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A number of quinolones and related antibacterial compounds were screened for activity against calf thymus
topoisomerase II by using the P4 unknotting and DNA breakage assays. Several compounds from different
structural classes which inhibited DNA unknotting with 50% inhibitory concentrations ranging from 8 to 25
,ug/ml were identified. Two experimental isothiazoloquinolones from this group, designated A-65281 and
A-65282, were also found to induce considerable DNA breakage mediated by calf thymus topoisomerase II,
with 32P-end-labeled pBR322 as the substrate. These compounds were nearly as potent as teniposide, with DNA
breakage activity evident at concentrations as low as 4 ,ug/ml. However, some differences in DNA cleavage
patterns from those with teniposide were evident. These studies have thus identified a new class of agents which
have activity against both bacterial and eukaryotic type H topoisomerases. The implications of these data for
the selectivity of topoisomerase-directed compounds and the potential toxicity of such compounds developed as
antibacterial agents are discussed.

Several classes of antibacterial and antitumor agents
which are believed to exert their cytotoxic effects by inter-
acting with DNA topoisomerases have been identified (for a
recent review, see reference 20). The bacterial type II
topoisomerase, DNA gyrase, has long been known to be the
site of action of nalidixic acid (33). This enzyme is also the
target of a closely related class of potent antibacterial agents,
the 4-quinolones (37). A large body of evidence indicates
that the eukaryotic homolog ofDNA gyrase, topoisomerase
II, is involved in mediating the cytotoxic effects of a variety
of antitumor agents such as ellipticine, teniposide, etopo-
side, adriamycin, and 4'-(9-acridinylamino)-methansulfon-
m-anisidide (m-AMSA) (20). Other, although fewer, cyto-
toxic agents are directed against type I topoisomerases.
Camptothecin and its congeners presently constitute the
only well-characterized class of cytotoxic agents known to
interact with eukaryotic topoisomerase 1 (16), although other
classes of compounds which inhibit the catalytic activity of
this enzyme (18) or induce topoisomerase I-mediated DNA
breakage (38) have recently been identified.
DNA damage appears to be essential to the mode of action

of all classes of topoisomerase-directed cytotoxic agents,
and it is believed to initiate a cascade of events that lead to
cell death (20). Early mode-of-action studies, using elegant
analytical techniques to quantitate DNA breakage in vitro
(see reference 19 for a recent review), demonstrated that
many DNA-intercalating antitumor agents shared the ability
to cause severe DNA damage (26-28, 39, 40). Suggestions
that topoisomerases were involved in mediating the effects
of these and other drugs (22, 26, 28, 39) have been confirmed
by more recent work with reconstituted systems in which
significant drug-induced DNA fragmentation was demon-
strated for a variety of agents by using highly purified
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topoisomerase II preparations (3, 23, 25, 34, 35). A similar
pattern of effects has been demonstrated for the quinolone
antibacterial agents. Treatment of bacteria with the qui-
nolone prototype, nalidixic acid, results in extensive chro-
mosomal damage (7, 11). Drug-induced DNA breakage can
also be catalyzed by purified DNA gyrase (8, 10, 36). In
related studies it was recently demonstrated that additional
quinolone-binding sites appear upon the formation of gyrase-
DNA complexes and that occupancy of these sites correlates
with the occurrence of DNA breakage (30).

In general, the agents directed against type II topoi-
somerases are specific for either bacterial or eukaryotic
enzymes. However, in view of the mechanistic similarities
and the sequence homologies shared by the bacterial and
eukaryotic enzymes, the possibility exists that some agents
interact with both classes. Indeed, several antibacterial
quinolones which inhibit the P4 DNA-unknotting activity of
various eukaryotic type II topoisomerases have been iden-
tified (1, 15, 17). Also, ciprofloxacin and several experimen-
tal fluroroquinolones induce topoisomerase II-mediated
DNA breakage (1, 12, 24). These findings raised the possi-
bility that additional classes of compounds that interact with
both prokaryotic and eukaryotic enzymes will be identified.
Additionally, they underscored the need to carefully assess
the cross-reactivity of any topoisomerase-directed antibac-
terial agent against eukaryotic topoisomerases. Studies to
address this important question and their implications for
potential quinolone toxicity have been discussed in a recent
review (13).
We report here the identification of two closely related

antibacterial isothiazoloquinolones, designated as A-65281
and A-65282, which are potent inhibitors of the P4-unknot-
ting reaction catalyzed by calf thymus topoisomerase II.

Moreover, these compounds are potent inducers of DNA
breakage by calf thymus topoisomerase II. These data thus
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establish a new class of topoisomerase II-directed agents
that interact with both bacterial and eukaryotic enzymes.

MATERIALS AND METHODS

Topoisomerase II purification. The steps used to purify calf
thymus topoisomerase II were adapted from several previ-
ously published procedures (9, 14, 32). Briefly, nuclei were
isolated from 0.5 to 1 kg of frozen calf thymus as described
previously (14). The nuclear pellet was resuspended without
any washing steps in 300 ml of lysis buffer (5 mM KPO4 [pH
7.0], 0.35 M NaCl, 5 mM dithiothreitol, 10 p.g each of
leupeptin, chymostatin, bestatin, and trypsin inhibitor per
ml, 1 mM phenylmethylsulfonyl fluoride). The nuclei were
lysed by frequent hand stirring with a glass rod and held on
ice for 30 min. The resulting thick gelatinous suspension was
centrifuged at 16,000 x g for 10 min. The supernatant was
recovered, and the pellets were washed with another 100 ml
of lysis buffer and centrifuged again. The supernatant frac-
tions were combined and applied by gravity to a 250-ml
column of HA-Ultrogel (IBF Biotechnics) equilibrated with
a mixture of 0.2 M KPO4 (pH 7), 10% glycerol, and 1 mM
dithiothreitol. The column was then washed with 100 to 200
ml of equilibration buffer. The topoisomerase II activity was
eluted in batch mode with 400 ml of 1 M KPO4-10%
glycerol-1 mM dithiothreitol, diluted fivefold with cold 10%
glycerol containing 1 mM dithiothreitol, and applied to a
column of S-Sepharose (4.5 by 12 cm) equilibrated with 50
mM Tris-HCl (pH 7.5)-0.1 M KCl-10% glycerol-1 mM
dithiothreitol. After being washed with 1 column volume of
this equilibration buffer, the column was developed at 10 to
15 ml/min with a 2-liter gradient of 0.1 to 1 M KCI in the
same buffer. Fractions containing topoisomerase II activity
were routinely frozen at -80°C. Final purification of diluted
S-Sepharose fractions was done on a 20-ml MonoQ column
(Pharmacia) with a 0.1 to 0.75 M KPO4 gradient (pH 7.0)
containing 10% glycerol and 1 mM dithiothreitol. Topoisom-
erase II fractions were concentrated by using HA-Ultrogel.
This procedure yields highly purified preparations of topo-
isomerase II as judged by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE); however, the activ-
ity of the highly purified enzyme was unstable after MonoQ
chromatography. For this reason S-Sepharose fractions
were routinely used in DNA breakage assays. The specific
activity of pooled fractions at this level of purity was
typically 25 to 50 P4-unknotting units per ,ug of total protein.
Maximum stability was achieved by adding bovine serum
albumin (molecular biology grade; Bethesda Research Lab-
oratories) to a concentration of 0.1 mg/ml, concentrating the
mixture 10-fold by ultrafiltration (Amicon YM-30), and stor-
ing it at -80°C. Working stocks were kept at -20°C.

P4-unknotting assay. Knotted P4 phage DNA was pre-
pared as described previously (21). The P4 DNA-unknotting
assay was done essentially as described previously (14) in
40-pld reaction volumes containing 50 mM Tris-Cl (pH 7.6),
100 mM KCI, 10 mM MgCl2, 0.5 mM EDTA, 0.5 mM
dithiothreitol, 30 jig of bovine serum albumin per ml, 1 mM
ATP, drug at the concentrations indicated, 100 to 200 ng of
knotted P4 DNA, and 1 U of topoisomerase II. Reactions
were run at 370C for 30 min. Aliquots (25 pul) were then
electrophoresed in a 1% agarose gel, and the DNA was
visualized by transillumination with UV light after staining
with ethidium bromide. One unit of topoisomerase activity is
defined as the amount of enzyme necessary to maximally
unknot 200 ng of P4 knotted DNA in 30 min at 37°C under
standard reaction conditions.

The 50% inhibitory concentrations (IC50s) for the inhibi-
tion of P4 unknotting were estimated from the levels of
inhibition seen in samples containing serial dilutions of
inhibitor. The concentration of drug which inhibited the
formation of unknotted product DNA by approximately 50%
was defined as the IC50.
DNA breakage assay. The DNA breakage assay was based

on that described by Tewey et al. (34). The substrate used
for breakage assays was pBR322 that had been linearized by
EcoRI treatment and end labeled with Klenow fragment and
[oa-32P]ATP. The assays were done in 20-,u reaction mix-
tures containing 50 mM Tris-HCl (pH 7.6), 50 mM KCI, 10
mM MgCl2, 0.5 mM EDTA, 0.5 mM dithiothreitol, 50 ,ug of
bovine serum albumin per ml, 50 ng of end-labeled DNA
(approximately 5,000 cpm determined by Cerenkov light),
200 U of topoisomerase II, and drug at the concentrations
indicated in the figures. The reaction was started by the
addition of enzyme, and incubation continued at 37°C for 15
min. Reactions were stopped by the addition of 2 ,ul of
quench solution that contained 5% SDS and 1.5 mg of
predigested proteinase K (Bethesda Research Laboratories)
per ml, and the mixtures were heated at 50°C for 45 min.
Electrophoresis buffer (10 RI; 3% SDS, 15% Ficoll, 0.15 mg
of bromophenol blue per ml) was added, and 25-pu aliquots
were electrophoresed overnight in a 1% agarose gel. The
bands were visualized by autoradiography after the gel had
been dried by standard procedures. The amount of added
enzyme was adjusted to minimize the background breakage
observed in the absence of drug in order to facilitate the
comparison of DNA cleavage patterns induced by different
drugs. The assay was sensitive enough to detect topo-
isomerase-mediated DNA breakage induced by a variety of
well-known agents (see below); however, at this enzyme-to-
DNA ratio, high concentrations (>128 ,ug/ml) of test com-
pounds (e.g., teniposide) were required to induce the cleav-
age of all of the labeled DNA substrate (results not shown).
Compounds were initially screened at a final assay con-

centration of 128 ,ug/ml. Any active compounds were as-
sayed again at 128, 64, 32, 16, and 4 ,ug/ml to determine
whether they induced strong, moderate, or weak breakage.
Strong breakage indicates that the level of breakage at .32
,g of test drug per ml was roughly comparable to the
breakage seen with 16 to 32 ,ug of teniposide. Moderate
breakage indicates that levels of DNA cleavage similar to
that seen with the teniposide controls could be approached
at the highest concentrations of test compound used. Weak
but detectable cleavage at high drug concentrations is de-
fined as weak breakage.
Other materials and reagents. Etoposide and teniposide

were obtained from Bristol Myers-Squibb, Wallingford,
Conn. The synthesis of A-65281 and A-65282 has been
described elsewhere (4). All other compounds tested for calf
thymus topoisomerase II activity were synthesized as part of
the DNA gyrase inhibitors program at Abbott Laboratories.

RESULTS

A number of quinolones and related compounds were
screened for activity in assays designed specifically for
eukaryotic topoisomerase II in order to identify chemical
structure types that would interact with both the bacterial
and eukaryotic enzymes. The ability of type II topo-
isomerases to catalyze DNA strand passage reactions pro-
vides the basis for the P4 DNA-unknotting assay (21), which
is commonly used to measure the catalytic activity of
eukaryotic topoisomerase II. However, as noted above, the
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Table 1. Summary of P4 Unknotting and DNA Breakage Results

A B
structure Rl R2 R3 unknotting DNA
class IC50(ug/ml) breakage2

A-61057 A HN N- H 12 none

A-61526 A > Cbz-NH CtN H 25-50 none

norfloxacin A ethyl HN N- H n.d.1 none

ciprofloxacin A FHN N- H n.d.1 none

A-64927 B >HH2N,,N' H 16-25 none

A-65281 B HN N- F 8 strong

A-65282 B >- ~H2N>No F 8 strong

A-65364 B ethyl HN N- F 25-50 weak

1No detectable Inhibition at 50 pg/ml. 2See Materials and Methods for description of weak, moderate, and strong breakage.

ability to induce topoisomerase-mediated breakage appears
to correlate better with the cytotoxic activity of such com-
pounds (20). This breakage activity can be readily detected
by agarose gel electrophoresis after addition of SDS to
drug-enzyme-DNA mixtures (see reference 34 for an exam-
ple). Such assays have been widely used to study drug-
topoisomerase interactions and have helped to prove the
involvement of topoisomerases in the mode of action of such
agents.

Inhibition of P4 DNA unknotting. Table 1 summarizes the
effects of a number of quinolones and related compounds on
the P4-unknotting and DNA breakage activity catalyzed by
calf thymus topoisomerase II. Compounds that were active
at <128 ,ug/ml fell into two major structural classes, those
which had the standard quinolone structure (class A) and
those from a new structural class in which the C-3 quinolone
carboxylate group was replaced by an isothiazolone ring
(class B) (5, 6). Potent unknotting inhibitors were found from
both structural classes, with the most active compounds
having IC50s in the range of 8 to 25 ,ug/ml. Thus these
compounds are considerably more potent than those re-
ported previously (15, 17). Figure 1 illustrates the DNA
unknotting catalyzed by calf thymus topoisomerase II and

the dose dependence for inhibition typically seen with these
compounds. The results obtained with A-65281 and A-65282
are shown. The knotted DNA substrate runs as a highly
diffuse smear on agarose gels (Fig. 1A, lane 1), which reflects
substantial heterogeneity in the extent of knotting of the
closed-circular P4 DNA molecules (21). Unknotting by to-
poisomerase II resolves the DNA into topologically relaxed,
closed-circular molecules which migrate as a single band
(Fig. 1A, lane 2). The inhibition ofDNA unknotting occurred
in a normal, dose-dependent manner with all active com-
pounds (data not shown). It should be noted that although
A-65281 and A-65282 induce DNA breakage (see below), no
breakage would be detectable in the unknotting assay be-
cause of the low levels of enzyme used.

Figure 1B shows the results obtained with etoposide and
teniposide, two well-known inhibitors of topoisomerase II
that also induce considerable DNA damage. Careful com-
parison of the dose responses seen with these compounds
indicates that A-65281 is equipotent to teniposide and etop-
oside. A-65282 appears slightly more potent at inhibiting the
P4 DNA unknotting; however, the levels of drug required for
unknotting inhibition are higher than the antibacterial MICs
and IC50s for inhibition of DNA gyrase typically seen with
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FIG. 1. Inhibition of P4 DNA unknotting by A-65281 and
A-65282. The figure shows ethidium bromide-stained agarose gels
that illustrate the extent of P4 DNA unknotting by calf thymus
topoisomerase II in the presence of various drug concentrations. (A)
The knotted P4 DNA substrate is shown in lane 1 as a diffuse smear.

After resolution of the knots by calf topoisomerase II the DNA runs

as a distinct band (lanes 2 and 11). Lanes 3 through 9 contain 50, 25,
16, 8, 4, 2, and 1 pg, respectively, of A-65281 per ml. Lanes 12
through 18 contain 50, 25, 16, 8, 4, 2, and 1 p.g, respectively of
A-65282 per ml. Lanes 10 and 19 contain 100 ,ug of etoposide per ml.
(B) Lanes 1 and 8 contain just topoisomerase II. Lane 7 is a

minus-enzyme control. Lanes 2 through 6 contain 50, 25, 12.5, 6.25,
and 3.1 jig, respectively, of teniposide per ml. Lanes 9 through 13
contain 100, 50, 25, 12.5, 6.25 p.g, respectively, of etoposide per ml.

isothiazoloquinolones (5, 6), indicating that there is still a

high degree of specificity for the bacterial enzyme.
The possible effects ofDNA binding should be considered

when interpreting these results. A number of quinolones
have been reported to bind to DNA in a nonintercalative
mode (29, 31). Although the role of these drug-DNA inter-
actions in the biological effects of these compounds is not
clear, they could account for the weak inhibition of P4 DNA
unknotting seen previously (15, 17). For such effects to
explain the results reported here, significant drug-DNA
interactions must occur at relatively low drug concentra-
tions. Further studies are needed to investigate the effects of
drug-DNA interactions on the inhibition ofDNA unknotting
by topoisomerase II.

Inhibitor-induced DNA breakage mediated by calf thymus
topoisomerase II. It has been proposed that the biological
activity of topoisomerase-directed cytotoxic agents results
from the ability of the drug to stabilize a complex in which

FIG. 2. Drug-induced DNA breakage by calf thymus topoisom-
erase II. This autoradiogram shows the extent and pattern of
breakage of end-labeled pBR322 induced by various levels of
A-65281, A-65282, and teniposide. Lanes are designated according
to the level of drug present. The units used are micrograms per
milliliter. Although similar, there are some differences in cleavage
patterns induced by the two classes of drugs. The dots adjacent to
the lane containing 16 ,ug of A65281 per ml indicate the DNA
fragments induced by the isothiazoloquinolones which are less
prominent or absent when teniposide is used.

the DNA is covalently linked to the enzyme (commonly
referred to as a cleavable complex) (20). This complex is
easily disrupted by SDS, resulting in double-stranded DNA
breakage which is readily detectable in vitro after electro-
phoresis when high levels of topoisomerase II are used with
32P-end-labeled DNA substrate (34). Interestingly, of the
compounds listed in Table 1, only two isothiazoloquino-
lones, A-65281 and A-65282, induced substantial topoisom-
erase II-mediated DNA breakage in this assay. The DNA
cleavage patterns obtained with A-65281, A-65282, and
teniposide are shown in the autoradiograph in Fig. 2. DNA
breakage is indicated by the generation of DNA fragments
with higher mobility than the end-labeled linear pBR322
substrate. The level of topoisomerase used in this assay is
much greater than that used in the unknotting assay; how-
ever, the amount added was adjusted so that very little
breakage ofDNA is evident in the absence of drug. Separate
controls showed that no drug-induced DNA breakage was
detectable in the absence of enzyme at drug concentrations
exceeding 100 p,g/ml (data not shown); however, all three
compounds induced substantial DNA cleavage when en-
zyme was present. Breakage was evident at concentrations
of both A-65281 and A-65282 as low as 4 ,ug/ml. Comparisons
with the data obtained with teniposide indicate that all three
compounds have similar potencies. Although direct compar-
isons with other published studies in which this assay was
used are difficult, these results suggest that A-65281 and
A-65282 are at least as potent as CP-67,015 at inducing
topoisomerase II-mediated DNA breakage (1).
The banding patterns of the cleavage products shown in

Fig. 2 are consistent with an enzyme-mediated process at
preferred sites along the DNA. The sequence specificity
observed in the presence of the isothiazoloquinolones is
similar, but not identical, to the sequence specificity ob-
served in the presence of teniposide. The fragments induced
by the isothiazoloquinolones which are less prominent or
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absent when teniposide is used are indicated in the figure.
More-sensitive techniques are necessary to identify the exact
sites of cleavage induced by the different drugs and to
establish whether the patterns observed reflect real differ-
ences in cleavage site specificity or changes in the relative
frequency of DNA breakage at common cleavage sites, or
both. Differences in DNA cleavage patterns induced by
different drugs have been observed previously and probably
result from the ability of different drug classes to stabilize the
drug-DNA-enzyme complex at different sites along the DNA
substrate (see reference 20 and citations therein). The extent
to which direct drug-DNA interactions contribute to these
specificities and how they correlate with the biological
effects of different classes of compounds are not known. The
DNA cleavage pattern obtained with A-65281 was also
distinctly different from that obtained with m-AMSA (results
not shown).
These results are in accord with previous observations

that DNA-unknotting inhibitors do not necessarily have the
ability to induce DNA breakage (15, 17). It should also be
noted that the isothiazolone moiety is not sufficient by itself
to confer this activity, since several isothiazoloquinolones
did not induce any detectable DNA breakage (Table 1; data
not shown). However, one interesting structural feature
shared by A-65281, A-65282, and CP-67015 (see reference 1
for structure) is the 6,8-difluoro substitution on the quino-
lone ring system. The importance of this difluoro structure is
also suggested by the lack of DNA breakage activity of
A-64927, which differs from A-65282 only by the removal of
the fluorine at C-8 (Table 1). The weak DNA breakage seen
with A-65364 suggests that the cyclopropyl group also con-
tributes significantly to the observed effects. These results
are in accord with the results reported very recently (24) for
two quinolone derivatives, CP-67,804 and CP-115,953. A
cyclopropyl group at the N position (CP-115,953) results in
more potent DNA breakage activity than is observed with an
ethyl substitution (CP-67,804). Further work is under way to
identify which structural aspects of the isothiazoloquinolo-
nes contribute to their DNA breakage activity and to further
evaluate the biological activity of this class of topoisomerase
II-directed agents.

Neither norfloxacin nor ciprofloxacin showed any detect-
able inhibition of P4 DNA-unknotting activity when tested at
50 ,ug/ml. Moreover, no DNA breakage was evident with
either compound at concentrations up to 128 ,ug/ml. This is
in contrast to previous reports of ciprofloxacin-induced
DNA breakage by calf thymus topoisomerase II (1, 12). The
reason for this discrepancy is not known; however, in view
of the dose response reported previously (1, 12), it is quite
possible that the highest concentration of ciprofloxacin
tested here (128 ,ug/ml) was not sufficient to give detectable
cleavage, particularly at the moderate enzyme-to-DNA ra-
tios we chose to use for better cleavage pattern comparisons.
Under the assay conditions described in Materials and
Methods, DNA breakage by more potent agents such as
ellipticine, m-AMSA, or adriamycin was detectable at con-
centrations of <1 ,ug/ml, which is in accord with the results
seen previously (23, 24, 25) for these drugs. Each class of
drug induced different cleavage patterns (data not shown).

DISCUSSION

These studies have identified several isothiazoloquinolo-
nes which have significant activity against both bacterial and
eukaryotic type II topoisomerases. As a class, the isothiaz-
oloquinolones have quite potent antibacterial activity (5, 6)

against a wide range of organisms and low IC50s for the
inhibition of bacterial DNA gyrase (6). In general, an isothi-
azoloquinolone is significantly more active than its corre-
sponding parent quinolone (6). A-65281 is a potent DNA
gyrase inhibitor (IC50 = 0.1 ,ug/ml against Escherichia coli
DNA gyrase [6a]), with MICs against different strains of E.
coli, Staphylococcus aureus, Streptococcus pyogenes, and
Pseudomonas aeruginosa all well below 1.0 jig/ml (6).
A-65282 has a similar profile (3a). Although the biological
activity of these two compounds reflects a high degree of
selectivity for DNA gyrase, their potency against topoisom-
erase II provides additional evidence that common structural
themes may emerge for inhibitors that induce DNA breakage
by both classes of enzymes. As pointed out previously (1, 2,
12, 13), such data also suggest the need to investigate the
potential toxicity of compounds developed as antibacterial
agents against bacterial DNA gyrase which might result from
their interaction with human topoisomerase II. This issue
has been raised regarding ciprofloxacin (1, 2, 12, 13), which
has DNA breakage activity when tested at high concentra-
tions with purified topoisomerase 11 (1, 12) and was recently
found to induce double-strand breaks in human lymphoblas-
toid cells (2). It is not clear how these in vitro results might
correlate with potential toxicity (see reference 13 and cita-
tions therein). Nor is it clear which structural features of
topoisomerase II-directed inhibitors correlate with toxicity.
Thus, even within closely related structure types, com-
pounds should be evaluated on a case-by-case basis.

In addition to further defining structure-function relation-
ships, consideration will have to be given to issues such as
how different compounds interact with topoisomerases in
situ and how preferred in vitro cleavage sites correlate with
in vivo activity. Such information would better establish
how well in vitro activities serve as predictors of toxicity; in
addition, the elucidation of the structural features essential
to topoisomerase-directed activity offers the prospect of
designing more potent and/or specific agents that might find
utility in the anti-infective or antitumor areas.
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