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Several quinolones and antitumor compounds were tested as inhibitors of purified calf thymus topoisomerase
II in unknotting, catenation, radiolabeled DNA cleavage, and quantitative nonradiolabeled cleavage assays.
The antitumor agents VP-16 (demethylepipodophyliotoxin ethylio-,l-D-glucoside) and ellipticine demonstrated
drug-enhanced topoisomerase II DNA cleavage (the concentration of drug that induced 50% of the maximal
DNA cleavage in the test system [CC50]) at levels of s5 ,ug/ml. Nalidixic acid, norfloxacin, and oxolinic acid did
not induce significant topoisomerase II DNA cleavage, whereas ciprofloxacin did induce some cleavage above
background levels. CP-67,015, a new 6,8-difluoro-7-pyridyl 4-quinolone which possesses potent antibacterial
activity, inhibited bacterial DNA gyrase at 0.125 ,ug/ml in a nonradioactive DNA cleavage assay. Unlike other
quinolones characterized to date, CP-67,015 was shown to strongly enhance topoisomerase II-induced
radiolabeled DNA cleavage with a CC50 of 33 ,ug/ml and demonstrated cleavage in a nonradiolabeled DNA
cleavage assay with a CC50 of 73 ,ug/ml. The topoisomerase 1I-mediated cleavage of DNA by CP-67,015 is
consistent with its reported clastogenic effect on DNA in cell culture and its positive mutagenic response in
mouse lymphoma cells. In vitro topoisomerase II catalytic and cleavage assays are useful for gaining
preliminary information concerning the possible interaction(s) of some quinolones with eucaryotic topoisom-
erase II which may relate directly to their safety (mutagenicity, clastogenicity, or both) in human and
veterinary medicinal usage.

In vitro DNA cleavage mediated by mammalian topoisom-
erase II has been reported to occur (in the absence of drug)
at high enzyme to DNA ratios (17, 19) and to be enhanced by
antitumor compounds such as 4'-(9-acridinylamino)meth-
anesulfon-m-aniside (m-AMSA), ellipticine, VP-16, and VM-
26 (2, 4, 22, 24, 29, 30, 39). At the same time, these
compounds have shown variable inhibitory effects on the
catalytic activity of the enzyme (2, 4, 29). Since this class of
drugs has also been associated with DNA breakage observed
in cell culture, it has been suggested that enhanced topo-
isomerase II-mediated DNA cleavage is an important mech-
anism for the antitumor effects of these agents (4, 6, 20, 21,
24). Quinolone antibacterial agents are thought to exert their
effects by a similar interference with bacterial DNA gyrase
(6, 14, 23, 33), the bacterial homolog of eucaryotic topoisom-
erase II (15, 18, 21, 37). This class of antibacterial agents has
recently been introduced into clinical use (1, 38). Since
interaction with topoisomerase II is central to the activity of
both quinolones and antitumor agents, it is of interest from a
safety standpoint (5, 12, 13) to determine the effects of
quinolone antibacterial agents on mammalian topoisomerase
II, especially in light of the recent controversy over the
mechanism of action of 4-quinolone antibacterial agents as to
whether quinolones bind to DNA, gyrase, or the ternary
complex of DNA gyrase (7, 11, 13, 32, 36).

Several different assays have been developed by others
(16-19, 21, 22, 27-29, 37, 40) for detecting the effects of
antitumor agents on mammalian topoisomerase II. These
have included monitoring the catalytic unknotting and cate-
nation activities of the enzyme on DNA (4, 16, 17, 24, 30),
their ability to induce DNA cleavage in the presence of drug
using [32P]ATP-labeled plasmid as substrate (4, 24, 34, 40),
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and filter-binding assays that measure DNA breakage (29).
Liu and colleagues (4, 24) have also examined the ability of
antitumor compounds to mediate DNA cleavage in a nonra-
diolabeled assay, although they have not quantitated such
results. The [32P]ATP-radiolabeled DNA cleavage assay is a
sensitive method of detecting drug-induced DNA cleavage
by topoisomerase II and can be used to map drug-specific
cleavage sites (4, 24, 34, 40). We describe the use of four
assays, including a quantitative nonradiolabeled DNA cleav-
age assay, for determining the catalytic and DNA cleavage
effects of some quinolones on eucaryotic (calf thymus)
topoisomerase II. One quinolone, CP-67,015, demonstrated
atypical effects against eucaryotic topoisomerase II which
heretofore was thought not to be a target for quinolone
antibacterial agents.

MATERIALS AND METHODS

Enzymes, nucleic acids, and chemicals. Knotted P4 DNA
was purified from P4 tailless capsids as described elsewhere
(16). Proteinase K was purchased from Boehringer-Mann-
heim Biochemicals (Indianapolis, Ind.). pBR322 DNA was
purchased from Pharmacia Fine Chemicals (Piscataway,
N.J.). Norfloxacin was kindly provided by Merck Pharma-
ceutical Co. (Rahway, N.J.). Nalidixic acid, oxolinic acid,
ellipticine, adriamycin, and tRNA type XXI were purchased
from Sigma Chemical Co. (St. Louis, Mo.). VP-16 (demeth-
ylepipodophyllotoxin ethylide-p-D-glucoside) was kindly
provided by the National Cancer Institute (Bethesda, Md.).
Ciprofloxacin was synthesized by the procedure described in
U.S. patent 4,670,444 (June 1987). CP-67,015 (see Fig. 1)
was synthesized at Pfizer Central Research by the procedure
described in U.S. patent 4,636,506 (January 1987). All other
chemicals were of reagent grade.

Densitometric analyses. Densitometric analyses of photo-
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graphs of ethidium bromide-stained (1.25 ,g/ml) DNA aga-
rose gels visualized by transillumination with UV light were
done in the reflective mode (cool white light) on a video
densitometer (model 620; Bio-Rad Laboratories, Richmond,
Calif.).

Topoisomerase II purification. Topoisomerase II was puri-
fied from the thymus of freshly slaughtered calves by the
procedure of either Halligan et al. (9) or Schomburg and
Grosse (31). The procedure of Schomburg and Grosse (31)
resulted in the isolation of the predominantly unproteolyzed
(1.1 x 106 U/mg) and topoisomerase I-free form of topoisom-
erase II (31), enabling the recovery of a higher-activity
enzyme with both catenation activity and sufficient activity
to generate drug-free, nonradiolabeled cleavage of pBR322.
Topoisomerase II purified by the procedure of Halligan et al.
(9) resulted in the isolation of the predominantly proteolyzed
form of the enzyme (0.9 x 105 U/mg) with some minor
topoisomerase I contamination (which precluded its use in
the cold cleavage assay). A unit of eucaryotic topoisomerase
II activity was defined as the amount of enzyme required to
completely catenate 0.38 ,ug of pBR322 DNA in 60 min at
37°C under the reaction conditions described below.
DNA gyrase purification. DNA gyrase subunits A (1.9 x

104 U/mg) and B (0.54 x 104 U/mg) were purified from
Escherichia coli overproducer strains (provided by M. Gel-
lert) by the method of Mizuuchi et al. (23). Gyrase activity of
1 U was defined as the amount of enzyme necessary to
completely supercoil 0.3 Rxg of pBR322 in 30 min at 37°C; 1
U of holoenzyme used in the gyrase assays was composed of
1 U of activity of subunit A and 1 U of activity of subunit B
(assayed independently in the excess of the complementary
subunit).
DNA gyrase cleavage assay. The general protocol for the

DNA gyrase cleavage assay was modified from those of
Gellert et al. (8) and Sugino et al. (33). Approximately 2 U of
reconstituted DNA gyrase holoenzyme was incubated in 35
mM Tris hydrochloride (pH 7.5)-10 mM MgCl2-5 mM sper-
midine hydrochloride-5 mM dithiothreitol-0.2 mM ATP-50
,ug of bovine serum albumin per ml-100 ,ug of E. coli tRNA
per ml-0.3 ,ug of pBR322 DNA in 30-,u reactions containing
the appropriate concentration of drug being tested (usually
twofold serial dilutions from 500 down to 0.39 ,ug/ml) at
25°C. After 60 min, the reaction was stopped by the addition
of sodium dodecyl sulfate to a final concentration of 0.2%
sodium dodecyl sulfate, followed by deproteination by the
addition of proteinase K at 90 ,ug/ml and incubation for 30
min at 37°C. After deproteination, the reaction mix was
mixed with 1 ,ul of tracking dye (50% glycerol [wt/vol] and
0.125% bromophenol blue), loaded onto a 0.7% TBE-aga-
rose gel (89 mM Tris, 89 mM boric acid, 2 mM EDTA [pH
8.3]), and electrophoresed. The denaturing of the drug-
gyrase-DNA complex led to the appearance of linear DNA
that was detected as a single band between relaxed and
supercoiled DNAs after separation of products by electro-
phoresis, staining with ethidium bromide, and photography
on a UV light transilluminator. The DNA cleavage endpoint
value was the minimum amount of drug to induce detectable
cleavage of the supercoiled pBR322 substrate to the linear
form.

Radiolabeled cleavage assay. The radiolabeled cleavage
assay was done by using [32P]ATP-end-labeled pBR322
DNA as substrate by the procedure ofTewey et al. (34), with
minor modifications. Modifications included the use of 2 mM
ATP and between 65 and 780 ng of topoisomerase II (60 to 70
U) per reaction mix, depending on the method of purification
(Schomburg and Grosse [31] and Halligan et al. [9], respec-

tively). The procedure for end-labeling was done as de-
scribed elsewhere (24). Briefly, EcoRI-digested pBR322
DNA was labeled with Klenow fragment, [ot-32P]ATP, and
nonradiolabeled dTTP; and then it was cleaved with HindIII
to generate a single-end-labeled fragment of 4,332 base pairs.

Catenation assay. The catenation assay was done by using
a modified version of the procedure of Schomburg and
Grosse (31). Modifications included the following changes in
the reaction cocktail: 50 mM Tris hydrochloride (pH 8.0), 25
mM NaCl, 10 ,ug of bovine serum albumin per ml, 2 mM
dithiothreitol (in place of 2-mercaptoethanol), and 0.38 ,ug of
pBR322 DNA per 25-pAl reaction mix. The topoisomerase II
purified by the procedure of Schomburg and Grosse (31) was
used in this assay at 4.3 ng/25-,u reaction (4 to 5 U).
Reactions were incubated for 1 h at 37°C and stopped by the
addition of sodium dodecyl sulfate to 0.9%. Samples were
deproteinated by incubation with proteinase K (final concen-
tration, 0.8 mg/ml) for 45 min at 50°C and then electro-
phoresed in 0.4% TBE-agarose gels and stained with ethid-
ium bromide. The concentration of drug to cause 50%
inhibition of activity (IC50) was determined by densitometric
analyses of the formation of product (catenated DNA) in the
presence of the dilution of compound being tested versus
that in the drug-free control enzyme reaction. Uncatenated
DNA was measured as arbitrary units in the reflective (cool
white light) mode versus time from the photograph of the
ethidium bromide-stained gel.
P4 unknotting assay. The P4 unknotting assay was a

modified version of the unknotting procedure of Liu et al.
(16). Modifications included the following changes. The
amount of topoisomerase II added to the reaction mix was 1
U (which was the amount of enzyme required to unknot 50%
of the P4 knotted DNA in 30 min at 37°C); all drug dilutions
were done in dimethyl sulfoxide (final concentration, 1.3%);
and after incubation for 30 min at 37°C, the reactions were
terminated by placing the reaction tubes in an ice water bath,
electrophoresed in 0.7% TAE-agarose gels (40 mM Tris, 20
mM sodium acetate, 1 mM EDTA [pH 7.2]), and stained
with ethidium bromide. Densitometric quantitation of the
unknotted DNA was expressed as a percentage of the
completely unknotted (-60-min) sample.

Nonradiolabeled cleavage assay. The nonradiolabeled
cleavage assay was done by the method of Farrell and
Barrett (C. A. Farrell and J. F. Barrett, manuscript in
preparation). Essentially, calf thymus topoisomerase II,
which was purified by the procedure of the Schomburg and
Grosse (31), was used to establish a nonradiolabeled topo-
isomerase II DNA cleavage assay. A total of 0.5 ptg of
supercoiled pBR322 DNA, 22 ng of topoisomerase 11 (22 to
24 U) purified by the procedure of Schomburg and Grosse
(31), and various dilutions of the compound being tested
were combined in a total reaction volume of 25 ,ul (10 mM
Tris [pH 7.5], 10 mM MgCl2, 10 mM KCI [34]) and were
incubated for 1 h at 37°C. The reaction was stopped by the
addition of sodium dodecyl sulfate to 0.1%, followed by
deproteination with proteinase K at 0.8 mg/ml for 45 min at
50°C. Samples were electrophoresed in a 1% TBE-agarose
gel and stained with ethidium bromide, and the amount of
cleaved, linear DNA was quantitated by densitometry to
determine the concentration of drug that induced 50% of the
maximal DNA cleavage in the test system (CC50) for inhibi-
tion by a dilution of the compound being tested relative to
that of a control compound.
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FIG. 1. Structures of the quinolones CP-67,015, nalidixic acid,
oxolinic acid, norfloxacin, and ciprofloxacin.

RESULTS

P4 unknotting and catenation assays. The antitumor agents
(adriamycin, ellipticine, and VP-16) and the DNA gyrase
inhibitors (nalidixic acid, oxolinic acid, norfloxacin, cipro-
floxacin, and CP-67,015; Fig. 1) were studied for their effects
on the unknotting and catenation activities of topoisomerase
II purified from calf thymus. Initial time course assays for
both enzyme activities were run in the absence of drug in
order to define the parameters that provided linear reaction
kinetics. As shown in Fig. 2 and 3, the time course studies of
these catalytic assays identified linear regions of the reaction
where a 50% completion point could be determined from
densitometric plots of photographs of ethidium bromide-
stained DNA bands of unknotting and catenation, respec-
tively. Initial steady-state kinetics were exhibited over at
least the first 30 min of the unknotting reaction, with
approximately all substrate being converted to product in 60
min (Fig. 2). Likewise, with catenation, initial catalysis was
approximately linear for at least the first 30 min (Fig. 3). The
parameters of time and enzyme activity that defined an IC50
were used for determining the effect of test drugs on P4
unknotting and catenation of pBR322. The inhibitory activity
of ellipticine was compared with those of three of the
quinolones tested in the P4 unknotting assay (Fig. 4). The
degree of unknotting obtained in the presence of each drug
was compared with that of the drug-free control under the
conditions of the assay. As shown in Fig. 4 and Table 1,
adriamycin and ellipticine were highly inhibitory in the
unknotting assay, with IC50s of 0.5 and 4.9 ,g/ml, respec-
tively, consistent with reports in the literature (35). The
quinolones were at least 20-fold less inhibitory (Table 1). A

30 60 90 120
TIME (min)

FIG. 2. Unknotting of P4 head DNA. Time course study illus-
trating the unknotting of P4 head DNA to its simple circular form by
calf thymus topoisomerase II. The inset shows a photograph of the
ethidium-bromide stained DNA agarose gel (after electrophoresis)
time course study, indicating the relative positions of the unknotted
and knotted P4 DNAs at the indicated times (in minutes) after
electrophoresis.

similar pattern was observed in the catenation reaction (Fig.
5 and 6). Adriamycin and ellipticine were highly inhibitory
for topoisomerase II catenation activity when pBR322 was
used as the substrate. VP-16 was significantly less inhibitory
than the other antitumor agents (IC50, 70 ,ug/ml), while the
quinolones tested were not inhibitory at levels of less than
-700 jig/ml (Table 1), with the exceptions of CP-67,015
(IC50, 265 ,g/ml) and ciprofloxacin (IC50, 325 ,ug/ml).
Topoisomerase II-mediated cleavage assays. Since the quin-

olones tested demonstrated little inhibition of the catalytic
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FIG. 3. Time course of DNA catenation by calf thymus topo-
isomerase II. The inset shows a photograph of the ethidium bro-
mide-stained DNA agarose gel after electrophoresis from which the
time course of DNA catenation by the topoisomerase II was derived
after densitometric analysis.
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FIG. 4. Comparative inhibitory effects of different quinolones in

the P4 unknotting assay. Norfioxacin, ciprofioxacin, and CP-67,015

are representative of the quinolones tested that show the need for
much higher drug levels compared with the level of ellipticine
(representative of the antitumor compounds) in testing in the P4
unknotting assay. The inset shows a photograph of the ethidium
bromide-stained DNA agarose gel after electrophoresis of reactions
inhibited by norfloxacin, ciprofloxacin, CP-67,015, and ellipticine,
from which the percentage of inhibition of unknotting versus that of
the drug-free control was calculated after densitometric analyses.
Shown to the right of the ciprofloxacin data are the knotted
(enzyme-free P4 DNA substrate) and completely unknotted DNA
controls.
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FIG. 5. Inhibition of catenation activity of calf thymus topoisom-
erase II by adriamycin. The adriamycin-concentration-dependent
inhibition of catenation of pBR322 by mammalian topoisomerase II

is shown as a percentage of that of the drug-free control. The inset
shows a photograph of the ethidium bromide-stained DNA agarose
gel after electrophoresis of reactions inhibited by adriamycin.

activity of topoisomerase II, a radiolabeled cleavage assay
was used to determine whether they induced DNA cleavage
in the presence of topoisomerase II. [32P]ATP-end-labeled
pBR322 was used for this purpose. Figure 7 shows photo-
graphs of autoradiographs of the cleavage products from the
labeled DNA-drug-enzyme complex after electrophoresis.
As expected, the antitumor agent VP-16 showed significant
concentration-dependent enhancement of topoisomerase II-
mediated cleavage of the labeled pBR322 fragment, consis-
tent with the report from Chen et al. (4). CP-67,015 also
induced significant cleavage with topoisomerase II at an
eightfold higher concentration (CC50, 33 ,ug/ml), but was
more potent in this regard than any other quinolone tested,
although ciprofloxacin demonstrated radiolabeled DNA
cleavage with a CC50 of 120 ,ug/ml (Table 1), indicating that
it was approximately fourfold less potent than CP-67,015.

TABLE 1. Comparison of topoisomerase assays'

IC50 (,ug/ml) Bacterial gyrase CC50 (Lg/ml)
Compound P4 cleavage endpoint Radiolabeled Nonradiolabeled

unknottingc Catenation' (@Lgml)b DNA cleavage DNA cleavage

Ciprofloxacin 140 ± 5 325 ± 5 0.20 120 >1,000
Norfloxacin 165 ± 15 730 ± 180 0.78 >1,000 >1,000
Adriamycin 0.5 1.4 NDe ND ND
Ellipticine 4.9 ± 0.7 4.0 ± 0.4 ND -0.125 ND
Oxolinic acid >1,000 >1,000 6.25 >1,000 >1,000
Nalidixic acid 850 ± 90 1,850 ± 150 25 >1,000 >2,000
VP-16 110 ± 10 70 ± 11 >500 4.5 7.5 ± 4.5
CP-67,015 92.5 ± 5 265 ± 23 0.125 33 73 ± 17

a Topoisomerase II was isolated from calf thymus by the procedure of Schomburg and Grosse (31).
b The bacterial gyrase cleavage endpoint was the minimum amount of drug to induce detectable cleavage.
c The P4 unknotting assay was modified from that of Liu et al. (16).
d The catenation assay was modified from that of Schomburg and Grosse (31).
e ND, Not determined because of intercalation of the compound into the substrate.
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FIG. 6. Inhibition of catenation activity of mammalian topoisom-
erase II by CP-67,015. Concentration-dependent inhibition of cate-
nation by CP-67,015. The inset shows a photograph of the ethidium
bromide-stained DNA agarose gel after electrophoresis, from which
the graphical data were derived after densitometric analysis.

The quinolone class of drugs appeared to have a different
pattern of banding on the autoradiographs in comparison
with those of the antitumor drugs (Fig. 7), suggesting that
there are specific, preferred cleavage sites, as has been
reported for antitumor agents (4, 24, 34, 40). The enhanced
DNA cleavage activity of CP-67,015 was also observed in
the topoisomerase II nonradiolabeled DNA cleavage assay

with nonradiolabeled pBR322 used as the substrate (Fig. 8).
No other quinolones included in this study stimulated DNA
cleavage above background levels in the nonradiolabeled
DNA cleavage assay when tested at concentrations of up to
1,000 ,ug/ml (Table 1).

CP-67,015 (pg/ml)

FIG. 8. Drug-induced DNA cleavage in a nonradiolabeled cleav-
age assay. Cleavage of supercoiled pBR322 DNA to the linear form
by calf thymus topoisomerase II in the presence of VP-16 or

CP-67,015 is shown as a percentage of that of the drug-free control.
The inset shows a photograph of the ethidium bromide-stained DNA
agarose gel after electrophoresis of the reaction mix containing
various concentrations (in micromolar) of CP-67,015 (with the
relative migration of the open circular, cleaved, and linear DNA and
the supercoiled DNA indicated).

Utilization of this nonradiolabeled DNA cleavage assay

was possible because of the higher specific activity of the
topoisomerase II preparation purified by the procedure of
Schomburg and Grosse (31) relative to the specific activity of
the topoisomerase II with topoisomerase I contamination. In
our hands, somewhat more topoisomerase I contamination
was found in the topoisomerase II preparation purified by
the procedure of Halligan et al. (9) than in the topoisomerase
II purified by the procedure of Schomburg and Grosse (31).
At the level of enzyme needed to observe cleavage of linear
DNA, the presence of the relaxation activity from the
contaminating topoisomerase I interfered with the quantita-

CP-67,015 (jg/ml) N VP-16 (jig/mi) Ciprofloxacin (Jlg/ml) CP47015
250 125 62.5 31.2 15.6 7.8 0 Enzyme 125 62.5 31.2 15.6 7.8 3.9 2 0 1000 500 250 125 62 31 0 62 5g/ml

'mmf_

FIG. 7. Inhibition of mammalian topoisomerase II by quinolones in the radiolabeled cleavage assay. Banding patterns of CP-67,015,

VP-16, and ciprofloxacin are shown in the analyses of the autoradiograph (exposed for 72 h) of the drug concentration-dependent cleavage

of [32P]ATP-single-end-labeled pBR322 by calf thymus topoisomerase II. Shown between the CP-67,015 and VP-16 cleavage data is the

enzyme-free control of unhydrolyzed [32P]ATP-single-end-labeled pBR322 DNA.
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tion of the nonradiolabeled DNA cleavage results, as topo-
isomerase I relaxation products comigrated with the linear-
ized DNA. However, the general banding pattern of the
radiolabeled cleavage assay was the same when either the
Schomburg and Grosse (31) topoisomerase II purification
procedure or the Halligan et al. (9) purification procedure
was used, in which topoisomerase I contamination would
not affect the results (C. A. Farrell and J. F. Barrett,
unpublished data), suggesting that the specificity of the
unproteolyzed and proteolyzed forms of the calf thymus
topoisomerase II were the satne. Topoisomerase II from
either purification procedure was adequate for catalytic
assays.

DISCUSSION
The topoisomerase II inhibitory activities of several anti-

tumor compounds and quinolone antibacterial agents were
examined in four in vitro assays that measured the catalytic
or DNA cleavage activities of a mammalian topoisomerase II
enzyme, including a quantitative assay that assessed the
cleavage of unlabeled DNA substrate. Other investigators
(2, 4, 24, 30, 34, 35) have shown that antitumor compounds
such as adriamycin, ellipticine, m-AMSA, and VP-16 are
inhibitory to the catalytic activity of topoisomerase II and
enhance DNA cleavage by topoisomerase II. The assays
used in this study confirmed this. The effects of quinolone
antibacterial agents on mammalian topoisomerase II have
been less well studied, raising questions about safety with
regard to reports of the binding of 4-quinolones to DNA
rather than gyrase (32, 36). In agreement with our results,
Hussy et al; (13) did not find quinolones to be very inhibitory
to topoisomerase II catenation activity, with Ki values
ranging from 150 to 1,000 ,ug/ml for ciprofloxacin, oxolinic
acid, norfloxacin, and nalidixic acid. Likewise, Riou et al.
(30) have found that nalidixic acid and pefloxacin are poor
inhibitors of catenation and decatenation activities of a
trypanosome topoisomerase II. Consistent with these results
were our minimum drug concentrations for stimulating to-
poisomerase II-mediated cleavage in the "hot" cleavage
assay (Farrell and Barrett, unpublished data).
Our findings indicate that ciprofloxacin, norfloxacin, oxo-

linic acid, and nalidixic acid are not potent enhancers of
DNA cleavage mediated by mammalian topoisomerase II;
and the significance, if any, of the lower drug concentration
of ciprofloxacin that was observed to enhance cleavage in
the radiolabeled cleavage assay (Table 1) could not be
determined. It is interesting that Oomori et Al. (25) found a
good correlation between the cytotoxicity of quinolones in
vitro against HeLa cells with their abilit,y to inhibit the
relaxation activity of topoisomerase II pufified from these
cells. In those studies (25), ciprofloxacin was found to give
an IC50 for relaxation inhibition similar to the CC50 obtained
in our radiolabeled cleavage assay. Other adverse effects of
quinolones on human lymphocytes have been observed by
Forsgren et al. (7).

CP-67,015 was in the same order of magnitude as norflox-
acin and ciprofloxacin in the formation of a measurable
gyrase-cleavable complex (Table 1); and antibacterial po-
tency MICs for 50% of strains tested of 0.063, 0.031, and
0.063 p,g/ml for CP-67,015, norfloxacin, and ciprofloxacin,
respectively, were similar against a battery of susceptible E.
coli test strains. As reported elsewhere (13, 30), we found
that the enhancement of topoisomerase II-mediated DNA
cleavage activity by quinolones against procaryotic DNA
gyrase was approximately 100-fold more potent than it was

against the eucaryotic topoisomerase II counterpart. Al-
though this was also true for CP-67,015, the in vitro CC50 for
which we observed an increase in topoisomerase II-medi-
ated DNA cleavage was significantly lower than that which
has been observed to date with other quinolones. CP-67,015
induced DNA cleavage in both the radiolabeled and nonra-
diolabeled DNA cleavage assays at CC50s of 33 and 73
jxg/ml, respectively. CP-67,015 has also demonstrated strong
clastogenic activity in human lymphocytes and CHO cells
and has proved to be a direct-acting mutagen in L5178Y/
TK+/-, CHO/H6PRT, and V79/HGPRT cell culture systems
at similar drug levels (10). Thus, the DNA cleavage results
obtained in this study may be relevant to assessing the safety
of this compound and future quinolones that are found to
induce topoisomerase II-mediated cleavage at drug levels
that approach physiological relevance. This is particularly
true since it has been observed that peak levels of these
compounds in urine range from 100 to 650 ,ug/ml (1) and that
quinolones have been reported to concentrate from 4- to
20-fold above levels in lymphocytes in serum and in tissues
such as kidney and liver (3).
While factors other than the interaction with topoisomer-

ase II may influence the effects of quinolones on DNA (7, 12,
13, 26, 32, 36), the in vitro cleavage and catalytic assays used
in this study have merit in evaluating the selectivities and
specificities of these agents against bacterial gyrase. In
addition, the stimulation of topoisomerase II-mediated DNA
cleavage by quinolones such as CP-67,015 (10) should be
viewed with some concern in light of the positive in vivo
cytogenetic results observed with CP-67,015, and until the in
vivo relevance of such data is determined (5, 10, 12, 13, 26).
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