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An uncoupler of oxidative phosphorylation, 2,4-dinitrophenol, and an aconitase inhibitor, fluoroacetic acid,
both of which are known to lower the cellular ATP pool, protected Escherichia coli cells from the bactericidal
actions of gyrase poisons including quinolone antibiotics, nalidixic acid and ciprofloxacin, and the epipodo-
phyllotoxins VP-16 and VM-26. Using purified E. coli DNA gyrase, we examined the effect of ATP on gyrase-
mediated DNA cleavage in the presence of these gyrase poisons. ATP was shown to stimulate gyrase-mediated
DNA cleavage from 10- to more than 100-fold in the presence of these gyrase poisons. ADP antagonized the
stimulatory effect of ATP. Consequently, gyrase-mediated DNA cleavage induced by gyrase poisons is modu-
lated by the ATP concentration/ADP concentration ([ATP]/[ADP]) ratio. Coumermycin Al, an inhibitor of the
ATPase subunit of DNA gyrase, like ADP, also effectively antagonized the stimulatory effect of ATP on
gyrase-mediated DNA cleavage induced by gyrase poisons. Furthermore, coumermycin Al, like DNP and
fluoroacetic acid, also protected cells from the bactericidal action of gyrase poisons. In the aggregate, our
results are consistent with the notion that the [ATP]/[ADP] ratio, through its modulatory effect on the

gyrase-mediated DNA cleavage, is an important determinant of cellular susceptibility to gyrase poisons.

Type II DNA topoisomerases have been demonstrated to be
very effective molecular targets for therapeutic agents ranging
from antibiotics to antitumor drugs (for reviews, see references
9, 13, and 23). Many drugs have been classified as topoisom-
erase II poisons on the basis of their effectiveness in converting
cellular topoisomerase II into DNA-breaking nuclease (9, 23).
However, the molecular mechanism(s) by which these drugs
kill cells remains unclear (4, 7, 13, 23).

Most type II DNA topoisomerases require ATP as an energy
cofactor in enzyme catalysis (26, 35, 36, 38). Binding of ATP is
apparently sufficient to trigger one round of strand passage (26,
37, 38). Upon binding to ATP, yeast DNA topoisomerase 11
was shown to undergo a conformational change to form a
circular protein clamp (20-22, 31, 32, 34, 38), a result consis-
tent with earlier studies with Drosophila DNA topoisomerase
II (30) and crystallographic studies with yeast DNA topoisom-
erase II (5). However, the role of this circular clamp confor-
mation in enzyme catalysis and drug action has not been es-
tablished.

In addition to ATP, ADP also appears to play an important
role in modulating the activity of topoisomerase II. ADP is an
effective inhibitor of both the ATPase and the strand-passing
activity of DNA topoisomerase II and it can also compete with
the binding of the nonhydrolyzable analog of ATP, ADPNP, to
gyrase (1, 2, 25, 30, 35, 37). Studies with bacteria have dem-
onstrated that cellular supercoiling is affected by the ATP
concentration/ADP concentration ([ATP]/[ADP]) ratio (15,
16). This effect was attributed to the effect of the [ATP]/[ADP]
ratio on the supercoiling activity of DNA gyrase on the basis of
the results of in vitro studies (39). Studies with Drosophila
DNA topoisomerase II have similarly demonstrated that ADP
can effectively compete with ATP in enzyme catalysis (30).
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A potential role of ATP in cellular susceptibility to topo-
isomerase II poisons has been suggested from a number of
studies. The cytotoxicity of VM-26 was greatly reduced in
L1210 cells cotreated with a number of ATP inhibitors such as
2,4-dinitrophenol (DNP), sodium cyanide, and 2-deoxyglucose
(18). Hypoxic tumor cells, which have a lowered ATP level,
have also been demonstrated to be more resistant to VP-16
(17, 41). Two lines of evidence from studies with bacteria have
suggested a potential role of ATP in the bactericidal action of
nalidixic acid. First, mutations conferring resistance to nali-
dixic acid have been mapped to enzymes involved in the tri-
carboxylic acid (TCA) cycle (12, 19). Second, DNP has been
shown to protect cells from the bactericidal action of nalidixic
acid, presumably due to the lowered cellular ATP pool (7).
These studies suggest a potential role of the ATP pool in
modulating cellular susceptibility to topoisomerase II poisons
in both bacteria and mammalian cells. However, the precise
role(s) of ATP in cell killing by topoisomerase II poisons
remains unclear due to the multiple effects of ATP on cellular
functions.

In order to evaluate the role of ATP as a determinant of
cellular susceptibility to topoisomerase II poisons, we have
studied the mechanisms of action of quinolones and epipodo-
phyllotoxins using bacteria as a model system. Our results
indicate that the gyrase-mediated DNA damage induced by
quinolones and epipodophyllotoxins is greatly stimulated by
ATP. In addition, ADP antagonizes the stimulatory effect of
ATP. Consequently, the gyrase-mediated DNA cleavage in
vitro is affected by the [ATP]/[ADP] ratio. In vivo, inhibitors of
the ATP pool such as DNP and fluoroacetic acid and the
ATP-antagonizing gyrase poison coumermycin Al protect cells
from the bactericidal action of quinolones and epipodophyllo-
toxins. Together, these results suggest that the [ATP]/[ADP]
ratio modulates the cellular susceptibility to topoisomerase II
poisons in part through its modulation of topoisomerase II-
mediated DNA damage at the level of the topoisomerase II-
drug-DNA ternary cleavable complex.
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FIG. 1. ATP stimulates gyrase-mediated DNA cleavage in the presence of quinolone antibiotics and epipodophyllotoxins. Gyrase-mediated DNA cleavage in the
presence (+) or absence (—) of 1 mM ATP was performed as described in Materials and Methods. Gyrase poisons were serially diluted with 10-fold differences in
concentrations. The concentrations of nalidixic acid (1,000 to 10 wM), ciprofloxacin (10 to 0.1 pM), VP-16 (300 to 3 M), and VM-26 (100 to 1 pM) are indicated above
the corresponding lanes (with decreasing concentrations for each set of lanes indicated by the triangles).

MATERIALS AND METHODS

Chemicals, drugs, and enzymes. Nalidixic acid, coumermycin Al, DNP, and
fluoroacetic acid were purchased from Sigma Chemical Co. The epipodophyllo-
toxins VP-16 (etoposide) and VM-26 (teniposide) were gifts from Bristol-Myers
and Squibb Co. Ciprofloxacin was a gift from Tom Rowe (University of Florida,
Gainsville). All drugs were dissolved in dimethyl sulfoxide (Sigma Chemical Co.)
and were kept in aliquots frozen at —20°C. Purified Escherichia coli DNA gyrase
was kindly provided by Roger L. McMacken (Johns Hopkins University) and
Martin Gellert (National Institutes of Health, Bethesda, Md.).

Gyrase-mediated DNA cleavage assays. Gyrase-mediated DNA cleavage as-
says were performed under the conditions described previously for the mamma-
lian topoisomerase II cleavage assay (28), with slight modification. Briefly,
BamHI-digested YEpG DNA was labeled at the 3’ end with [a-*P]dATP and
the large fragment of E. coli DNA polymerase I. Reaction mixtures (20 pl each)
contained 50 mM Tris (pH 8.0), 100 mM KCl, 8 mM MgCl,, 0.1 mM dithiothre-
itol, 0.5 mM EDTA, 30 pg of bovine serum albumin per ml, approximately 10 ng
of E. coli DNA gyrase, and 10 ng of end-labeled [*?P]YEpG DNA. Gyrase
poisons, ATP, ADP, and/or coumermycin Al were added to the reaction mix-
tures at the indicated concentrations. The reaction mixtures were incubated at
37°C for 30 min, and the reactions were then terminated by adding 5 pl of a stop
buffer (5% sodium dodecyl sulfate, 2.5 mg of proteinase K per ml). After another
hour of protease digestion at 37°C, the reactions were then analyzed on a 0.8%
agarose gel in 0.5X TPE buffer (45 mM Tris-phosphate [pH 8.0], 1 mM EDTA).
The gels were then dried onto 3MM chromatographic paper and were autora-
diographed at —80°C by using Kodak XAR-5 films and Dupont lightening plus
intensifying screens.

Determination of bactericidal effects of gyrase drugs. The strain E. coli AS19
(40) was chosen for this study because of the higher level of permeability of its
membrane to certain drugs. Briefly, logarithmically growing cells were diluted to
10° to 107 cells/ml in Luria broth (LB) with 5 g of NaCl per liter. After the
addition of drug, the cells were incubated at 37°C for another 3 h. Subsequently,
the cells were serially diluted and plated onto LB plates. The colonies were
counted after 16 to 24 h of incubation.

RESULTS

ATP stimulates gyrase-mediated DNA cleavage in the pres-
ence of the quinolone antibiotics nalidixic acid and ciprofloxa-
cin and the antitumor epipodophyllotoxins VP-16 and VM-26.
On the basis of their poisoning effects on DNA gyrase, cipro-

floxacin is about 100- to 1,000-fold more potent than nalidixic
acid (13) (Fig. 1). As indicated in Fig. 1 (compare lanes 7 to 9
with lanes 4 to 6, respectively), the gyrase-mediated DNA
cleavage induced by nalidixic acid was strongly (more than
100-fold) stimulated by ATP (1 mM). The effect of ATP on the
gyrase-mediated DNA cleavage induced by ciprofloxacin was
less dramatic (over 10-fold) (Fig. 1; compare lanes 19 to 21
with lanes 16 to 18, respectively). It was also evident that ATP
altered the cleavage efficiency at some of the sites where cleav-
age was induced by ciprofloxacin (Fig. 1; compare lanes 16 and
19), consistent with results from previous studies with oxolinic
acid (27, 36).

The epipodophyllotoxins VP-16 (etoposide) and VM-26 (te-
niposide) are potent antitumor drugs which poison mammalian
DNA topoisomerases Ila and IIB (3, 8, 23). As shown in Fig.
1 (lanes 10 to 15 and 22 to 27), they also poisoned E. coli DNA
gyrase, albeit much less potently than ciprofloxacin. Again,
ATP (1 mM) strongly stimulated (more than 100-fold) gyrase-
mediated DNA cleavage in the presence of either VP-16 or
VM-26 (Fig. 1).

ADP antagonizes the stimulatory effect of ATP on gyrase-
mediated DNA cleavage. The known inhibitory effect of ADP
on the ATPase and supercoiling activities of E. coli DNA
gyrase prompted us to examine the effect of ADP on gyrase-
mediated DNA cleavage. As indicated in Fig. 2, in the absence
of ATP, ADP (from 0.9 to 0 mM) had a minimal effect on
gyrase-mediated DNA cleavage in the presence of VM-26,
nalidixic acid, or ciprofloxacin (Fig. 2, lanes 5 to 8, 13 to 16, and
21 to 24, respectively). However, in the presence of 0.1 mM
ATP, ADP effectively inhibited gyrase-mediated DNA cleav-
age by ciprofloxacin, nalidixic acid, and VM-26 in a dose-
dependent manner (Fig. 2). At the highest concentration of
ADP (0.9 mM), the stimulatory effect of ATP (0.1 mM) was
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FIG. 2. ADP effectively antagonizes the stimulatory effect of ATP on gyrase-
mediated DNA cleavage. Gyrase-mediated DNA cleavage was performed as
described in Materials and Methods, with the concentrations of ADP (0.9, 0.3,
0.1, and 0 mM [with decreasing concentrations indicated by the triangles]) and
ATP (0.1 mM), which was present (+) or absent (—), indicated above each lane.
The concentrations of nalidixic acid, ciprofloxacin, and VM-26 were 800, 1.5, and
100 wM, respectively.

nearly completely abolished (Fig. 2, lanes 1 to 4,9 to 12, and 17
to 20).

In a separate experiment, we varied the [ATP]/[ADP] ratio
by maintaining a constant amount of [ATP] and [ADP] (Fig.
3). Again, the [ATP]/[ADP] ratio strongly affected gyrase-me-
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FIG. 3. The [ATP]/[ADP] ratio modulates gyrase-mediated DNA cleavage.
Gyrase-mediated DNA cleavage was performed as described in Materials and
Methods. The combined concentration of ATP and ADP was 1.4 mM. The
[ATP]/[ADP] ratios varied from 0/1.4 to 1.4/0, as indicated. The concentrations
of nalidixic acid, ciprofloxacin, and VP-16 were 200, 1.5, and 300 uM, respec-
tively.
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FIG. 4. Coumermycin Al antagonizes the stimulatory effect of ATP on gy-
rase-mediated DNA cleavage. Gyrase-mediated DNA cleavage was performed
as described in Materials and Methods. The concentrations of coumermycin Al
(cou. A; 4.5, 0.45, and 0 pM) with (+) or without (=) 1 mM ATP are indicated.
The concentrations of nalidixic acid, ciprofloxacin, and VM-26 were 2 mM, 1.5
wM, and 100 uM, respectively.

diated DNA cleavage in the presence of ciprofloxacin, VP-16,
or nalidixic acid (Fig. 3, lanes 1 to 8, 9 to 16, and 17 to 24,
respectively). Gyrase-mediated DNA cleavage increased with
increasing [ATP]/[ADP] ratios in the presence of all three
compounds tested.

Coumermycin Al antagonizes ATP in gyrase-mediated DNA
cleavage. Coumermycin Al, like novobiocin, is an inhibitor of
DNA gyrase (9). Resistance to coumermycin Al mapped at the
gyrB gene which encodes the ATPase subunit of gyrase (9, 10,
13). In vitro studies have suggested that coumermycin Al in-
hibits DNA gyrase by competing with ATP (35, 36). To test
whether coumermycin Al, like ADP, can also antagonize ATP
in gyrase-mediated DNA cleavage, we tested the effect of
coumermycin Al on gyrase-mediated DNA cleavage in the
presence and absence of 1 mM ATP (Fig. 4). Like ADP,
coumermycin Al had a minimal effect on gyrase-mediated
DNA cleavage in the absence of ATP (Fig. 4). However, in the
presence of ATP, coumermycin Al strongly inhibited gyrase-
mediated DNA cleavage (Fig. 4). In the presence of 0.45 pM
coumermycin Al, the stimulatory effect of ATP (1 mM) on
gyrase-mediated DNA cleavage was completely abolished (Fig.
4). However, different from ADP, coumermycin Al at concen-
trations higher than 4.5 pM inhibited gyrase-mediated DNA
cleavage even in the absence of ATP (data not shown), sug-
gesting that the mechanism of coumermycin Al inhibition is
not strictly competitive with ATP, consistent with results from
recent studies with an N-terminal fragment of the GyrB sub-
unit (1, 2, 24).

Modulation of the bactericidal activities of gyrase inhibitors
by DNP and fluoroacetic acid. Previous studies have shown
that DNP, an uncoupler of oxidative phosphorylation which
lowers the cellular ATP pool, can protect cells from the bac-
tericidal action of nalidixic acid (7). Consistent with this ob-
servation, we showed that DNP (1 mM) can protect cells from
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FIG. 5. 2, DNP protects cells against gyrase poisons. The cells were exposed
to various gyrase poisons in the presence or absence of 1 mM DNP as described
in Materials and Methods. At various times the numbers of viable cells were
scored by determining the number of colonies that formed on LB plates. The
concentrations of nalidixic acid, ciprofloxacin, and VP-16 were 200, 1, and 500
wM, respectively.

the bactericidal effect of a number of gyrase poisons, including
nalidixic acid, VP-16, and ciprofloxacin (Fig. 5). The potential
role of the cellular ATP pool in modulating the cellular sus-
ceptibility to gyrase poisons also has been suggested from stud-
ies showing that mutations in the genes encoding enzymes
involved in the TCA cycle can confer resistance to nalidixic
acid (12, 19). In order to strengthen the notion that the ATP
pool may be important in modulating the bactericidal actions
of gyrase poisons, we have tested the protective effect of flu-
oroacetic acid, an aconitase inhibitor. Aconitase, which cata-
lyzes the conversion of citrate to isocitrate, is one of the key
enzymes involved in the TCA cycle. Simultaneous treatment of
cells with 40 mM fluoroacetic acid and quinolones or epipo-
dophyllotoxins greatly reduced the bactericidal activities of
these compounds. The relative survivals, defined as the ratio of
viable numbers of drug-treated cells in the presence of 40 mM
of fluoroacetic acid over that in its absence, of cells treated
with nalidixic acid (400 wM), ciprofloxacin (0.4 wM), and
VM-26 (100 pM) were 120, 190, and 204, respectively (the
values are the averages of two independent determinations).
The bactericidal effects of these drugs were determined as
described in Materials and Methods. This result, which com-
plements the results of earlier studies of drug resistance (4, 7,
12, 18), suggests an important role of the cellular ATP pool in
determining cellular susceptibility to quinolones and epipodo-
phyllotoxins.

Coumermycin Al protects cells from the bactericidal ac-
tions of quinolones and epipodophyllotoxins. Reduction of the
cellular ATP pool can affect many cellular processes. It is
unclear whether the protective effect of the reduced ATP pool
is due to reduced gyrase-mediated DNA cleavage as observed
in vitro or some other event (e.g., the processing of the cleav-
able complexes). As indicated in Fig. 4, coumermycin Al can
specifically abolish the stimulatory effect of ATP on gyrase-

ATP-STIMULATED DNA CLEAVAGE BY GYRASE POISONS 1025

mediated DNA cleavage, presumably by competing with ATP
binding to gyrase (1, 10, 24, 35, 36). Coumermycin Al probably
does not interact with other important proteins in cells since
the molecular target of coumermycin Al has been determined
to be GyrB on the basis of genetic and biochemical studies (1,
9-11, 13, 23, 24). We therefore tested whether coumermycin
Al also could protect cells from the bactericidal actions of
quinolones and epipodophyllotoxins. As indicated in Fig. 6,
cotreatment of cells with coumermycin Al (20 uM) and the
gyrase poisons nalidixic acid, ciprofloxacin, or VM-26 almost
completely eliminated the cytotoxicities of these gyrase poi-
sons. This result strongly suggests that the protective effect of
coumermycin Al is related to its effect on DNA gyrase and is
presumably due to its antagonizing effect on ATP binding to
gyrase.

DISCUSSION

The [ATP]/[ADP] ratio was initially shown to affect cellular
supercoiling through its effect on DNA gyrase (15, 16). At a
higher [ATP]/[ADP] ratio, DNA gyrase is more active in ca-
talysis. The effect of ATP is understandable since gyrase re-
quires ATP hydrolysis for its DNA supercoiling reaction. How-
ever, the effect of ADP is less clear. Studies of Drosophila DNA
topoisomerase II have suggested that ADP is competitive with
ATP in enzyme catalysis. In the case of Drosophila DNA to-
poisomerase II, the apparent K,,, for ATP is 280 uM and the K;
for ADP is 120 pM (30). A simple explanation is that either
ATP or ADP can bind to Drosophila DNA topoisomerase II
and DNA gyrase at the same binding site with a high affinity.
This is in agreement with the recent observations showing that
ADP can efficiently inhibit ADPNP binding to DNA gyrase
(37).

Our in vitro results indicate that the [ATP]/[ADP] ratio also
significantly affects the actions of topoisomerase II poisons.
ATP stimulates (more than 100-fold) the formation of the
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FIG. 6. Coumermycin Al protects cells against gyrase poisons. Cell viability
was measured as described in Materials and Methods. The cells were exposed to
increasing concentrations of the gyrase poisons VM-26 (a), nalidixic acid (NAL)
(b), and ciprofloxacin (CFX) (c) in the presence or absence of 20 uM coumer-
mycin Al (cou A). Relative survival (in percent) was defined as the ratio of viable
cell numbers in the presence of the gyrase poison over the viable cell numbers in
its absence.
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cleavable complexes induced by DNA gyrase poisons including
quinolones and epipodophyllotoxins. This stimulation is spe-
cifically antagonized by ADP. One possible explanation for this
result is that the major drug target for these type II topoisom-
erase poisons is in fact the ATP-bound form of DNA gyrase. In
the presence of ATP, DNA gyrase forms an ATP-gyrase com-
plex. When this complex is bound to DNA it can effect the
strand-passing reaction. ADP can competitively inhibit the for-
mation of the ATP-gyrase complex and thereby inhibit ATPase
and the catalytic activity of DNA gyrase. In the presence of
gyrase poisons, the ATP-gyrase complex is effectively trapped
as a cleavage complex by quinolones and epipodophyllotoxins.
The formation of the cleavage complex in the presence of
quinolones and epipodophyllotoxins is inhibited by ADP, since
ADP competitively inhibits the formation of the ATP-gyrase
complex. Why the ATP-bound gyrase is a more effective target
for quinolones and epipodophyllotoxins is still unclear. Studies
with yeast topoisomerase II have clearly established that the
ATP-bound topoisomerase II undergoes a conformational
change to form a circular protein clamp (21-23, 31-33). It is
possible that certain topoisomerase II poisons (e.g., etoposide
and adriamycin) preferentially interact with topoisomerase II
in this ATP-bound conformation to alter the cleavage-religa-
tion equilibrium. In the case of DNA gyrase, studies by the
hydroxyl radical footprint method have suggested that ATP
binding may also change the conformation of gyrase (29).
Moreover, the pattern of conformational change induced by
the quinolones is the same as that induced by the ATP (29). It
seems reasonable to assume that the conformational change of
the ATP-gyrase complex is associated with the increased affin-
ity for quinolones and epipodophyllotoxins. More detailed
studies are necessary to establish the precise role of ATP in the
catalytic cycle of gyrase and gyrase poisoning by quinolones
and epipodophyllotoxins.

Our in vitro studies with DNA gyrase poisons also have
suggested that the [ATP]/[ADP] ratio may play an important
role in determining the cellular susceptibility to gyrase poisons
including quinolones and epipodophyllotoxins. Indeed, earlier
studies with nalidixic acid have demonstrated that mutations in
enzymes involved in the TCA cycle can modulate cellular re-
sistance to nalidixic acid (12, 19). Furthermore, DNP, an un-
coupler of oxidative phosphorylation, was shown to protect
cells from the bactericidal action of nalidixic acid (7). DNP (1
mM) has been shown to reduce the ATP level from 4.2 to 0.67
mM and the [ATP]/[ADP] ratio from 12 to 0.44, a 27-fold
change (33). In our current studies, we have confirmed that
DNP can indeed protect cells from the bactericidal actions of
both quinolone antibiotics and epipodophyllotoxins (Fig. 5). In
addition, fluoroacetic acid, an aconitase inhibitor, was shown
to protect cells from the bactericidal actions of quinolones and
epipodophyllotoxins (see Results). These results are consistent
with a potential role of ATP in determining cellular suscepti-
bility to gyrase poisons. However, whether the ATP effect is
exclusively through DNA gyrase is unclear since ATP affects
many cellular processes including those which may be involved
in the processing of gyrase cleavage complexes (e.g., DNA
replication, RNA transcription, or the actions of DNA heli-
cases) (6, 14, 23).

In order to clarify the role of ATP in the bactericidal actions
of gyrase poisons, we have tested coumermycin Al for its
protective effect on cell killing by gyrase poisons. Coumermy-
cin Al specifically antagonizes the effect of ATP on DNA
gyrase without significantly affecting other cellular ATP-re-
quiring enzymes (1, 9-11, 13, 23, 24, 35, 36). As expected,
coumermycin Al antagonized the effect of ATP on gyrase-
mediated DNA cleavage in vitro and protected cells from the
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bactericidal actions of gyrase poisons in vivo. These results
strongly suggest that the protective effect of coumermycin Al
on the bactericidal actions of gyrase poisons in vivo is mediated
through DNA gyrase rather than other cellular enzymes which
may indirectly affect the bactericidal actions of gyrase poisons.
In the aggregate, these results are consistent with the notion
that the [ATP]/[ADP] ratio is an important determinant of
cellular susceptibility to gyrase poisons.

Whether the ATP antagonizing effect of coumermycin Al
on gyrase-mediated DNA cleavage is primarily responsible for
the protective effect of coumermycin Al on the bactericidal
actions of gyrase poisons is not certain. Our in vitro results
suggest such a possibility. However, coumermycin Al is also
known to inhibit DNA replication through its inhibitory effect
on the catalytic activity of DNA gyrase (9). If the collision
between the replication fork and the cleavage complex induced
by gyrase poisons is primarily responsible for cell killing, inhi-
bition of DNA replication by coumermycin Al is sufficient to
account for the protective effect of coumermycin Al. However,
studies with mammalian cells have suggested that replication is
only partially responsible for the cytotoxic actions of epipodo-
phyllotoxins (6). RNA transcription and other unidentified
processes also have been suggested to be involved (for a re-
view, see reference 23). If the mechanism of cell killing by
quinolones and epipodophyllotoxins also involves multiple
mechanisms, the large protective effect of coumermycin Al on
the bactericidal actions of gyrase poisons cannot be explained
solely by the inhibitory effect of coumermycin A1 on DNA
replication. We therefore suggest that the antagonistic effect of
coumermycin Al on ATP-stimulated, gyrase-mediated DNA
cleavage is primarily responsible for the protective effect of
coumermycin Al on the bactericidal actions of gyrase poisons.
Taken together, our results support the notion that the [ATP]/
[ADP] ratio, through its modulatory effect on the gyrase-me-
diated DNA cleavage, is an important determinant of cellular
susceptibility to gyrase poisons.
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