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SUMMARY

We have introduced the novel application of a simple ethidium
fluorescence assay, using covalently closed circular DNA, for the
study of topoisomerase-targeted drugs. With the specificity of
camptothecin for eukaryotic topoisomerases | and of VM26 for
eukaryotic topoisomerases |l, the two classes of enzymes can
be assayed independently in crude extracts and during purifica-
tion. These assays are fast, sensitive, and quantitative, have a
large sample capacity, and eliminate the need for radioactive
materials, filters, and agarose gels. We have demonstrated the
use of this fluorescence assay to measure the inhibition of the
relaxation and supercoiling activities of purified mammalian to-
poisomerases | and Il and bacterial gyrase by nonintercalating

drugs. Similarly, the production of drug-induced topoisomerase-
mediated cleavable complexes was readily quantitated with both
nonintercalating and intercalating drugs. When inhibition and
cleavage with VM-26 were measured concurrently as a function
of topoisomerase |l concentration, a clear inverse relationship
between topoisomerase Il inhibition and cleavable complex pro-
duction was observed. When the physiologically relevant sait
K*L-glutamate™ was used, quantitative relaxation by topoisom-
erase |l was observed up to twice the salt concentration obtained
with KCI. The enantiomer K*p-glutamate™ gave exactly the same
results, indicating that the enhancing role of glutamate™ is non-
stereospecific.

As our understanding of the physiological importance of
DNA topoisomerases in DNA replication, recombination, and
transcription has increased over recent years, so has our appre-
ciation for the clinical importance of this class of enzymes as
drug targets (reviewed in Refs. 1-3). Eukaryotic topoisomerase
I has been identified as the primary target of the antineoplastic
alkaloid camptothecin, whereas eukaryotic topoisomerase II is
the target of many anticancer agents, including both noninter-
calating (e.g., VM-26) and intercalating (e.g., m-AMSA) com-
pounds. Gyrase is a target of antibacterial agents of the cou-
marin and quinolone classes (e.g., novobiocin and oxolinic
acid).

Topoisomerases promote topological changes in DNA by
transient breaks, due to a protein-DNA covalent intermediate.
Effects of antitopoisomerase drugs may be observed by the
inhibition of topoisomerase catalytic activities and, in some
cases, by the production of drug-stabilized “cleavable com-
plexes” (4). The latter are converted to topoisomerase-linked
DNA breaks in the presence of a strong protein denaturant
such as SDS or alkali. Conventional assay methods used to
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study topoisomerases and topoisomerase-targeted drugs are
reviewed in Ref. 5. In general, the most commonly used methods
include agarose gel electrophoresis, alkaline elution (6, 7), and
K-SDS precipitation (8, 9). Agarose gels separate DNA accord-
ing to their topology and so may be used to follow both catalytic
activities and cleavable complex production. Alkaline elution
and K-SDS precipitation are designed to follow cleavable com-
plex formation for cell studies, but not catalytic activity.

In this paper we describe the novel use of an ethidium
fluorescence assay for studying antitopoisomerase drugs in
vitro, with an emphasis on anticancer drugs targeted at mam-
malian topoisomerase II. In contrast to the conventional meth-
ods indicated, the ethidium fluorescence method does not re-
quire the use of gel electrophoresis, filters, or radioactive ma-
terials. In avoiding these time-consuming procedures, it
provides rapid and sensitive quantitation of both catalytic
activity and production of cleavable complexes. This assay
exploits the large fluorescence enhancement of ethidium when
it intercalates duplex DNA. The amount of ethidium able to
intercalate is determined by the topological state of the DNA
molecule. Consequently, as the superhelicity of CCC DNA is
altered by a topoisomerase, the amount of ethidium fluores-

ABBREVIATIONS: VM-26, 4'-demethylepipodophytiotoxin thenylidene-g-o-glucoside; SDS, sodium dodecy! sulfate; DMSO, dimethyisulfoxide; m-
AMSA, meta-amsacrine; CCC DNA, covalently closed circular DNA; BSA, bovine serum albumin; K-Glu, potassium glutamate.
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cence chatigs: The aitouiit of DNA eleavage 1 4 topoisoet-

ase reactioh fidy be detefiined by heat denatuiration of the
A'ap pH 19, which festilts in loss of fltiofeseenice becatse

ethidium cafiiot ifitefealate single-stianded DNA.

These dsaays should find widespread use i the initial seresh-

ing o ‘et dhticancer and ahtibdcterial diigs; ds well ds the

stidy of the tahy chemically defived analogties:
Materials and Metheds

rugs ahd chemical Feagents. VM:36 was kindly provided by Df.
.W{Eg&ek; Laval Univefsity. Camiptothecin and novobioeih wers
obtained frott Sigia Chetnicdl Co. VM-38 ws dissolved in DMSO at
'{.g mM. Cathptothecit was dissoived it DMSO at 10 M. Novobioein
was' dissolved it 10 #ib NOH it 10 M All stock solutiotis of dftigs
%‘v‘_é‘ie‘qﬁgéfsd through U.8:pm Nalpehe nyloh membfsne fiters and

=
B ys S

stored froseH dt =30". All othef cheticals wefe of at ledst dnalytical
age

gg‘%ﬁi_zxmlé! and DNA substrates. Topoisomerase 11 was pufitied
or calf thytitis by a cotibiation of the methods described by
gé_}‘.%xﬁp’pr‘g ahd Groase (10) and By Drake ef ai. (11). 14 brief; prepa-
ration of the 0.35 M NaCl Huciear extract was followed by choatog:
raphy on 4 Phaftiscis Biotchtiology, the., FPLC systetn, sing Ulta-
{;‘é{’ ydroxvapitite (LRE) dhd Motiod (Bharmacia) coltmna. Complete
Separation 6f taﬁiaisﬂﬂjsﬂss 1 froth topoisuiteraas 11 wis dehisved by &
13&}3 o‘élyeefu gadient ultrdcentifugation. Calt thytius topoiagHi-
erase | anid Micrococeuss luters DNA gyFuse wete obtained from Be:
thedda Resafch Lubofatofies. One whit of esyitie is definied ds the
mintmum afiouRt Fequired to completely Felax of atpereoil 1 /30 pi
wz' RIA it 30 i at 37°; da detefinitied by the thiditith Huofescetice
assay. Supkfeoiled PM2 DNA was isolated a3 deacribed previoualy (18):
Reaxed PM2 DNA wils prepared by relaxinig supefcoiled PM2 DNA
with ‘fopoiaotierase 1; fullowed by phenol-ehlofotorm extraction: All
“;.E'ea wis 93-98% covalently closed cifcles; as judyed by the

ethidium ftioFeacenes dasdy. , .
“Assays of ealf thymus topeisomerases | and i und DNA
rase. THe atandafd Fedction Hikture fof d3saying the feldxdtion
g(c%ﬁ?‘ cohtained 50 mM Tris- HEl (pH

of topoisotierdses 1 and 1l contained 50 ,

, ‘6¥2, M R-Gly; 5 s MgCl,; 0.1 M BDTA, 0.3 tn dithiothisitol;
30 ug/m BSA; 1 pg/90 ¢l supsreoiled BM3 DNA; ahd 1 unit/30 i
topoisomeFaae: ATB (1 M) waa dles iheluded for the topoisomerdas t
&sﬁy ‘rug: dizasived in DMSO gave fikal DMSO conceitratiohs of
5% and 0% fof topoiaoiterases If and 1 Feapectively: At these eoficer:
frations, DMSO had Ho ttect of diug-tree eontfols. DNA cleavilge
reaction iiktifes were identical, exeept tht 0.1 M K-Glu and 4 uhits
of topoisaitiefaae wer tskd to protiote productioh of cleavable eot:
plexes. Aftef 30 it at 37, 10 4l of the Fedction Hixtife weke feitioved
rh&‘)“.g i of pH 12 ethiditii dsady Bufter (see below); ahd the
Pﬁargscgaes wita HiesatFed Both before and after heating of the asaay
ubes for & Hiif ifi 4 Tetp Block (Lablitie) skt 4t 6. To the Feinaining
10"4] of redetion iixtiife wefe ddded 10 ul of 4 9x stop ssltion
containing 8% SDS; 10 mM EDTA; 0.1% bromphenol blue; 80% glye-
erol, ‘and 04 g/ml protsinase R (Boshringer Mannheii). ARsE af
additional 30-Hih iHeubation at 37°; the Fedetioh products wers 36pa-
rated on # 0.7% dgafozs gei in TBE buttef (89 mM THs-bordte; 3 HM
Ep ‘%:PH B.9) at 1.3 V/cth fof 18 hF, ataiied with 0.5 pg/mi ethidiit

m

mide

romide, aid photographed tnder UV light. For heat reveraal of elsav:
aple'complexes (13); the Fesction wils Heated to 85° fof 10 it Betore
erminatioh of the fesetion by addition of the sthidium biomide sssay
solution bf the SDS-containity gei-loadiny solution: , ,
~"Yhe statidard Fedetion mikbiife foF uasaying the supereoiling detivity
o Q"g’{fﬂss contained 35 m THs: HC (pH 7.3); 20 mM K-Gly; 30
ll‘n{v{ gCly; Ui M Eb'h‘, ] ﬂ'iM speftidine . (Hbi)s, 1.0 mn A’i‘p, 0.5
mM gﬁat}imwi; 30 rtg/ﬁil BSA; 10% glyeerol; 1 ug/20 pl relaxed PM3
Né} and 1 URit/20 pl gyrase. The Feaction wia carried ot 43 deseribed
or topoiaoierases | and 1. V o
"Etpidiu flusrescence method. The sthiditiin Huoescetics dsaay

used Hefe haa been previotsly deseribed it eotsiderable detail (14; 18).
The pH 19 sthidiut dssdy Butter contained 30 mM potassititi phos-
ﬁhats (bH 19); 0:3 md EDTA; and 0.5 pg/mil sthidiim bromide. The
utter waa kept at Foor tetiperatirs it d i_ii’iitlﬁf-bdf eottainer fittsd
with o Fepest dispenser set at 1.8 mil: A Gilson Huorometer with ah
excitation filtef at 535 nth and i emission filter dt 800 i, theFo:
stated at 25°; wais used to measure fuorescence. Typically; 10-41 sam-
ples wets delded to 1:9 i of the pH 13 sthiditit dessy BUteF, i 13- %
T5-mi glass tubes; fof fluorescetics Feadings. Before reading of the
3y sdifiples; the fluoforieter was sefoed with 4 blank of pH 13
sthiditi dssay buther and then standafdized to 50 afmtfagy HOFER-
eEHEE HHits with 10 il of 50 pg/inl calf thyius DNA: For DNA cleavage
determinations; the saiie ds3ay tibes wefe heated to 96° fot 3 Hih;
followed by # 3:-tih cooling in 4 FooH temperatire water bath, and the
aatter:-Heat” fluorescetice feddings were takeh. All drugs were checked
fof itterferencs with sthidiut Htiofescence by measurement of the
fbFescerce of Fedctioh satiples ineubated with the drug in the absence
of BH#yHE tEeatEHE: S
Ealeulation of percentage of enzyme inhibition and percent-
age of DNA cleaved. The relaxation of negatively supereoiled PMs
DNA iy be followed by the concomitant decredse in sthidium fuo-
Feacetice; in which d final decredss of 33% corrssponds to eomplete
relaxation. The extetit of snzytie inhibitioh tay; theretore; be caleu:
lated sithply fFom the percentage of Huorescencs decrease in the prea:
gtice of ah inhibitor; eompared with that of the control drtig:tres shzye
feiction: thhibition of fyfas;s tdy be ediciated sitilarly; with supef-
eoilifig of reiaxed BM2 DNA givitg 4 final fuorescenes ineredss of
33%: Caleulation of the sxteit of cleaved DNA i3 determined tom the
fuofescenics ditferece between the unheated and heat-denatured
DNA; relative to the fuorescence ditference when all the DNA i
nicked: Camptothecin and VM:26 do not intefealate DNA; but it should
be atreased that any drug (especialy intercaiators) that alters the withe
of CEE DNA would interiere with all topoisoiierase assays:

Results

Theoretical aspeets of the pH 12 sthidium fluorescenes
assay: A briet background to the pH 12 ethidium flucreseenee
dasdy will enhanes an understanding of its use: Originally; an
sthidiuth fligrescence assay at pH B was used fof synthetie
DNAs (e, d(1G),-d(CA),); to medsure cross:linking of eot-
plementary steands (16): 1t the strands were separable, then o
fliorescenecs was obtained after heat treatment; whereds any
flugreseenies reaining was due to linked eomplementasy
strands: The same assay could not be used for natural duplex
DNAs; because heat-denatured DNA; due to intramolecular
base-paiFing; gave dbout 50% the fluorescence of duplex DNA.
However, dat pH 13, short intrastrand base-paifed sectiohs of
denatured DNA are selectively destabilized; relative to lon
duplex DNA: 1t is perhaps surprisitg that & pH 48 high as 13
is Fequired and that natural duplexss afe stable unlsss heated,
but this is attributed to the stabilizing effeet of sthidium
intefedlation: Although the pH 12 dsady was ofiginally devised
foF teasuFing cross-linking of linear duplex DNA, it was later
found that; unlike lineds duplex DNA; CCC DNAs; in whieh
the strands are topologically linked; also renatured sponta:
Heotisly aftéf 4 Heating step. The differenee in tluorescenee
between the unheated and heat-denatured samples of eifeular
duplex DNA is; theretors; 4 tedsuremient of the cleaved DNA:
Az expected; the fluoreseehees for CCE DNA i3 less oh 4 per
HicFogFam baais; due to taﬁaiug&ﬂl eonstraints on sthididm
intefedlation; than fof lineaf DNA: A Haximum positive su:
perhelix density of $0:3 due to the unwinding of the helix by
sthidim 18 obtained under the pH 18 dssay eonditions: Thus,
the fubresesties/pug for CEC DNA also depends oh the original
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superhelix density, with the more negatively supercoiled the
DNA the more fluorescence/ug. PM2 DNA, with the highest
titratable superhelix density of —0.12, is, therefore, used for
assaying topoisomerases that relax CCC DNA.

Relaxation, supercoiling, and cleavage assays by the
ethidium fluorescence method. Figs. 1 and 2 illustrate the
time-dependent changes in ethidium fluorescence that occur
for typical relaxation and supercoiling assays. As described in
Materials and Methods, the total relaxation of negatively su-
percoiled PM2 DNA is accompanied by a final decrease in
fluorescence of 33%. Conversely, introduction of negative su-
percoils from a relaxed PM2 DNA substrate by gyrase results
in a 33% increase in fluorescence, which is 90% of the titratable
superhelix density for PM2 DNA (¢ = —0.12). For the purpose
of illustrating the fluorescence assay for DNA cleavage, pan-
creatic DNase was used to introduce “nicks” into negatively
supercoiled and relaxed PM2 DNA (Fig. 3). The fluorescence
of negatively supercoiled DNA increased by a total of 30% as
the DNA became nicked. After heat-denaturation of the DNA
at pH 12, a concomitant decrease in fluorescence was observed
as the nicked DNA became single-stranded and no longer bound
ethidium. Only 2% of the ethidium fluorescence obtained on
nicking of all CCC DNA molecules was seen after the heat
treatment, possibly due to residual long hairpin duplexes. Fig.
3 also shows that differences in the original superhelical density
of the substrate DNA do not interfere with the measurement
of DNA cleavage. The fluorescence of relaxed DNA increased
by 98% when completely nicked, compared with a 33% increase
for supercoiled PM2 DNA (¢ = —0.12). However, the difference
between the fluorescence readings before and after the heat
treatment at pH 12 reflected only the amount of nicked (open-
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Fig. 1. Relaxation of supercoiled PM2 DNA by calf thymus topoisomerase
Il. The relaxation of native PM2 DNA by 1 unit of topoisomerase Il under
standard relaxation conditions was followed over time with agarose gel
electrophoresis (A) and the pH 12 ethidium fluorescence assay (B). Bands
R, N, and S, relaxed, nicked, and supercoiled DNA, respectively. Com-
plete relaxation is indicated by a 33% final decrease in ethidium fluores-
cence, as measured by the fluorescence assay.
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Fig. 2. Supercoiling of relaxed PM2 DNA by M. luteus gyrase. The
supercoiling of relaxed PM2 DNA by 1 unit of gyrase under standard
supercoiling conditions was followed over time by agarose gel electro-
phoresis (A) and the pH 12 ethidium fluorescence assay (B). Bands R,
N, and S, as for Fig. 1. Complete supercoiling is indicated by a 33% final
increase in ethidium fiuorescence, as measured by the fluorescence
assay.

circular and linear) DNA present, regardless of superhelical
density of the intact DNA (Fig. 3B, inset).

Glu™ rather than Cl™ has been identified as the physiological
counterion to K* (17). Many DNA-protein interactions are
affected by Glu~ replacing Cl~. Zwelling et al. (18) have dem-
onstrated that DNA topoisomerases I and II retain their en-
zyme activity in vitro over a wider range of ionic strength when
K-Glu rather than KCl is used in the reaction. That observation
was quantitated by DNA decatenation and cleavage assays
using agarose gel electrophoresis and by alkaline elution assays
for DNA cleavage. Using the ethidium fluorescence assay, we
have quantitated the effects of K-Glu and KCl on the relaxation
activity of DNA topoisomerase II (Fig. 4). Similar to Zwelling’s
results, the enzyme was completely inactive with >250 mMm
KCl, whereas it remained active until the K-Glu concentration
reached 450 mM. In addition, our results were identical whether
the potassium salt of L-Glu™ or D-Glu~ (data not shown) was
used, indicating that a stereospecific interaction of glutamate
with the enzyme, DNA, or water bound to DNA does not
contribute to this enhancing effect.

Drug-dependent inhibition with nonintercalating
drugs. Enzyme inhibition was studied for mammalian topoiso-
merases II and I and bacterial gyrase using the antineoplastic
drugs VM-26 and camptothecin and the antibacterial drug
novobiocin, respectively (Figs. 5-7). Under standard assay con-
ditions (200 mM K-Glu, 1 unit of enzyme), a small amount of
DNA cleavage by topoisomerase II was observed with VM-26
(Fig. 5A, L). These samples were heat-treated at 65° to reverse
the cleavable complexes before removal of samples for the
fluorescence assay (13). This eliminates any interference with
the quantitation of inhibition. The ethidium fluorescence read-
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Fig. 3. Cleavage of negatively supercoiled and relaxed PM2 DNA by
pancreatic DNase. From a 100-x| sample containing 20 xg of supercoiled
PM2 DNA, a 50-ul aliquot was relaxed completely by calf thymus
topoisomerase | under standard relaxation conditions. The remaining 50
ul were treated similarly but without topoisomerase. Forty microliters
each of the resulting supercoiled (®, O) and relaxed (A, A) DNA samples
were added to 120 ul of 1.3 ng/ml pancreatic DNase (Boehringer Mann-
heim) in 50 mm Tris-HC! (pH 8), 5 mm MgCl2, 30 pg/ml BSA. The
cleavage reaction was incubated at 37°, while 10-ul samples were taken
at various times for agarose gel electrophoresis (A) and the pH 12
ethidium fluorescence assay (B). Bands R, N, and S, as for Fig. 1; L,
linear DNA. Ethidium fluorescence assay readings were taken before (@,
A) and after (O, A) heat-denaturation of the DNA in the pH 12 ethidium
assay buffer. Inset, absolute difference between the before- and after-
heat fluorescence readings (AF) for the originally supercoiled () and
relaxed (O) DNA samples.
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Fig. 4. Effect of various concentrations of K-Glu and KCI on topoisom-
erase |l relaxation activity. Reactions (20 ul each) containing 1 ug of
native PM2 DNA with various concentrations of K-Glu (@) or KCI (O)
were relaxed by 1 unit of topoisomerase Il. After incubation at 37° for
30 min, 10-ul samples were taken for the pH 12 ethidium fluorescence
assay. Complete relaxation of the DNA is indicated by a final decrease
in fluorescence of about 33%.
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Fig. 5. Inhibition of calf thymus topoisomerase Il relaxation activity by
VM-26 at 100 mm and 200 mm K-Glu. Reactions (40 ul each) contained
standard relaxation conditions with either 100 mm (A) or 200 mm (@) K-
Glu and various amounts of VM-26. After incubation at 37° for 30 min,
10-ul samples were taken for agarose gel electrophoresis (A). Bands R,
N, L, and S, as for Fig. 3. The remaining reaction was heated at 65° for
10 min, to reverse the cleavable compiexes, before removal of 10 ul for
the ethidium fluorescence assay, from which percentage of enzyme
inhibition was quantitated (B).
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Fig. 6. Inhibition of calf thymus topoisomerase | relaxation activity by
camptothecin. Reactions (40 ul each) contained standard relaxation
conditions with various amounts of camptothecin. After incubation at
37¢ for 30 min, 10-ul samples were removed for agarose gel electropho-
resis (A) and the pH 12 ethidium fluorescence assay (B). Bands R, N,
and S, as for Fig. 1. Enzyme inhibition was quantitated from the ethidium
fluorescence assay.
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Fig. 7. Inhibition of M. luteus gyrase supercoiling activity by novobiocin.
Reactions (40 ! each) contained standard supercoiling assay conditions
with various amounts of novobiocin. After incubation at 37° for 30 min,

10-ul samples were removed for agarose gel electrophoresis (A) and the
pH 12 ethidium fluorescence assay (B). Bands R, N, and S, as for Fig. 1.
Enzyme inhibition was quantitated from the ethidium fluorescence assay.

ings of the cleavable complex-reversed samples were virtually
parallel before and after heat denaturation at pH 12 (data not
shown), indicating that very little or no cleaved DNA was
present. No detectable DNA breaks were found for topoisom-
erase I with camptothecin (Fig. 6) or for gyrase with novobiocin
(Fig. 7). In 200 mM K-Glu, topoisomerase II was inhibited by
75% with 60 uM VM-26 (Fig. 5B). When the concentration of
K-Glu was lowered to 100 mM, there was more enzyme inhibi-
tion (84% at 60 uM VM-26) and the drug-dependent inhibition
plot changed from a sigmoidal to a hyperbolic shape (Fig. 5B).
In contrast, when KCl was used there was more inhibition at a
higher concentration of KCl (200 mM) than at a lower concen-
tration (100 mM) with 60 uM VM-26, and both inhibition plots
were hyperbolic (data not shown).
Topoisomerase-mediated DNA cleavage with nonin-
tercalating and intercalating drugs. It is possible to quan-
titate conveniently, by the fluorescence method, the extent of
drug-induced topoisomerase-mediated DNA cleavage for both
nonintercalating and intercalating drugs. This is demonstrated
in Fig. 8, which illustrates DNA cleavage mediated by topoisom-
erase II in the presence of the nonintercalating drug VM-26
and the intercalating drug m-AMSA. At the concentrations
used in these experiments, m-AMSA did not interfere with the
ethidium fluorescence readings, as monitored by a control
experiment without enzyme. The DNA breakage by these drugs
was dose dependent and showed saturation at higher drug
concentrations. In order to obtain significant levels of DNA
breakage, an increased amount of enzyme (4 units) was used in
this study, compared with that used for the catalytic relaxation
and supercoiling assays (1 unit). For the same reason, 100 mM
K-Glu instead of 200 mM K-Glu was used in these assays.
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Fig. 8. Calf thymus topoisomerase ll-mediated DNA cleavage with VM-
26 and m-AMSA. Reactions (40 ul each) contained standard cleavage
assay conditions, including 4 units of topoisomerase I, and various
amounts of VM-26 (@) or m-AMSA (A). After a 30-min incubation at 37°,
10-ul samples were removed for agarose gel electrophoresis (A) and the
pH 12 ethidium fluorescence assay (B). Bands R, N, L, and S, as for Fig.
3. DNA cleavage was quantitated from the fiuorescence assay.

Percentages of DNA cleavage observed with 4 units of enzyme
and 60 uM VM-26 were 16% at 100 mM K-Glu (Fig. 8B) and
11.5% at 200 mM K-Glu (Fig. 9C).

Effects of topoisomerase II concentration on enzyme
inhibition and DNA cleavage. The extent of topoisomerase
II inhibition and topoisomerase II-mediated DNA breaks in the
presence of VM-26 is highly dependent on the amount of
enzyme used in an assay (Fig. 9). The assay reaction was
analyzed for both enzyme inhibition and DNA cleavage in the
presence of a fixed concentration of VM-26 (60 uM) and various
amounts of enzyme (0.5-4 units/assay). The results clearly
show that, at lower concentrations of topoisomerase II, the
predominant effect was enzyme inhibition. In contrast, at
higher enzyme levels more DNA cleavage occurred, with less
enzyme inhibition (Fig. 9). A similar observation has been made
for topoisomerase I with camptothecin, using agarose gels (19).
It is also interesting to note that after the heat reversal of
cleavable complexes no supercoiled DNA was observed. This
may indicate that the cleavable complexes were produced only
after the DNA was relaxed. Again, a similar observation has
been documented in a study with topoisomerase I and camp-
tothecin (20).

Discussion

In general, the ethidium fluorescence method is a fast, con-
venient, and quantitative method for topoisomerase assays.
The complete results, including any necessary calculations and
plotting of the data, may be readily obtained within 1 hr.
Agarose gel methods tend to require long electrophoretic runs
to achieve good resolution, and densitometric analysis or radi-
olabeled DNA are necessary for quantitation.

Advantages obtained with the sensitivity and quantitative
power of this assay over gel methods may be particularly
appreciated in measuring the progressive action of topoisomer-
ases on their DNA substrate. Densitometer scanning of agarose
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Fig. 9. Topoisomerase |l inhibition and
topoisomerase ll-mediated DNA cleavage
with VM-26. Reactions (40 ul each) con-
tained standard relaxation assay condi-
tions with 60 um VM-26 and various
amounts of topoisomerase |l. After incu-
bation at 37° for 30 min, 10-ul samples
were taken for agarose gel electrophore-
sis (A) and the pH 12 ethidium fiuores-
cence assay (B and C). The remaining
reaction was heat-treated, to reverse the
cleavable complexes, before removal of
samples for agarose gel electrophoresis
and the fluorescence assay, as described
above. Bands R, N, L, and S, as for Fig.
3. Fluorescence was measured both be-
fore (@, A) and after (O, A) heat-denatu-
rion of the DNA in the pH 12 ethidium
assay buffer (B). Enzyme inhibition (OJ)
was calculated from the fluorescence as-
say of the cleavable complex-reversed
samples, whereas DNA cleavage () was
calculated from the samples that were
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gels can be difficult to quantitate, especially when there are
many bands. This is further complicated by the dependence of
ethidium intercalation on DNA superhelical density. Conse-
quently, identical amounts of DNA located in separate bands
(i.e., different superhelical densities) result in different ethid-
ium fluorescence intensities. The ethidium fluorescence method
described here, however, takes advantage of this very fact and
so reflects shifts in the average superhelical density of the DNA
sample. The net extent of a topoisomerase reaction is, therefore,
accurately determined. This method is limited, however, in that
it cannot discriminate between processive and distributive
modes of topoisomerase action, as revealed by the topoisomer
distribution on agarose gels. Both of these assays, however, are
based upon the observation of Morgan and Pulleyblank (21)
that ethidium bromide will bind selectively at pH 12 to double-
stranded DNA in the presence of denatured DNA, which lacks
secondary structure at this pH.

The fluorescence assay described here uses a purified system
and is not designed to replace cell studies, such as those that
use alkaline elution, K-SDS precipitation, or unwinding assays.
Nonetheless, other researchers have found that DNA cleavage
results using purified enzymes and CCC DNA agree with those
from cultured cells (4, 9, 22). Consequently, it may be more
practical, in many cases, to use a simple and fast assay method
such as that described here. These instances may include pro-
cedures that require a large number of samples, such as detailed
kinetic studies and the primary screening of compounds for
antitopoisomerase activities. In addition, because not all com-
pounds that inhibit topoisomerase activity stabilize a cleavable
complex, methods that measure only DNA cleavage are not
applicable for studies of such compounds.

We have demonstrated that the ethidium fluorescence
method is suitable for assessing the abilities of topoisomerase-
targeted drugs both to inhibit topoisomerase catalytic activity
and to stimulate topoisomerase-mediated cleavage. Unlike non-
intercalating drugs, intercalating drugs may cause problems in
catalytic assays. For example, a CCC DNA in which all super-

" > 3 % not cleavable complex reversed (C).

Topoisomerase |l (units)

coils were removed by such a drug cannot change its linking
number with a topoisomerase. This could be incorrectly inter-
preted as inhibition of topoisomerase activity. We have previ-
ously described a simple rapid (~2 hr) fluorescence assay for
measuring the unwinding angle of intercalating drugs with
excess topoisomerase (23). This allows for a quick assessment
of whether topoisomerase catalytic activity can be quantitated.
On the other hand, quantitation of topoisomerase-mediated
cleavage is not influenced by the presence of intercalating
drugs, because it does not depend on the superhelical density
of the DNA as a basis for measurement. In addition, interca-
lating drugs cause little or no interference with ethidium fluo-
rescence itself, because of the large dilution of the reaction
sample by the ethidium assay buffer and the large excess of
ethidium compared with drug, as is the case for m-AMSA, the
intercalating drug used in this study.

Using the ethidium fluorescence assay, we have been able to
corroborate the results described previously regarding anion-
dependent effects on the topoisomerase activity when K-Glu is
substituted for KCI as the salt component of the reaction (18).
In addition to providing quantitation of these effects on the
catalytic relaxation activity of topoisomerase II (Fig. 4), we
have found both quantitative and qualitative differences in
VM-26-dependent topoisomerase II inhibition at 100 and 200
mM K-Glu (Fig. 5). The sigmoidal inhibition plot with 200 mm
K-Glu indicates cooperative effects or changes in dissociation
constants for interaction between VM-26, enzyme, or DNA in
the presence of >100 mM K-Glu. Additional kinetic studies
would be required to provide further details regarding this
observation.

Considerable effort has been dedicated to understanding the
mechanism of cell killing by antitopoisomerase drugs and
modes of cellular resistance to these drugs. As indicated by the
varying and often conflicting results found throughout the
literature, these issues, particularly the role of the cleavable
complexes, remain unresolved (reviewed in Ref. 1). Recently,
two groups have separately examined the dependence of drug-
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induced DNA cleavage and cytotoxicity on the cell cycle stage,
using chromosomal DNA break frequency as a parameter for
drug sensitivity (24, 25). In both of these studies, sensitivity to
DNA cleavage was maximal during mitosis, which was when
topoisomerase II activity or content was highest, whereas max-
imal cytotoxicity was observed in S phase, where the least
amount of topoisomerase II activity or content was found. In
ethidium fluorescence assays with topoisomerase II and VM-
26, we have observed a clear inverse relationship between the
degree of enzyme inhibition and the extent of DNA breakage
(Fig. 9). This result then indicates that in S phase topoisom-
erase II was maximally inhibited, suggesting that enzyme in-
hibition may be an important factor contributing to cell death.
This is probably an oversimplification, because our observation
was made using a purified system and it is difficult to extrap-
olate to the much more complex situation that exists within
the cells. Nonetheless, it does demonstrate the usefulness of
the fluorescence method in mechanistic studies. This experi-
ment also shows that both enzyme inhibition and cleavable
complex formation become relatively independent of changes
in enzyme concentration at higher topoisomerase II levels.
Consequently, only at lower enzyme concentrations will
changes in the amount of enzyme produce significant changes
in the degree of enzyme inhibition and DNA cleavage. It is
possible that discrepancies among attempts to correlate the
amount of enzyme activity with various drug effects (e.g.,
enzyme inhibition, DNA breakage, and cytotoxicity) may be a
result of differences in the total enzyme levels used in the
assays.

In conclusion, the applications of the ethidium fluorescence
assay are by no means limited to those presented here. We
have also used this method extensively to detect enzyme frac-
tions during the purification of calf thymus topoisomerase II,
with excellent results. Because of the large sample-handling
capacity, speed, and versatility, it is particularly suitable for
screening of topoisomerase inhibitors, kinetic studies such as
K; determinations, drug specificity studies, and mechanistic
studies. Future uses may also include enzyme assays of crude
cell extracts and DNA cleavage assays in cell studies (26).
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