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ABSTRACT. Several important antineoplastic drugs kill cells by increasing levels of topoisomerase II-
mediated DNA breaks. These compounds act by two distinct mechanisms. Agents such as etoposide inhibit
the ability of topoisomerase |l to ligate enzyme-linked DNA breaks. Conversely, compounds such as
guinolones have little effect on ligation and are believed to stimulate the forward rate of topoisomerase
II-mediated DNA cleavage. The fact that there are two scissile bonds per double-stranded DNA break
implies that there are two sites for drug action in every enzyBRA cleavage complex. However,

since agents in the latter group are believed to act by locally perturbing DNA structure, it is possible that
guinolone interactions at a single scissile bond are sufficient to distort both strands of the double helix
and generate an enzyme-mediated double-stranded DNA break. Therefore, an oligonucleotide system was
established to further define the actions of topoisomerase II-targeted drugs that stimulate the forward rate
of DNA cleavage. Results indicate that the presence of the quinolone CP-115,953 at one scissile bond
increased the extent of enzyme-mediated scission at the opposite scissile bond and was sufficient to stimulate
the formation of a double-stranded DNA break by human topoisomerasé lhese findings stand in
marked contrast to those for etoposide, which must be present at both scissile bonds to stabilize a double-
stranded DNA break [Bromberg, K. D., et al. (20QB)Biol. Chem. 2787406-7412]. Moreover, they
underscore important mechanistic differences between drugs that enhance DNA cleavage and those that
inhibit ligation.

Knots and tangles that accumulate within the genetic formation of cleavage complexes is potentially toxic. If DNA
material are potentially lethal to the cell. These topological tracking enzymes such as polymerases or helicases encounter
barriers are removed from the genome by an essentiala cleavage complex, they can convert these transient topo-
enzyme known as topoisomerase 1H(). isomerase |l intermediates into permanent double-stranded

Topoisomerase |l acts by passing an intact segment of DNA breaks 8, 4, 13—15). The presence of these breaks
duplex DNA through a transient double-stranded break that initiates mutagenic events, including chromosomal insertions,
it generates in a separate double helix-6, 8, 9). The deletions, and translocation$5-19), and can trigger cell
enzyme manufactures the double-stranded break by generatdeath pathwaysl6, 16).

ing two staggered nicks (one on each strand) in the sugar  Beyond its required physiological activities, topoisomerase
phosphate backbond( 11). This scission reaction yields || js the primary target for a number of antineoplastic drugs,
cleaved DNA molecules containing four-base single-stranded several of which are used for the clinical treatment of human
cohesive ends protruding on thefftBrmini (11). To maintain cancers §, 4, 13, 15, 20—22). Although topoisomerase II-
chromosomal integrity during the double-stranded DNA targeted agents encompass a humber of structurally diverse
passage reaction, topoisomerase Il forms covalent attachjasses, they all kill cells by elevating the level of enzyme-
ments with the nery created-BDNA termini via its two generated DNA break§y(41 13, 15, 20—22) Since these
active site tyrosyl residues (one per each protomer subunit)drugs convert the essential type Il enzyme to a cellular toxin,
(10-12). This covalent enzyme-cleaved DNA intermediate they are termed “topoisomerase Il poisons” to distinguish
is known as theeleavage complex them from agents that inhibit the double-stranded DNA
Even though cells cannot survive without the double- passage reaction of the enzym 4, 13, 15, 20—24)

stranded DNA passage activity of topoisomerase |I, the Topoisomerase |l poisons increase equilibrium levels of

DNA cleavage complexes by two distinct, but not mutually
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Il-mediated DNA scissiongd, 4, 13, 28—30). Furthermore, TGACGATGIAGCGCATTGTTAGATTTCATACACGG-
a variety of DNA lesions (including abasic sites and alkylated 3', respectively. Points of topoisomerase |I-mediated DNA
bases) also poison the enzyme without affecting rates of cleavage are denoted with arrows. Oligonucleotides spanning
ligation (31—33). the B-terminus to the point of topoisomerase Il scission on
It is believed that compounds that inhibit DNA ligation the top and bottom strands also were synthesized, and single-
interfere with the ability of topoisomerase Il to align the 3  stranded oligonucleotides were labeled on théitedmini
and/or 5-DNA termini generated by enzyme-mediated With [*P]phosphate and purified as described previouy. (
cleavage 13). The fact that there are two scissile bonds per Oligonucleotides extending from the point of scission to the
enzyme-generated double-stranded DNA break implies that3'-terminus of each strand were synthesized dratfivated
there are two available sites for drug action (one on each With p-nitrophenol according to the method of Bromberg et
strand) in every topoisomerase-IDNA cleavage complex.  al. (39). Equimolar amounts of complementary oligonucle-
A previous study that examined drug effects on human otides were annealed by incubating at’@for 10 min and
topoisomerase &l indicated that etoposide actions at both cooling to 25°C.
scissile bonds are required to stabilize double-stranded breaks DNA Cleaage DNA cleavage assays were carried out
in the genetic material3@). The presence of etoposide at as described previousl®8, 41). Reaction mixtures contained
either scissile bond inhibits DNA ligation only on that strand, 200 nM wild-type human topoisomerasexiand 10 nM
and hence stabilizes a single-stranded break in the doubledouble-stranded oligonucleotide or 20 nM enzyme and
helix (34). 10 nM negatively supercoiled pBR322 DNA in 20 of
Since drugs such as quinolones have little effect on the 10 mM Tris-HCI (pH 7.9), 135 mM KCI, 5 mM MgGl
DNA ligation reaction of eukaryotic type Il enzymes, itis 0.1 mM EDTA, and 2.5% glycerol in the absence or presence
not clear whether the “two-drug model” described above for of CP-115,953. Reaction mixtures were incubated at@G7
etoposide can be applied to agents that increase the level ofor 15 min. For mixtures containing oligonucleotide sub-
DNA breaks by stimulating the forward rate of topoisomerase Strates, reactions were stopped by addipd. »f 10% SDS
ll-mediated scission. On the basis of studies with position- followed by 1uL of 375 mM EDTA (pH 8.0). Samples
specific DNA lesions 2, 33, 35), it is believed that were digested with proteinase K and ethanol-precipitated.
compounds in this latter group enhance scission by locally To monitor single-stranded DNA breaks, cleavage products
distorting the structure of DNA, thus creating a preferable were resolved by electrophoresis under denaturing conditions
cleavage substrate for the enzyn8, 32, 36). Consequently,  in 7 M urea, 14% polyacrylamide gels in 100 mM Tris-borate
it is possible that quinolone interactions at a single scissile (PH 8.3), and 2 mM EDTA. To monitor double-stranded
bond are sufficient to distort both strands of the double helix DNA breaks, products were resolved in 12% nondenaturing
and stimulate the formation of an enzyme-mediated double- polyacrylamide gels. In both cases, DNA cleavage products
stranded DNA break. In support of this possibility, the were visualized and quantified on a Bio-Rad FX Molecular
presence of strand-specific DNA lesions dramatically in- Imager.
creases levels of topoisomerase Il-generated double-stranded For reaction mixtures containing pBR322 DNA, cleavage
breaks in the genetic materié82, 35). intermediates were trapped and digested as described above
Therefore, an oligonucleotide system was established to(except that 5% SDS was used) and subjected to electro-
further define the actions of topoisomerase Il poisons that phoresis in a 1% agarose gel in 40 mM Tris-acetate (pH
stimulate the forward rate of DNA cleavage. Results with 8.3) and 2 mM EDTA containing 0.mg/mL ethidium
human topoisomeraseollindicate that the presence of the bromide. DNA bands were visualized with ultraviolet light
quinolone CP-115,953 at a single scissile bond is sufficient and quantified using an Alpha Innotech digital imaging
to stimulate enzyme-mediated cleavage on both strands ofsystem. Levels of single-stranded and double-stranded DNA
the double helix. This finding stands in marked contrast to breaks and absolute cleavage levels were quantified as
the requirements for the generation of double-stranded DNA described previously3@).
breaks by etoposide3§). Moreover, it further underscores DNA Ligation DNA ligation reactions were carried out
the mechanistic differences between drugs that enhance DNAaccording to the method of Bromberg et &9). Briefly,

cleavage and those that inhibit ligation. assays contained 200 nM Y805F human topoisomerase ||
and 10 nM activated nicked oligonucleotide in a total of 20
EXPERIMENTAL PROCEDURES uL of 10 mM Tris-HCI (pH 7.9), 135 mM KClI, 7.5 mM

CaCb, 0.1 mM EDTA, and 2.5% glycerol in the absence or
o Presence of CP-115,953. Reaction mixtures were incubated
at 37°C for 48 h, and ligation was stopped by the addition

of 2 uL of 10% SDS followed by luL of 375 mM EDTA

Enzymes and Material§Vild-type human topoisomerase
Ilae and a mutant human enzyme containing an active sit
Phe in place of Tyr805 (Y805F) were expressedatcha-
romyces cerd@siaeusing the YEpWOBG6 vector and purified ) .
as d)éscribed pl’eViOU5|%(—39).FC):P-115,953 (Pfizer%lobal (pH 8.0). Samples were processed, resolved in denaturing

Research) was prepared as a 20 mM stock solution in 100%polyacrylamide gels, and analyzed as described above for
DMSO and stored at 4C oligonucleotide cleavage reactions.

Preparation of OligonucleotidesA 47-base oligonucle-  RESULTS AND DISCUSSION
otide corresponding to residues-8026 of pPBR322 and its
complement were prepared on an Applied Biosystems DNA  The Quinolone CP-11953 Has Little Effect on the DNA
synthesizer. The sequences of the top and bottom strandd.igation Reaction of Human Topoisomerase.|Previous
were B-CCGTGTATGAAATCTAACAATGICGCTCATCG- studies indicate that quinolones have little, if any, effect on
TCATCCTCGGCACCGT-3and 3-ACGGTGCCGAGGA- the ability of Drosophilatopoisomerase Il to ligate DNA
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central sequence of the oligonucleotide substrate used to monitor
DNA cleavage by wild-type human topoisomerase tn either [CP-115,953] (vM)

the top strand (A) or the bottom strand (B) is shown. The asterisks giguge 2: CP-115,953 has little effect on the DNA ligation reaction
denote the radiolabeled strands on which DNA cleavage was of human topoisomerasedll The central sequence of the oligo-
monitored, and the points of topoisomerase |l scission are denotedp, ,cleotide substrate is per Figure 1 except that the strand being

with arrows. The—1 base relative to the point of scission on the  |igated contained a nick at the topoisomerase Il point of scission
strand being cleaved was changedrira G to a C asndicated. and was activated for DNA ligation by the attachment pof
The amount of DNA scission observed in the absence of CP- nitrophenol to the Sterminal phosphate3@). DNA ligation

115,953 was set to 1. Error bars indicate the standard deviation of megiated by Y805F human topoisomerase Was monitored on

two to three independent experiments. either the top (A) or the bottom (B) strand. Thel base relative
to the point of scission on the strand being ligated was changed
. . ) ) o from a G to a C amdicated. The amount of DNA ligation observed
(29, 42). Under conditions in which etoposide inhibited in the absence of CP-115,953 was set to 100%. The dashed lines
ligation rates more than 10-fold, CP-115,953 slowed ligation represent the effect of etoposide on DNA ligation (from 34j.

rates by <30% @9, 42). In contrast to results with the Error bars indicate the standard deviation of three to four
Drosophila enzyme, quinolones strongly inhibit the DNA ~ ndependent experiments.
ligation reaction of the prokaryotic type Il enzyme, topo-
isomerase 1V 43, 44). Because the mechanistic basis for incapable of mediating DNA scissioBg) was used for these
quinolone action is not strictly conserved across evolutionary experiments.
boundaries, the effect of CP-115,953 on the DNA ligation  As seen in panels A and B of Figure 2, CP-115,953 had
activity of human topoisomeraseoliwas determined. little effect on topoisomerase |l-mediated DNA ligation.
An oligonucleotide system was employed for these experi- When the oligonucleotide substrate contdire G at the
ments. The substrate contained a single, well-characterized—1 position, less than 25% inhibition [as compared to the
cleavage site for topoisomerase Il that was derived from 5-fold increase in equilibrium levels of DNA cleavage
pBR322 plasmid DNA 11, 32, 45). Statistical analysis of  (Figure 1)] was observed on either strand at saturating
DNA sequences cleaved by topoisomerase Il in the presencedrug concentrations~100 «M). No further inhibition was
of CP-115,953 suggests that the quinolone prefers sites thatvident, even at quinolone levels that were 5 times higher.
contan a C at the—1 position (relative to the point of The effect of CP-115,953 on DNA ligation was only
scission) 46, 47). Although the parental oligonucleotide marginally greater when the G at thel position was
substrate contaika G at the—1 position, CP-115,953  converted to the preferred C. Approximately 50% inhibition
increased equilibrium levels of cleavage on each strabd was observed on either strand at 100 drug, with no
fold (Figure 1A,B). However, consistent with the predicted further increase at higher quinolone concentrations. Once
consensus sequence for the drug, when the G atthe  again, this minor inhibition cannot account for the 20-fold
position was converted to the preferred C (a correspondingincrease in the levels of topoisomerase ll-generated DNA
change was made in the complementary strand to maintainbreaks observed in Figure 1.
base pairing), the quinolone increased scission on each strand These results are in direct contrast to those found for
~20-fold (Figure 1A,B). etoposide 34). This latter drug dramatically impaired the
The effect of CP-115,953 on the DNA ligation activity of ability of human topoisomerasedllto ligate the activated
human topoisomerasedllwas assessed by monitoring the oligonucleotide substrate (Figure 2A,B). When the sequence
ability of the enzyme to seal a nicked oligonucleotide whose contained the preferred C at thel position on the top or
5'-phosphate terminus was activated by covalent attachmentbottom strand, the 1§ value for etoposide was 4 or/@M,
to the tyrosine mimicp-nitrophenol 89). To ensure that  respectively. Furthermore, nearly 98% inhibition was ob-
results were not influenced by potential drug-induced cleav- served at 10&M drug. On the basis of these findings, we
age on the strand opposite from that being ligated, the Y805F conclude that the quinolone CP-115,953 has little or no effect
active site mutant of human topoisomerase that was on the ability of human topoisomeraserlto ligate DNA
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and probably increases the level of enzyme-associated DNA { {
. . . . -1 -1

breaks primarily by stimulating the forward rate of DNA *51 _ATGCGCTCAT..3' 5'..ATGCGCTCAT..3"'
cleavage. 3'..TACGCGAGTA.5' 3'.TACGCGAGTA..5'*

CP-115,953 Action on One Strand Alters the DNA A A
Cleavage/Ligation Equilibrium on the Opposite Strandl
previous study indicated that etoposide, a topoisomerase II- 25 Top-1 G Bottom -1 G {25
targeted anticancer drug that blocks DNA ligation, must act Top-1C

20

at both scissile bonds to stabilize a double-stranded DNA 20
break @4). Inhibition of ligation at one scissile bond by the
drug had no effect on the DNA cleavage/ligation equilibrium
at the other bond34).

Unlike etoposide, CP-115,953 does not significantly impair
the ability of topoisomerase Il to seal DNA breaks. Therefore,
it is not clear that similar results would be expected for the
quinolone. On the basis of work with strand-specific DNA
lesions B2, 33, 35), it has been proposed that drugs that
enhance the forward rate of enzyme-mediated DNA scission
act by distorting the double helix within the cleavage site
(13, 32, 36). This structural perturbation is recognized by
both protomer active sites of topoisomerase I, and therefore
increases the rate of DNA scission on both strands by
creating a preferred nucleic acid conformation for cleavage.
Since the distortion is lost when the double-stranded recogni-
tion site is converted to single-stranded overhangs by the
cleavage event (see Figure 5), normal rates of ligation are
observed in the presence of drug.

Quinolones perturb the structure of double-stranded DNA
proximal to the site of cleavagel§—50). Moreover, this
perturbation is considerably stronger in the presence of [CP-115,953] (uM)
prokaryotic and eukaryotic type Il enzymet(-50). There-  Figure 3: Action of CP-115,953 on one strand alters the DNA
fore, as shown for DNA lesion8®, 35), it is predicted that  cleavagef/ligation equilibrium on the opposite strand. DNA cleavage
the action of CP-115,953 on only one of the two strands of mediated by wild-type human topoisomerase Was monitored
a cleavage site would be suffcient to generate a doutle- 221 0P (o) o U Soven (101 Suehd, The entil seonce
stra_nded.break in th(_a geneug matenal._As a first step toward ¢ 4 being monitored contained a weak CP-115,953 siteG), '
testing this hypothesis, the oligonucleotide cleavage substrateand the base at thel position on the opposite strand was converted
described in the previous section was used to determinefrom a weak (1 G) to a strong site£{1 C) as indicated. In panels
whether the interaction of the quinolone on one DNA strand C and D, the strand being monitored contained a strong CP-115,953

inati i .~ site (=1 C), and the base at thel position on the opposite strand
zgz:]edd the cleavage/ligation equilibrium on the opposite was converted from a weak-0. G) to a strong site<1 C) as

) . . indicated. The amount of DNA scission observed in the absence
As seen in panels A and B of Figure 3, conversion of the was CP-115,953 was set to 1. Error bars represent the standard
G at the—1 position on either the top or bottom strand to deviation of two to four independent assays.
the preferred C had a significant effect on levels of cleavage
observed on the opposite strand. For either substrate3a 2 Taken together, these results strongly suggest that the
fold increase in the extent of DNA scission was apparent. presence of CP-115,953 on one strand of the double helix
The experiments described above monitored DNA cleav- stimulates the ability of human topoisomerase tih cleave
age on a strand containing a “weak” (i.e-1 G) site for the scissile bond on the opposite strand.
CP-115,953. Studies that examined the effects of DNA The Action of CP-11953 on One DNA Strand Is
damage on topoisomerase Il indicate that the introduction Sufficient To Stimulate the Formation of a Topoisomerase
of a second lesion within a cleavage site further increasesll-Mediated Double-Stranded DNA Breakhe above find-
levels of scission over those seen with a single leskf ( ings imply that the action of CP-115,953 at either scissile
51). Presumably, the presence of the second lesion createdond should increase levels of double-stranded DNA breaks
an even greater distortion in the double helix. Therefore, an generated by human topoisomerase his hypothesis was
additional set of experiments was carried out to determine examined by analyzing the DNA products of cleavage
whether the interaction of CP-115,953 on the top strand (for reactions on nondenaturing gels, as opposed to the denaturing
example) affects levels of cleavage on the bottom strand, gels used for Figure 3.
when the bottom strand contains a “strong” quinolone site  The effects of CP-115,953 on double-stranded DNA
(i.e., =1 C). As shown in panels C and D of Figure 3, cleavage were monitored over a range of-500uM drug
conversion of the G at the-1 position on either the top or  when the oligonucleotide substrate contained weak G)
bottom strand to the preferred C increased the level of DNA quinolone sites on both DNA strands, a strong sitd C)
cleavage 1.52-fold on the opposite strand, even though the on either the top or bottom strand, or strong sites on both
opposite strand already contained a strong sité C) for strands (Figure 4A). At all quinolone concentrations that were
CP-115,953. tested, levels of double-stranded DNA breaks wegefold
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Ficure 4: Generation of double-stranded DNA breaks by CP-
115,953. (A) Double-stranded DNA breaks (dsDNA breaks) gener-
ated by wild-type human topoisomerasex livere monitored
when both strands of the oligonucleotide substrate contained weak
drugs sites (Both-1 G), only one of the two strands contained a
strong drug site (Top-1 C or Bottom—1 C), or both strands
contained strong drug sites (Bothl C). To quantify double-
stranded DNA breaks, cleavage products were resolved under 3
nondenaturing conditions. (B) The percentages of single-stranded
(SS Breaks) and double-stranded (DS Breaks) DNA breaks gener- ) . . . .
ated by human topoisomerasa Wvere monitored in pBR322 DNA. FiIGURES: Model of quinolone action against human topoisomerase
The inset shows an ethidium bromide-stained agarose gel of all®- The presence of guinolone on either DNA strand perturbs the
typical DNA cleavage assay containing-000 M quinolone. structure of the double helix, generating a preferable substrate for
Single-stranded and double-stranded DNA cleavage convert negaD2NA scission. This distortion is recognized by both protomer
tively supercoiled plasmid DNA (form I, FI) to nicked circular (form  subunits of topoisomerase I, and therefore increases the rate of
II, FIl) and linear molecules (form III, FIIl), respectively. Error DNA scission on both strands. Consequently, the interaction of

ndar iation of four in ndentduinolone at only one scissile bond stimulates the formation of an
girr)serriﬁ?erﬁf:nt the standard deviation of two to four independe tenzyme-medlated double-stranded DNA break.

higher when either the top or bottom strand was converted quinolone action against human topoisomerasg(Higure
to a strong site for CP-115,953. Moreover, as predicted from 5). The proposed mechanism of drug action is adapted from
the data in panels C and D of Figure 3, a further enhancementa model previously described for the stimulation of topo-
(~2-fold) of double-stranded DNA cleavage was observed isomerase |l-mediated DNA cleavage by DNA lesiohs, (
when the substrate contained strong quinolone sites on botig2, 36).
strands. As depicted in Figure 5, the interaction of quinolone at
As a final test of the above hypothesis, the concentration either scissile bond of a cleavage site perturbs the structure
dependence of CP-115,953 on topoisomerase ll-mediatedof the double helix48—50). This distortion, in turn, creates
DNA cleavage was assessed using pBR322 DNA as aa preferred substrate for DNA scission that is recognized by
substrate (Figure 4B). Use of this plasmid allowed quinolone both protomer active sites of topoisomerase Il. As a result,
effects to be monitored at a broad spectrum of sites and atthe presence of quinolone on only one strand of the genetic
drug concentrations (5100uM) lower than those that could  material is sufficient to increase the rate of enzyme-mediated
be used with the oligonucleotide substrate. If the presencescission on both strands and to generate a double-stranded
of quinolone on only one DNA strand is sufficient to generate DNA break.
double-stranded breaks, then double-stranded breaks should An alternative interpretation of the data is that two
be observed even at very low drug concentrations. Con- quinolone molecules (one on each strand) are necessary to
versely, if quinolone occupancy on both DNA strands is promote double-stranded DNA cleavage; however, the bind-
required, single-stranded breaks should predominate at lowing of CP-115,953 to one scissile bond rapidly promotes the
drug concentrations and should be converted to double-binding of a second drug molecule to the scissile bond on
stranded breaks only at higher quinolone levels. the opposite strand52, 53). We believe that this latter
The plasmid study clearly supports the hypothesis that the interpretation is not correct for the following reason. In the
action of CP-115,953 on only one DNA strand is sufficient oligonucleotide cleavage experiments, quinolone saturation
to stimulate topoisomerase I|l-mediated double-strandedwas observed at-100 uM drug. If the “cooperative drug
cleavage. Over the quinolone range that was employed, levelshinding model” were applicable, substrates that contained a
of single-stranded DNA breaks never increased by more thanstrong quinolone site on one DNA strand would contain drug
1.5-fold. In contrast, levels of double-stranded DNA breaks molecules on both strands at this saturating concentration.
increased-4-fold at the lowest quinolone concentration that Consequently, the introduction of a second strong quinolone
was examined (M) and rose steadily up te-20-fold at site on the opposite strand of the substrate would have no
100uM CP-115,953. further effect on the maximal level of DNA cleavage. As
A Model for the Stimulation of Topoisomerase ll-Mediated seen Figures 3 and 4, this was not the case. The introduction
Double-Stranded DNA Breaks by Quinolondhe data of a second strong quinolone site doubled the maximal level
presented above are consistent with the following model for of DNA cleavage induced by CP-115,953.
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This study further highlights differences between drugs 24
that stimulate the forward rate of topoisomerase II-mediated
DNA cleavage versus those that inhibit the ligation reaction 5g
of the enzyme. Results suggest that drugs in the former group
may be more likely to generate enzyme-linked double-
stranded DNA breaks than those in the latter gro84).(
This finding has potentially significant implications for the
mechanism by which transient topoisomerase ONA
cleavage complexes are converted to permanent DNA breaks
in the cell. Furthermore, it implies that there may be subtle,
but important, differences in the pathways that are used to

repair the genomic damage that is generated by these drugs.31.
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