion to the gyrase concentration in the
absence of DNA. This was the first direct evidence that
cyclothialidine binds to the gyrase and that this binding site
could be distinguished from the nonspecific cyclothialidine-
binding sites on proteins and membranes. The association-
dissociation profile of [14C]benzoyl-cyclothialidine binding
showed that this binding is reversible (Fig. 5). Also, the results

TABLE 2. Inhibitory activity against DNA gyrases from wild-type and resistant E. coli strainsa

Relative ICIoo for gyrases from:

Compound ICioo (4Lg/ml) for Susceptible Nalidixic Novobiocin
wild-type gyrase (wild-type) acid-resistant resistant strain

strain strain (gyrA) (gyrB)

Cyclothialidine 3.13 1 1 1
A-subunit inhibitor, ofloxacin 50 1 10b 1
B-subunit inhibitors

Novobiocin 3.13 1 1 16
Coumermycin Al 3.13 1 1 16

a DNA-supercoiling reactions were as described in Materials and Methods, except that 0.5 pLg of relaxed ColEl DNA, 1 U of DNA gyrase prepared from each E.
coli strain, 5 mM ATP, and several concentrations of cyclothialidine, ofloxacin, novobiocin, and coumermycin Al were used. The IC1im is defined as the minimum
inhibitory concentration at which a supercoiled band of DNA completely disappeared from the agarose gel. The relative ICioo expresses the relative ratio of the IC100
for resistant gyrase to the IC1oo for wild-type gyrase when the IC100 for wild-type gyrase is set to 1.

b Ratio of IC50s.
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of the binding experiment strongly suggested that cyclothiali-
dine inhibits the binding ofATP to the enzyme and acts via the
B subunit. However, it is not yet known whether the binding of
[14C]benzoyl-cyclothialidine requires both subunits of the gy-
rase or only the B subunit, nor is it known whether it has an
effect on DNA. We are now investigating these aspects by
using a system of reconstituted E. coli gyrase subunits plus
DNA. The Kd value of 2.8 x 10-8 M for the binding of
[14C]benzoyl-cyclothialidine to the cyclothialidine-binding site
on gyrase is in good accord with the IC50 of 0.03 jig/ml (4.6 x
1V0 M) for the DNA-supercoiling activity of gyrase.
However, there are some differences between the Kd value

of 2.8 x 10-8 M for [14C]benzoyl-cyclothialidine and the K1
value of 6 x 10-9 M for cyclothialidine derived from the
ATPase data. The inhibition of the DNA-supercoiling activity
of gyrase by benzoyl-cyclothialidine is almost the same as that
by cyclothialidine. For the ATPase of E. coli DNA gyrase, it is
known that the ATPase activity is observed only in the
presence of DNA (13), indicating a change in affinity for ATP
by DNA. The differences between Kd and Ki might be resolved
if we did the binding experiments with a system of reconsti-
tuted gyrase plus DNA and clarified what the effects of the A
subunit and DNA on the binding are. It might be possible that
the affinity for cyclothialidine is also affected by the molecules
that constitute DNA gyrase activity.
Wigley et al. (30) reported that a 43-kDa N-terminal frag-

ment of the B subunit of the E. coli DNA gyrase comprising
positions 2 to 293 of the intact protein has been crystallized in
the presence of ADPNP. With the observed interactions
between ADPNP and the protein in the crystal structure, a lot
of structural information about the ATP-binding site has been
obtained, and these interactions also suggest that protein
dimerization is required to bind ATP. These observations have
important implications for the mechanism of supercoiling by
gyrase. del Castillo et al. (4) have previously reported that
three independent substitutions conferring resistance to
coumermycin affect the arginine residue at position 136 (Arg-
136) (mutations to Leu or Cys). Contreras and Maxwell (3)
have also reported that Arg-136 and Gly-164, the two residues
shown to be involved in coumarin resistance in E. coli, lie
outside the ATP-binding site of the B subunit. Furthermore,
recent results of Ali et al. (1) on steady-state kinetic experi-
ments, in which the 43-kDa N-terminal fragment of the B
subunit was used, are consistent with the idea of a noncom-
petitive mechanism for the inhibition of the ATPase activity of
the B subunit by the coumarin drugs. This indicates that
coumarin drugs bind closely to the ATPase site of the DNA
gyrase B subunit and stabilize a conformation of the protein
with a low affinity for ATP (12). From our results, we suggest
that cyclothialidine and the coumarins bind to the B subunit
and stabilize a conformation that is unable to bind nucleoside
triphosphate and also suggest that cyclothialidine recognizes a
site on the B subunit which is different from that recognized by
the coumarins. An understanding of the molecular details of
these interactions, however, awaits further studies.

All of the results obtained so far indicate that cyclothialidine
is a promising lead compound for chemical modification, with
the aim of creating a new class of antibacterial agents. Chem-
ical programs for identifying the minimum structural require-
ments for activity and for enhancing in vivo penetrability into
cells are being pursued (9).
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