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ABSTRACT. Collisions with DNA tracking systems are critical for the conversion of transient topoisomerase
DNA cleavage complexes to permanent strand breaks. Since DNA is overwound ahead of tracking systems,
cleavage complexes most likely to produce permanent strand breaks should be formed between
topoisomerases and positively supercoiled molecules. Therefore, the ability of human topoisomerase |l
and |5 and topoisomerase | to cleave positively supercoiled DNA was assessed in the absence or presence
of anticancer drugs. Topoisomerase Hnd 1|3 maintained~4-fold lower levels of cleavage complexes

with positively rather than negatively supercoiled DNA. Topoisomerasealdo displayed lower levels

of cleavage with overwound substrates in the presence of nonintercalative drugs. Decreased drug efficacy
was due primarily to a drop in baseline (i.e., nondrug) cleavage, rather than an altered interaction with the
enzyme-DNA complex. Similar results were seen for topoisomerggghllit the effects of DNA geometry

on drug-induced scission were somewhat less pronounced. With both topoisomeraaedlllij,
intercalative drugs displayed greater relative cleavage enhancement with positively supercoiled DNA.
This appeared to result from negative effects of high concentrations of intercalative agents on underwound
DNA. In contrast to the type Il enzymes, topoisomerase | maintain@dold higher levels of cleavage
complexes with positively supercoiled substrates and displayed an even more dramatic increase in the
presence of camptothecin. These findings suggest that the geometry of DNA supercoils has a profound
influence on topoisomerase-mediated DNA scission and that topoisomerase | may be an intrinsically more
lethal target for anticancer drugs than either topoisomeraserllif.

Topoisomerases are ubiquitous enzymes that regulate DNAtopoisomerase I-targeted agents is that they are active against
over- and underwinding and remove knots and tangles froma spectrum of cancers that currently have few, if any,
the genetic material 1-9). There are two classes of treatment options.

topoisomerases that are distinguished by their mechanism |, 5qdition to the type | enzymes, humans encode two
of action. Type | enzymes alter DNA topology by generating isoforms of topoisomerase lix and 8 (8, 9, 22, 23).

transient single-stranded breaks in the double h&iX8(  Ajthough these isoforms are closely related, they are encoded
10), while type Il enzymes act by creating transient double- y, qenarate genes and display different patterns of expression
strandgd breaksﬂ(S, 9, 11)..Top0|somerases pla}y C”t'(.:al and cellular functions. Topoisomerase Ik growth-depend-
role_s n virtually cvery major DNA process, ”?‘?'“d'”g ent and is expressed primarily in rapidly proliferating tissues
replication, transcription, and recombination. In addition, they (2, 24—27). This isoform is essential for cell survival and is
are essential for proper chror_n_osome sFructgre and S.egregafe,quired for proper DNA replication and chromosome
tion (1—7, 11). Beyond the critical physiological functions egregation Z, 6, 28). In contrast, topoisomerasepliis

?rfetoﬁngrﬁﬁri?;sﬁttg?ﬁ; aennczeyrmc?rsu astectsrr%ittsl foursse%mfec:) rogrowth-independent and appears to be expressed in all cell
treatin humgn malignancied, (7—10 912_ 15) y types, regardless of proliferative stat@s 26, 29, 30). The
g 9 i ’ i cellular functions of this isoform have yet to be fully defined.

Humans encode three different type | topoisomerases, . o
! Although topoisomeraseflis dispensable at the cellular
topoisomerase |, ltl, and 1|3 (8, 16-19). Of these enzymes, level, it is required for proper neural developmeBi)(

only topoisomerase | currently is exploited for cancer i
chemotherapyq; 10, 20). This enzyme is the target for an Type Il topoisomerases are targets of a number of well-
emerging class of drugs based on the parent compoundestablished chemotherapeutic aged{sr-10, 12, 13, 32).
camptothecin & 10, 20, 21). One important aspect of One of these drugs, etoposide, has been used in the clinic
since the 1960s1@, 13, 15). It is prescribed as treatment
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Although topoisomerase-targeted anticancer drugs comeof superhelical twists present in DNA substrates and the
from several different structural classes, they work through resultingo values were determined by electrophoretic band
a common mechanism. All of these agents act by increasingcounting relative to fully relaxed moleculel). For
levels of covalent topoisomerase-cleaved DNA complexes negatively supercoiled substrates, time courses for the
(i.e., cleavage complexes) that are requisite intermediates inrelaxation of pBR322 by topoisomerase | were resolved by
the catalytic cycles of these enzymes ¢, 10, 32, 37). electrophoresis in 1% agarose gels containin@ Lg/mL
Cleavage complexes are transient in nature. However, theychloroquine (Sigma) in the running buffer. The initial plasmid
are converted to permanent DNA strand breaks when nucleiccontained~15—17 negative superhelical twists per molecule
acid tracking systems, such as replication or transcription (¢ ~ —0.035 to—0.039). This superhelical density is typical
complexes, attempt to traverse these covalent topoisomerase of plasmids isolated fror&. coli. For positively supercoiled
DNA roadblocks in the genetic materia, (7, 10, 32, 37). substrates, time courses for the generation of positive
The resulting strand breaks, as well as the inhibition of superhelical twists by reverse gyrase were resolved by
essential DNA processes, initiate multiple recombination/ electrophoresis as described above in running buffer contain-

repair pathways4, 7, 38—40). If the accumulation of strand
breaks becomes overwhelming, they trigger cell death
pathways 89).

Globally, DNA in all eukaryotic cells is underwound (i.e.,
negatively supercoiled)3( 41—43). This puts energy into

ing 5—-15ug/mL netropsin B (Boehringer Mannheim). These
plasmids containedt15—17 positive superhelical twists per
molecule ¢ ~ +0.035 to +0.039). The handedness of
positively supercoiled DNA was confirmed by two-dimen-
sional gel electrophoresi$l). Thus, the supercoiled sub-

the genetic material and makes it easier to separate the twdstrates employed for this study contained equivalent numbers
strands of the double helix. Because of the universal natureof superhelical twists but were of opposite handedness.

of underwound DNA, negatively supercoiled substrates have It should be noted that positively supercoiled plasmids bind
been used for many previous studies on the actions ofless ethidium bromide than negatively supercoiled molecules.
anticancer drugs against topoisomerases. Other studies hav&o ensure that equal amounts of plasmid were used in all
utilized linear nucleic acid substrates, especially for mapping experiments, the DNA concentration was assessed by spec-

sites of drug-induced DNA scission.

In contrast to global underwinding, the movement of DNA
tracking systems through the genetic material results in an
acute overwinding (i.e., positive supercoiling) immediately
ahead of replication or transcription enzymasg, 41, 43—

47). Therefore, collisions with tracking systems, which are
critical for the conversion of topoisomerasBNA cleavage
complexes to permanent strand break(10, 32, 37), most
likely occur in overwound rather than underwound regions
of the genome.

Despite the importance of DNA tracking enzymes to drug
efficacy, relationships between the geometry of DNA su-

trophotometric analysis and confirmed by ethidium bromide
staining of linearized plasmid substrates (see insets of Figures
1, 6, and 8).

[y-32P]ATP (~5000 Ci/mmol) and genistein were obtained
from ICN. Etoposide and camptothecin were from Sigma.
TOP-53 and TAS-103 were gifts from Taiho Pharmaceuti-
cals. Amsacrine was a gift from Bristol-Myers Squibb, and
CP-115,953 was a gift from Pfizer Global Research. Eto-
poside, camptothecin, genistein, TOP-53, amsacrine, and CP-
115,953 were stored at°€ as 10 or 20 mM stock solutions
in 100% DMSO. TAS-103 was stored at’@ as a 10 mM
stock solution in water. All other chemicals were analytical

percoils and the activity of topoisomerase-targeted anticancer €29ent grade. ,
agents have not been characterized. Thus, the ability of drugs Plasmid DNA Cleaage DNA cleavage reactions were
to induce DNA cleavage mediated by human topoisomeraseCartied out using the procedure of Fortune and Oshesajf (

Ila, topoisomerase B, and topoisomerase | was assessed
with positively supercoiled substrates. Results indicate that

Unless stated otherwise, topoisomerase || DNA cleavage
assays contained 220 nM human topoisomeraseil|lj

the geometry of DNA supercoils has a profound influence @"d 10 nM negatively or positively supercoiled pBR322

on topoisomerase-mediated nucleic acid cleavage and cal
significantly diminish or enhance the actions of anticancer
drugs in an enzyme-dependent manner. Finally, results
provide an explanation for the differential effects of inter-
calative and nonintercalative drugs on DNA scission medi-
ated by type Il topoisomerases.

EXPERIMENTAL PROCEDURES

Enzymes and Material$duman topoisomerasedland
topoisomerase fl were expressed isaccharomyces cer-
evisiae (48) and purified as described previous#g]. Human
topoisomerase | was a gift from Mary-Ann Bjornsti (St. Jude
Children’s Research Hospital, Memphis, TN). Negatively
supercoiled pBR322 DNA was prepared frdtscherichia
coli using a Plasmid Mega Kit (Qiagen) as described by the
manufacturer.

Positively supercoiled pBR322 DNA was prepared by
incubating negatively supercoiled plasmids withchaeo-
globus fulgiduseverse gyraseés(, 51). The average number

PNA in a total of 20uL of topoisomerase Il cleavage buffer

[10 mM Tris-HCI (pH 7.9), 5 mM MgCJ, 100 mM KClI,

0.1 mM EDTA, and 2.5% (v/v) glycerol]. Assays were
carried out in the absence of compound or in the presence
of 0—100uM etoposide, 5«tM genistein or TOP-53, aM
CP-115,953, 6500 uM amsacrine, 8200 uM TAS-103,

or 0—25 uM ethidium bromide. Topoisomerase | DNA
cleavage assays contained 11 nM human topoisomerase |
and 10 nM negatively or positively supercoiled pBR322
DNA in a total of 20uL of 50 mM Tris-HCI (pH 7.5), 10

mM MgCl,, 50 mM KCI, 0.1 mM EDTA, 0.5 mM DTT,
and 30ug/mL BSA. Assays were carried out in the presence
of 0—25 uM camptothecin. In all cases, reaction mixtures
were incubated at 37C for 6 min and enzymeDNA
cleavage complexes were trapped by the addition pt 2

of 5% SDS followed by IuL of 375 mM EDTA (pH 8.0).
Proteinase K (L of a 0.8 mg/mL solution) was added,
and samples were incubated at 45 for 30 min to digest

the enzyme. Samples were mixed witl2 of agarose gel
loading buffer [60% sucrose in 10 mM Tris-HCI (pH 7.9)],
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heated at 453C for 5 min, and subjected to electrophoresis ~ DNA Intercalation Intercalation reaction mixtures con-
in 1% agarose gels in 40 mM Tris-acetate (pH 8.3) and 2 tained 220 nM topoisomerasexand 5 nM pBR322 DNA
mM EDTA containing 0.5«g/mL ethidium bromide. DNA in a total of 20uL of 10 mM Tris-HCI (pH 7.9), 0.1 mM
bands were visualized with ultraviolet light and quantified EDTA, 175 mM KCl, 5 mM MgC}, 1 mM ATP, and 2.5%
using an Alpha Innotech digital imaging system. DNA (v/v) glycerol that contained-625 uM ethidium bromide,
cleavage was monitored by the conversion of supercoiled 0—500 «M amsacrine, or 6200 uM TAS-103. Mixtures
plasmid DNA to linear molecules. were incubated at 37C for 6 min, extracted with a phenol/
chloroform/isoamyl alcohol mixture (25:24:1), and added to
3 uL of 0.77% SDS and 77 mM EDTA (pH 8.0). Samples
were mixed with 2uL of agarose gel loading buffer, heated
at 45°C for 5 min, and subjected to electrophoresis in a 1%
agarose gel in 100 mM Tris-borate (pH 8.3) and 2 mM
EDTA. Gels were stained with Zg/mL ethidium bromide,
and DNA bands were visualized as described for plasmid
DNA cleavage.

The DNA intercalation assay is based on the fact that
intercalative agents induce constrained negative supercoils
and compensatory unconstrained positive superhelical twists

Site-Specific DNA Cleage by Human Topoisomerase
Ilo. DNA sites cleaved by human topoisomerase ih
negatively and positively supercoiled DNA were mapped as
described previouslyb(). DNA cleavage mixtures contained
2.2uM human topoisomerasedlland 10 nM negatively or
positively supercoiled pBR322 DNA in a total of 1@Q of
topoisomerase Il cleavage buffer. In some cases, the MgCl
was replaced with Cagbr reaction mixtures included 100
uM etoposide. Samples were incubated at@7for 6 min,
and enzyme DNA cleavage complexes were trapped by the

addition of 16uL of 1% SDS followed by gL of 375 mM in covalently closed circular DNA. Therefore, as the
EDTA (pH 8.0). Proteinase K (1@l of a 0.8 mg/mL  concentration of an intercalative compound increases, a
solution) was added, and mixtures were incubated &C15 plasmid that is negatively supercoiled or relaxed (i.e.,

for 30 min to digest the type Il enzyme. Reaction products contains no superhelical twists) appears to become positively
were purified by passage through Qiaquick spin columns gypercoiled. Treatment of an intercalated plasmid with
(Qiagen) as described by the manufacturer. DNA cleavagetgpoisomerase éf removes the unconstrained positive DNA

complexes were linearized by treatment wikindill. superhelical twists. Subsequent extraction of the compound
Terminal 3-phosphates were removed by treatment with calf jiows the local drug-induced unwinding to be redistributed
intestinal alkaline phosphatase and replaced wiP]{ in a global manner and manifest itself as a net negative
phosphate using T4 polynucleotide kinase apd?P]ATP. supercoiling of the plasmid. Thus, in the presence of an

Samples were treated wilicaRI, and the singly end labeled  intercalative agent, topoisomerase treatment converts relaxed
DNA products were purified by passage through a CHRO- plasmids to negatively supercoiled molecules (see insets of
MA SPIN+TE-100 column (Clontech). Loading buffer [40%  Figures 4 and 5).

formamide (w/v), 8.4 mM EDTA, 0.02% bromophenol blue,

and 0.02% xylene cyanole FF] was added, and samples werddESULTS

subjected to electrophoresis in 6% polyacrylamide sequenc- Effects of DNA Supercoil Geometry on Drug-Induced DNA
ing gels. Gels were fixed in a 10% methanol/10% acetic acid Cleavage Mediated by Human Topoisomerase (Tollisions

(v/v) mixture and dried in vacuo. DNA cleavage products with DNA tracking systems are critical for the conversion
were visualized with a Bio-Rad Molecular Imager FX. of transient topoisomeras®NA cleavage complexes to

The effects of ethidium bromide {40 uM) on the permanent strand break4 {7, 10, 32, 37). Since the double
cleavage of linear DNA by human topoisomerase Were helix is acutely overwound immediately ahead of tracking
monitored using the protocol described above with the SYstemsg& 6, 41, 43-47), cleavage complexes most likely
exception that a singly end labeled linear pBR322 fragment [0 Produce permanent strand breaks should be formed

(53, 54) was used as the initial substrate. DNA cleavage was P€tween topoisomerases and positively supercoiled DNA.
monitored by the loss of full-length linear molecules. Unfortunately, relatively little is known about the interaction

. b . between these enzymes and positively supercoiled substrates.
. DNA Ligation by Human Topmsomeragga]l. DNA A recent study demonstrated that human topoisomerase
ligation assays were carried out by a modification of the |, \hich is involved in replicative processes in vivo, relaxes

procedure of Kingma et al.56). DNA cleavage-ligation positive superhelical twists-10-fold faster than it does
equilibria were established in topoisomerase Il cleavage negative supercoil$(). Furthermore, the enzyme maintains
buffer as described above except that Mg@lthe reaction 4 jower concentration of DNA cleavage complexes with these
buffer was replaced with 5 mM CaglAssays were carried  gyerwound substrate§1). Levels of DNA cleavage medi-
out in the absence or presence of 10 etoposide.  ated by topoisomeraseollin the presence of either Mgor
Topoisomerase #DNA cleavage complexes were trapped gzt are~3—4-fold lower with positively supercoiled DNA

by addition of EDTA (pH 8.0) to a final concentration of 6  (Figure 1). The decreased baseline levels of DNA cleavage
mM. NaCl was added to a final concentration of 500 MM to observed with overwound DNA may reflect, at least in part,
prevent recleavage of the DNA substrate. Ligation was a somewhat lower binding affinity~2-fold) that topo-
initiated by the addition of MgGlat a final concentration  isomerase . displays for positively versus negatively
of 0.25 mM and terminated at times up to 60 s by the addition supercoiled molecules5{). The lower level of cleavage

of 2 uL of 5% SDS. Samples were processed and analyzednotwithstanding, the site specificity of DNA scission is not
as described for plasmid DNA cleavage. The percent DNA affected by the handedness of the substrate (Figure 1, right
cleavage at time 0 was set to 100%, and the rate of ligation panel) 61).

was determined by quantifying the loss of cleaved DNA over  Many anticancer drugs Kkill cells by increasing levels of
time. double-stranded DNA breaks generated by topoisomerase I
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F 1 H —— allmaintains | levels of supercoiled DNA by human topoisomerase.|A time course of
IGURE 1. HUMan topoisomerasect maintains Iower 1evels ol - jigation in the presence of negatively{{SC,0 andr] or positively

DNA cleavage complexes with positively supercoiled plasmids in (+)SC, ® andm] supercoiled plasmid pBR322 is shown. DNA

the absence or presence of etoposide. The ability of topmsomerase{igation’was monitored in the absendd andm) or presenced

lla to cleave negatively f)SC, O] or positively [(+)SC, @] and @) of 100 xM etoposide {-Etop). The initial level of DNA

Sltjperc%:leq pBﬁQSZZ ﬁ'aﬂsm'd DINAA'n the pres?ncedfzabOOytl\k/]I cleavage was set to 100%, and the rate of ligation was determined

etoposide is shown (left panel). Assays employe gs the by quantifying the loss of cleaved DNA over time. Error bars

divalent cation. Error bars represent the standard deviation of four o aqent the standard deviation of three independent assays.
independent assays. The inset shows a representative ethidium

bromide-stained agarose gel of DNA cleavage assays with nega -
tively and positively supercoiled plasmids in the absence of Table 1. Relative DNA Cleavage Enhancement of Human
topoisomerase ¢ (—TIl) and in the absence (no drug, ND) or ~ Topoisomerase di by Anticancer Agents

presence (Etop) of etoposide. Linear DNA standards (Lin) also are relative cleavage relative cleavage superhelical
shown. The positions of supercoiled (form I, FI), nicked circular enhancement  enhancement specificity
(form 11, FI), and linear (form IlI, FIil) molecules are indicated. drugt with (<)SC DNA with (+)SC DNA [(+)SC/(-)SC]
DNA sites cleaved by topoisomerase Were mapped in negatively -

or positively supercoiled plasmids (right panel). Products of DNA &toposide 3.6:0.4 4.5+ 04 13
cleavage assays were linearized and singly end labeled %Rh [ OP-53 04£05 9.8+ 11 18
phosphate. The autoradiogram is representative of three independeng€nistein 3.204 5.7£0.5 15
assays. Reactions were carried out in the presence of 0 gtMO00 TE'S118'3953 13'& 8% égi 88 %‘11
etoposide and utilized either Mgor C&" as the divalent cation. ameacrine 2503 2961 0.7 30

DNA from reactions without topoisomerasecl{—TII) are shown.

a All drugs were at 5@:M, with the exception of CP-115,953, which

(4, 7, 10, 32, 37). As a first step toward characterizing the was at uM (multiple DNA cleavage events per plasmid were observed
effects of these drugs on enzymBNA cleavage complexes 2t Nigher concentrations of CP-115,953).
formed with positively supercoiled substrates, the ability of |evels of DNA strand breaks induced by etoposide in
etoposide to induce DNA cleavage by human topoisomerasepositively supercoiled substrates do not result from a reduced
lla was assessed. Etoposide was chosen for initial experi-jinhibition of ligation.
ments because its mechanism of action is well-defided ( pespite the lower absolute percent of DNA cleaved with
7,15, 56-59). In addition, the drug is not intercalative in  positively supercoiled substrates, the relative enhancement
nature and displays little, if any, affinity for DNA4(7, 15, of scission by etoposide with overwound and underwound
56, 60). Over a range of drug concentrations, the level of gypstrates was similar. For example, at/B@ drug, this
DNA cleavage induced by etoposide wa8—4-fold lower  epnhancement was4.5- and~3.6-fold for positively and
with positively versus negatively supercoiled molecules negatively supercoiled DNA, respectively (Figures 1 and 3
(Figure 1). Moreover, as observed in the absence of drug,and Table 1). These data yield a “superhelical specificity”
the geometry of DNA supercoils did not affect the site for etoposide (i.e., relative cleavage enhancement observed
specificity of etoposide-induced scission (Figure 1, right with positively supercoiled DNA divided by the relative
panel). cleavage enhancement with negatively supercoiled DNA) of

Etoposide increases levels of topoisomeraseDINA ~1.3 (Table 1). It should be noted that the superhelical
cleavage complexes primarily by inhibiting the ligation of specificity for etoposide varied little (1-01.3) over the entire
cleaved strands4( 7, 15, 57, 58). Therefore, the effects of range of drug concentrations that was examined. These
etoposide on the ability of topoisomerasex Ito ligate correlations, together with the ligation and site-specificity
positively or negatively supercoiled molecules were deter- data, imply that interactions between etoposide and topo-
mined. As seen in Figure 2, the handedness of superhelicaisomerase tk are not altered significantly by the handedness
twists had little impact on rates of DNA ligation in either of DNA. Rather, the decrease in the level of drug-induced
the presence or absence of etoposide. Thus, the decreasedeavage of positively supercoiled DNA reflects the reduced
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25 [0 (9sc oNa plasmid (50 or 10Q:M). It was not possible to determine
B (+)SC DNA T superhelical specificities for CP-115,953 abovaM due
to the reason discussed above. Taken together, these results
suggest that the superhelical specificity for DNA cleavage
T I with nonintercalative topoisomerase Il poisons is independent
of drug concentration.
The superhelical specificities of the two intercalative drugs
(TAS-103 and amsacrine) at a0/, 7.1 and 3.0, respectively,
T T were greater than those seen for the nonintercalative com-
10l - pounds. These higher values suggest that DNA geometry may
T influence the actions of intercalative compounds toward
topoisomerase él beyond their effects on baseline DNA
T cleavage mediated by the enzyme.
= Drugs that target topoisomerases are believed to work at
the enzymenucleic acid interface 4 7, 59, 75—79).
However, intercalative agents have two additional effects on
DNA that could impact levels of topoisomerase-mediated
scission in a geometry-specific manner. First, since these
compounds locally underwind DNA, they induce compensa-
tory unconstrained positive superhelical twists in distal
FIGURE 3: Effects of DNA superhelical geometry on drug-induced "€9!0NS of covalently C_Iosed Cl_rcular mqlecule&f),(_Sl).
DNA cleavage mediated by human topoisomerase The ability Thus, as the concentration of an intercalating agent increases,
of topoisomerase d to cleave negatively {{)SC DNA, white bars] a plasmid that is topologically negatively supercoiled would
or positively [(+)SC DNA, black bars] supercoiled pBR322 plasmid ~ gppear to contain positive superhelical twists. As discussed
DNA in the presence of various topoisomerase lI-targeted drugs is above, baseline levels of DNA cleavage mediated by

shown. All drugs were used at a concentration ofid0, except . . - :
for CP-115,953, which was used at5 (multiple DNA cleavage ~ OPOisomerase ¢l are lower with positively supercoiled

events per plasmid were observed at higher concentrations of CP-substrates. Consequently, the apparent change in DNA
115,953). Error bars represent the standard deviation of three ortopology induced by intercalation could diminish the ability

four independent assays. of a compound to enhance cleavage with underwound
) i i __ substrates. In contrast, the apparent geometry of a positively
baseline (i.e., nondrug) level of enzyme-mediated scission sypercoiled plasmid (which already is overwound) would not
with this substrate. change substantially upon addition of an intercalative drug.
In light of this finding, the influence of DNA geometry Second, the accumulation of drugs in the double helix has
on the actions of other topoisomerase ll-targeted drugs wasthe potential to inhibit enzyme binding or activity. Because
characterized. The agents that were employed represent ahe generation of positive superhelical twists by DNA
structurally diverse group of natural and synthetic com- intercalation induces torsional stress in the double helix, the
pounds. TOP-53 is a nonintercalative drug that is a more ability of covalently closed molecules to absorb these
potent derivative of etoposidé&Z, 62). Genistein and CP-  compounds is limited. Since overwound plasmids are under
115,953 are nonintercalative compounds that share a similarpositive torsional stress even in the absence of drugs, they
core ring structure. Genistein is a naturally occurring cannot bind as many intercalative molecules as underwound
bioflavanoid that is believed to possess chemopreventativeDNA. Therefore, enzyme activity on positively supercoiled
properties §3—65). CP-115,953 belongs to the quinolone substrates is less likely to be inhibited by the accumulation
family (4, 66—69), a drug class that includes a number of of bound drug.
widely used antibacterials that target prokaryotic type Il Two independent experiments were carried out to deter-
topoisomerases. TAS-103 displays strong interactions with mine whether the effects described above contribute to the
DNA and is both an outside binder and an intercalating agent higher superhelical specificity of intercalative agents. The
(70-72). Finally, amsacrine is an intercalative compound first utilized ethidium bromide, a classical intercalating agent

20

15

% DNA Cleavage

o

No Drug F I
Etoposide

TOP-53
Genistein
CP-115,953

TAS-103
Amsacrine

that is in clinical use4, 73, 74). that does not enhance topoisomerase Il-mediated DNA
All of the compounds mentioned above increased the level scission. When ethidium bromide was included in reaction
of DNA cleavage mediated by human topoisomerase Il mixtures, there was a precipitous drop in the ability of human

Data for 50uM drugs are shown in Figure 3 and Table 1. topoisomerase dl to cleave negatively supercoiled pBR322
The only exception is CP-115,953, for which data are shown (Figure 4). Levels of cleavage decrease@-fold at 10uM

for 5 uM drug (higher drug concentrations were not used ethidium bromide, which corresponds to the concentration
because they induced multiple DNA cleavage events perat which “full” intercalation was observed (see the inset).
plasmid). As found for etoposide, most drugs induced higher Beyond 10uM, little additional inhibition was observed.
absolute levels of scission with negatively supercoiled Thus, the decrease in the level of DNA cleavage induced
substrates but displayed greater relative cleavage enhanceby ethidium bromide correlates with the change in the
ment with positively supercoiled DNA. The nonintercalative apparent supercoiled state of the plasmid substrate. Consistent
drugs displayed superhelical specificities between 1.3 andwith this conclusion, ethidium bromide had a much weaker
1.8. These values remained constant from the lowest drugeffect on DNA cleavage when the initial substrate was
concentrations that were examined (5 ond\) to concen- positively supercoiled (Figure 4). Furthermore, once the
trations that induced multiple DNA cleavage events per concentration of ethidium bromide exceededu, DNA
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Ficure 4: Effects of ethidium bromide intercalation on DNA [ 1 (kM) [TAS-103] (1)
cleavage mediated by human topoisomerase The ability of Ficure 5: Effects of amsacrine and TAS-103 intercalation on DNA
topoisomerase &l to cleave negatively {{)SC, O] or positively cleavage mediated by human topoisomerase The ability of

[(+)SC, @] supercoiled pBR322 plasmid DNA in the presence of topoisomerase dl to cleave negatively [¢)SC, O] or positively
0—25 uM ethidium bromide is shown (left panel). Error bars [(+)SC,®] supercoiled pBR322 plasmid DNA in the presence of
represent the standard deviation of three independent assays. Th6—500 uM amsacrine (left panel) or-6200 uM TAS-103 (right

inset shows a representative gel of DNA intercalation assays usingpanel) is shown. Error bars represent the standard deviation of three
negatively supercoiled plasmids in the absence of topoisomerasendependent assays. The insets show representative DNA intercala-
Ila (—TI) or in the absence (@M) or presence (225 uM) of tion assays in the absence of topoisomerage(HTIl) or in the
ethidium bromide (see Experimental Procedures for the interpreta- absence (@M) or presence of the respective drug (see Experimental
tion of intercalation assays). The positions of supercoiled (FI) and Procedures for the interpretation of intercalation assays). The
nicked circular (FIl) molecules are indicated. Relative DNA positions of supercoiled (FI) and nicked circular (FIl) molecules
cleavage of linear plasmid or negatively or positively supercoiled are indicated.

molecules in the absence EtBr, white bars) or presence-EtBr,

black bars) of 10uM eithdium bromide is also depicted (right of drug-induced DNA cleavage by amsacrine is attenuated

panel). Relative DNA cleavage was calculated by normalizing levels - . . .
of scission in the absence of ethidium bromide to a value of 1.0. PY the concomitant fall in baseline scission caused, at least

Error bars represent the standard deviation of three independentn part, by the apparent change in the geometry of the plasmid
assays for supercoiled substrates or the standard error of the measubstrate.

for two independent assays for linear DNA. A different pattern was seen with positively supercoiled
cleavage levels for positively and negatively substrates weresSubstrates. Levels of DNA scission peaked between 100 and
virtually identical. 200 uM amsacrine and remained constant at higher drug

To determine whether accumulation of ethidium bromide concentrations (Figure 5, left panel). Because of the changes
on the double helix affects the DNA cleavage activity of in cleavage enhancement seen with negatively and positively
topoisomerase di independent of changes in DNA geometry, supercoiled substrates, the superhelical specificity of amsa-
a linear substrate was employed (Figure 4, right panel). Sincecrine-induced DNA cleavage was concentration-dependent.
linear molecules are not topologically constrained, DNA Values were in the range of 1:0.5 at drug concentrations
intercalation does not induce torsional stress or positive that did not substantially alter the apparent topology of
supercoiling in these substrates. The addition of .\ negatively supercoiled substrates25 uM), increased to
ethidium bromide had an only minor effect on levels of DNA 3.0-3.5 at concentrations that began to affect apparent
cleavage with linear pBR322. These results suggest thattopology (25-150uM), and plateaued at5.1 at concentra-
ethidium bromide inhibits DNA cleavage mediated by human tions that induced full intercalation. It is notable that the
topoisomerase di primarily by altering the apparent topology — Plateau level of cleavage observed with positively supercoiled
of the DNA substrate and to a lesser extent by accumulation DNA was higher than that observed with negatively super-
within the double helix. coiled molecules. It is unlikely that amsacrine intercalation

The second experiment examined the effects of a broadcould make negatively supercoiled plasmids appear to be
concentration range of amsacrine or TAS-103 on DNA more overwound than positively supercoiled molecules at a
scission mediated by topoisomerase.llin contrast to ~ comparable drug concentration (see Figure 4). Therefore, it
ethidium bromide, these two intercalating drugs are potent is concluded that the preferential accumulation of amsacrine
topoisomerase |l poisons that enhance DNA cleavAged- in underwound substrates also contributes to the decrease in
74). The initial study examined amsacrine. When negatively the level of DNA cleavage observed with negatively super-
supercoiled plasmids were employed as the substrate, pealkoiled molecules at high drug concentrations.
levels of cleavage were observed between 25 angN0 To determine whether the concentration dependence of
drug (Figures 3 and 5, left panel). This is the amsacrine superhelical specificity is a general feature of intercalative
concentration range in which changes in DNA topology drugs, the ability of TAS-103 to induce DNA cleavage by
begin to appear (Figure 5, left panel inset). Cleavage levelstopoisomerase & was examined (Figure 5, right panel).
dropped~50% between 25 and 2%M drug and platecaued  Results were similar to those seen with amsacrine. The level
thereafter (Figure 5, left panel). It is notable that full of scission of negatively supercoiled plasmid rose initially,
intercalation is observed at an amsacrine concentration ofpeaked at drug concentrations that began to alter the apparent
~200uM (see the inset). As discussed above, these findingstopology of the substrate, and fell to approximately baseline
are consistent with the suggestion that the rise in the levelthereafter. Conversely, the level of scission of positively
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Ficure 6: Human topoisomerasepflimaintains lower levels of 0

DNA cleavage complexes with positively supercoiled plasmids in
the absence or presence of etoposide. The ability of topoisomerase
IS to cleave negatively {{)SC, O] or positively [(+)SC, @]
supercoiled pBR322 plasmid DNA is shown (left panel). Error bars
represent the standard deviation of four independent assays. DNA
cleavage in the presence of 000 uM etoposide is also depicted

(right panel). Error bars represent the standard deviation of three ) ] -
independent assays. The inset shows a representative ethidiunf! toPoisomerase fito cleave negatively {)SC DNA, white bars]

bromide-stained agarose gel of DNA cleavage assays with nega-Or POSitively [(H)SC DNA, black bars] supercoiled pBR322 plasmid.
tively and positively supercoiled plasmids in the absence of DNA in the presence of various topoisomerase Il-targeted drugs is
topoisomerase M (—TIl) and in the absence (no drug, ND) or shown. All drugs were used at a concentration ofi80, except
presence (Etop) of etoposide. Linear DNA standards (Lin) are also for CP-115,953, which was used a6l (multiple DNA cleavage

shown. The positions of supercoiled (FI), nicked circular (FIl), and €Vents per plasmid were observed at higher concentrations of CP-
linear molecﬁles (FIll) are Fi)ndicated.( ) (Fih) 115,953). Error bars represent the standard deviation of three or

four independent assays.

No Drug
Etoposide
TOP-53
Genistein
CP-115,953
TAS-103
Amsacrine

Ficure 7: Effects of DNA superhelical geometry on drug-induced
DNA cleavage mediated by human topoisomerageThe ability

supercoiled plasmids increased and remained high over the _
entire range of TAS-103 concentrations that was examined.%gﬁsimgre;ite“ﬁ bDy N:nt?clgﬁ‘c’g?ig'zgr?tzncemem of Human

As a result, the superhelical specificity of TAS-103, like that : - -

of amsacrine, was concentration-dependent. Values were re;‘;]‘;en‘é'eer?]‘g’r‘]%e re"a"’r‘]t;]"aen‘éfg‘g’r‘]%e Ssljp:gi?iili[[;al
1.2—1.6 at drug concentrations that did not supstantlally alter drug  with (—)SC DNA with (+)SC DNA [(+)pSC/(—)SC]
the apparent topology of negatively supercoiled substrates

(<5 uM), increased to 2.63.7 at concentrations that begin .?toog?;gde 74_& 8:2 Zg'_gi 8:3 %:g
to affect the apparent topology {80 uM), and plateaued  genistein 8.5 0.2 220+ 2.1 26
at 7.1-9.3 at concentrations that induced full intercalation. CP-115,953 5.6 1.8 10.4+ 4.8 1.9
This concentration dependence for superhelical specificity TAS-103 1.7+03 126+ 1.3 7.3

amsacrine 7811 317+ 4.7 4.1

is in sharp contrast to those calculated for nonintercalative
Compounds and may be a deﬁning distinction between aAll drugs Wer.e at 5cM, with the exception of CP-115,953, which
intercalative and nonintercalative topoisomerase || poisons.‘;"tarsligaz:“gérr:::‘gﬂ?:tgE?geg;?ffseggg;s per plasmid were observed
Effects of DNA Supercoil Geometry on Drug-Induced DNA -
Cleavage Mediated by Human Topoisomeragk Iih contrast
to human topoisomeraseall topoisomerase M is not percentage of positively supercoiled molecules cleaved in
required for DNA replication and does not preferentially the presence of several drugs approached or actually
remove positive superhelical twistg, (26, 28—30, 51). exceeded that observed with negatively supercoiled sub-
However, the effects of nucleic acid geometry on DNA strates. Consequently, the calculated superhelical specificities
cleavage mediated by thg isoform have never been for most drugs were somewhat higher for topoisomergse |l
examined. Since topoisomerasg ik an important target  than they were for topoisomeraseciTable 2). Once again,
for anticancer drugge) and also appears to mediate some the Superhelical SpeCifiCity of the nonintercalative CompOUndS
of the toxic effects of these agents in differentiated tissues Was concentration-independent and remained constant at all
(33—35), the ability of the enzyme to cleave positively versus drug concentrations that were examined. Furthermore, the
negative|y Superco”ed substrates was assessed. hlghest Superhelical SpeCifiCitieS were observed for the two
Like topoisomerase d, topoisomerase M maintained ~ intercalative drugs, TAS-103 and amsacrine.
lower (~3—4-fold) levels of cleavage complexes with To further analyze this finding, the effects of amsacrine
positively supercoiled DNA in the absence of drug (Figure and TAS-103 on DNA scission mediated by topoisomerase
6, left panel). The enzyme also displayed lowe2(fold) I3 were examined over a broad concentration range (data
cleavage activity with positively supercoiled substrates over not shown). As found with the isoform, levels of negatively
a range of etoposide concentrations (Figure 6, right panel).supercoiled DNA cleaved by topoisomerasg jleaked at
However, the effects of DNA geometry on drug-induced drug concentrations at which changes in apparent topology
scission were not as pronounced with topoisomergsasd| were obvious, dropped, and plateaued at concentrations that
they were with theo. isoform. As seen in Figure 7, the induced full intercalation. In contrast, levels of cleavage with
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= molecules were generated with positively supercoiled plas-
mids than were observed with negatively supercoiled sub-
strates (see the bar graph inset). A far more striking effect
of DNA geometry on topoisomerase | was seen in the
presence of camptothecin (Figure 8). Over a drug concentra-
tion range of 25 uM, the enzyme generated dramatically
higher levels of nicked DNA with positively supercoiled
substrates. For example, auM camptothecin~16 times
more DNA cleavage was observed with positively than with
negatively supercoiled pBR322, yielding a superhelical
00 specificity of 4.7. Together with the findings for the type I
enzymes, these results demonstrate that the handedness of

()sc  (#sC DNA supercoils has a profound influence on DNA cleavage
reactions mediated by human topoisomerases.
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(sC DISCUSSION

% & a4t 20 2% Beyond their critical physiological functions, topoisomeras-

[Camptothecin] (uM) es are targets for a number of important anticancer drugs

Ficure 8: Human topoisomerase | maintains higher levels of DNA (4, 7-10, _12_15)' While these agents all increase_the
cleavage complexes with positively supercoiled plasmids in the concentration of topoisomerase-generated breaks in the
absence or presence of camptothecin. The ability of topoisomerasegenetic material4, 7, 10, 32, 37), their ability to kill cells

| to cleave negatively [{)SC, O] or positively [(+)SC, @] requires the actions of DNA tracking systems, such as

supercoiled pBR322 plasmid DNA in the presence o226 uM ot .
campthothecin is shown. Error bars represent the standard deviationrepllcatlon or transcription complexed, (7, 10, 32, 37).

of three independent assays. The inset shows a representativ&-0llisions between tracking systems and cleavage complexes
ethidium bromide-stained agarose gel of DNA cleavage assays withconvert these transient enzyme intermediates to permanent
negatively and positively supercoiled plasmids in the absence of DNA strand breaks either directly or by the induction of
topoisomerase KTI) and in the absence (no drug, ND) or presence recombination4, 7, 38—40). It is the accumulation of these

(Cpt) of 5uM camptothecin. Linear DNA standards (Lin) are also : :
shown. The positions of supercoiled (Fl), nicked circular (FII), and permanent strand breaks that ultimately triggers cell death

linear molecules (FIII) are indicated. The inset also shows a bar Pathways 89).

graph highlighting topoisomerase I-mediated DNA cleavage of  Previous studies on the interaction of anticancer drugs and
negatively (white bar) and positively (black bar) supercoiled DNA  tonoisomerases have used negatively supercoiled or linear
in the absence of drug. DNA as cleavage substrates. However, the movement of
fenzymes through the double helix leads to the formation of
overwound DNA ahead of tracking systens 6, 41, 43—

47). As a result, the cleavage complexes most likely to
produce permanent DNA strand breaks should form between
topoisomerases and positively supercoiled DNA. Therefore,
the ability of human topoisomerasexland 13 and topoi-

positively supercoiled substrates increased and remained hig
over the entire drug concentration range that was examined.
Thus, as discussed above for topoisomeraggethe super-
helical specificities for amsacrine and TAS-103 were con-
centration-dependent with topoisomeragedhd rose from
initial values of 1.2 and 1.7, respectively, at low concentra- - .
tions, to 8.3 and 9.1, respectively, at high concentrations. somerase_l to cleave positively supercoiled _molecules was
These results further suggest that drug-induced cleavage O]assessgd in the absence or presence gf apncancer drugs.
underwound substrates by topoisomerageis| attenuated Topoisomerase d (51) and 1|5 both maintain~3—4-fold
by the ability of intercalative agents to change the apparent!ower levels of cleavage complexes with positively super-
geometry of DNA and by increased levels of drug accumula- coiled DNA than with negatlvely'supe'rconejd molecules_. This
tion on negatively supercoiled molecules. decrease in t_he level _of nucl_elc acid scission benefits the

Effects of DNA Supercoil Geometry on Drug-Induced DNA cell, t_)ecause it ma_kes it less likely that the actions of a DNA
Cleavage Mediated by Human TopoisomeraseTbpo- trackmg system will generate _permanent topoisomerase |I-
isomerase | is an important target for several new anticancer@ssociated strand breaks during normal cellular processes.
drugs that are based on camptothecin, a naturally occurring Topoisomerase ¢ also maintains lower concentrations
nonintercalative compound found in the Chinese @aenp- ~ of drug-induced cleavage intermediates with positively
totheca acuminats, 10, 20, 21, 82). These drugs kill cells ~ supercoiled substrates. With the nonintercalative agents
by increasing levels of single-stranded DNA breaks (i.e., €xamined, the relative enhancement of DNA scission seen
nicks) that are generated by the type | enzy®el(Q, 37). with overwound DNA is similar to that observed with
Since one of the major functions of topoisomerase | is to underwound molecules. Furthermore, the superhelical speci-
alleviate torsional stress that builds up ahead of replication ficity for DNA cleavage appears to be independent of drug
forks and transcription complexeg, 5, 10), the effects of concentration. Consequently, it is proposed that decreased
nucleic acid geometry on enzyme-mediated DNA cleavage drug efficacy is due primarily to a drop in baseline levels of
were examined in the absence or presence of camptothecir¢leavage mediated by topoisomerase, Itather than an
(Figure 8). altered interaction with the enzym®NA complex.

In sharp contrast to the type Il enzymes, human topo- Results were somewhat different for topoisomerage Il
isomerase | maintained a higher level of cleavage intermedi- Whereas some nonintercalative drugs such as etoposide and
ates with overwound DNA. Three times more nicked CP-115,953 follow trends similar to those seen for the
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