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ABSTRACT

Type Il topoisomerases are essential enzymes that
are also the primary cellular targets for a number of
important anticancer drugs. These drugs act by
increasing levels of topoisomerase ll-mediated DNA
cleavage. Recent studies indicate that endogenous
forms of DNA damage, such as abasic sites and base
mismatches, also stimulate the DNA scission activity
of the enzyme. To extend our understanding of how
type Il topoisomerases react to DNA damage, the
effects of abasic sites, and oxidized and alkylated
bases on DNA cleavage mediated by human topo-
isomerase llo and  were determined. Based on
experiments that incorporated random abasic sites
into plasmid DNA, human type Il enzymes can locate
lesions even within a background of several thousand
undamaged base pairs. As determined by experiments
that utilized site-specific forms of DNA lesions,
oxidized or monoalkylated purines that allow base
pairing and induce little distortion in the double helix
have modest effects on topoisomerase Ill-mediated
DNA cleavage. In contrast, 1,NS-ethenoadenine, a
bulky lesion that disrupts base pairing, enhanced
DNA cleavage ~10-fold. 1,N%-Ethenoadenine is the
first lesion found to rival the stimulatory effects of
apurinic sites on the DNA scission activity of eukaryotic
type Il topoisomerases.

INTRODUCTION

Type II topoisomerases are essential enzymes that interconvert
topological forms of DNA by making transient double-stranded
breaks in the backbone of the genetic material (1-3). These
enzymes play important roles in a number of fundamental
nuclear processes, including DNA replication and recombination
(1,4). In addition, they are required for proper chromosome
structure and segregation (1,4). Lower eukaryotes, such as
yeast and Drosophila, contain only a single species of topo-
isomerase II. However, vertebrates contain two closely related
isoforms of the enzyme, topoisomerase Ilo. and topoisomerase

1B (1-7). Levels of topoisomerase Ilow increase dramatically
during periods of rapid cell proliferation (8). Consequently, it
is believed to be the isoform responsible for untangling
daughter chromosomes during mitosis (4,9). Topoisomerase
I appears to be present in all cell types, independent of
growth conditions, and is believed to be involved in a number
of ongoing nuclear processes (2,4,7,10). Despite the fact that
either topoisomerase Ilo. or B can complement the loss of type
IT activity in yeast (11), these two isoforms appear to have non-
overlapping functions in vertebrate cells (4,7,9). Furthermore,
both are essential to development in vertebrate species
(4,7,12).

In addition to their indispensable physiological functions,
type II topoisomerases are the targets for some of the most
active anticancer drugs currently in clinical use (2,3,13-17).
These agents kill cells in an unusual fashion. They do not act
by blocking the catalytic activity of topoisomerase II; rather,
they dramatically increase levels of enzyme-mediated DNA
cleavage (13-16,18). Consequently, anticancer drugs convert
type II topoisomerases into potent toxins that generate high
numbers of double-stranded breaks in the genomes of treated
cells (2,3,13-17). As a result of their actions, anticancer drugs
targeted to type II topoisomerases are referred to as ‘topoisomerase
II poisons’ (2,3,13-17,19).

The unusual cytotoxic mechanism of anticancer agents
suggests that they may represent exogenous counterparts of
cellular factors that enhance topoisomerase II-mediated DNA
cleavage as part of DNA recombination, mutagenesis or cell
death pathways (20-22). Since drugs act at the topoisomerase
II-DNA interface (23-27), interactions between the enzyme
and nucleic acid lesions were characterized to determine
whether various forms of DNA damage could act as endogenous
topoisomerase II poisons. Previous studies were restricted
primarily to Drosophila topoisomerase II and human topoi-
somerase Ilo. Furthermore, they focused on DNA lesions
generated by spontaneous physiological events, such as the
generation of abasic (apurinic/apyrimidinic) sites, deamination
of cytosine residues or the incorporation of mismatched bases
(20,21,28-31). In all cases, spontaneous DNA lesions were
found to be position-specific topoisomerase II poisons. Incor-
poration of a single lesion stimulated enzyme-mediated
double-stranded DNA scission. However, for stimulation to
occur, damage had to be located within the 4-base stagger that
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separates the scissile bonds on the opposite strands of the
double helix (21,22,28-30).

Because of the potential ramifications of these findings, it is
important to determine whether other forms of DNA damage
are capable of acting as topoisomerase II poisons. It is also
important to determine whether topoisomerase IIf is affected
by DNA lesions. Therefore, the present work addresses the
effects of environmental damage on DNA scission mediated
by human topoisomerase Il and . Results indicate that both
human type II topoisomerases can locate DNA lesions in a
background of several thousand undamaged base pairs.
Oxidized and monoalkylated DNA adducts that allow base
pairing had only modest effects on enzyme-mediated DNA
scission; however, 1,N®-ethenoadenine, a highly mutagenic
DNA adduct that disrupts base pairing, was a potent topo-
isomerase II poison.

MATERIALS AND METHODS

Materials

Human topoisomerase Ilo. and B were purified as previously
described (30) from Saccharomyces cerevisiae containing the
respective genes in the inducible overexpression plasmids
YEpWOB6 and YEpWOBeta (32). Bacteriophage T4 poly-
nucleotide kinase was from New England Biolabs (Beverly,
MA); Escherichia coli uracil DNA glycosylase was from
United States Biochemical (Cleveland, OH); [y-*’P]ATP
(~6000 Ci/mmol) was from Amersham (Arlington Heights, IL);
deoxyuridine, 8-ox0-2’-deoxyguanosine, 8-ox0-2’-deoxy-
adenosine, O%-methyl-2’-deoxyguanosine, N®-methyl-2’-deoxy-
adenosine and 1,N®-etheno-2’-deoxyadenosine phosphoramidites
were from Glen Research (Sterling, VA); and tetrahydrofuran
phosphoramidite was from Cruachem (Dulles, VA). All other
chemicals were analytical reagent grade.

Generation of random abasic sites in plasmid DNA

Abasic sites were generated in negatively supercoiled pBR322
plasmid DNA by incubation in 25 mM sodium citrate, pH 4.8,
250 mM KCIl at 70°C as described previously (20,33).
Reactions were stopped by the addition of 1 M Tris—HCI,
pH 7.9, at 4°C followed by buffer exchange into 10 mM Tris-HCI,
pH 7.9, 0.1 mM EDTA in a Bio-Spin 6 chromatography
column (Bio-Rad, Richmond, CA). Under the conditions
employed, approximately one abasic site per plasmid was
generated every 22 min (20,33).

Topoisomerase II-mediated cleavage of plasmid DNA

pBR322 plasmid DNA was cleaved by a protocol similar to
that described by Corbett et al. (34). Reaction mixtures
containing 150 nM human topoisomerase IIot or B and 10 nM
negatively supercoiled pBR322 DNA in 20 pl of 50 mM Tris—HCl,
pH 7.9, 100 mM KCl, 10 mM MgCl,, 0.5 mM EDTA and 2.5%
glycerol were incubated at 37°C for 10 min. Reactions were
stopped by the addition of 2 ul of 5% SDS followed by 2 ul of
250 mM EDTA. Proteinase K was added (2 pl of 0.8 mg/ml)
and reactions were incubated for 30 min at 45°C to digest the
type II topoisomerase. Samples were mixed with 2 ul of 30%
sucrose, 0.5% bromophenol blue and 0.5% xylene cyanole FF
in 10 mM Tris—HCI, pH 7.9. They were then heated at 70°C for
2 min and subjected to electrophoresis on a 1% agarose gel in

40 mM Tris—acetate, pH 8.3, 2 mM EDTA containing 0.5 pLg/ml
ethidium bromide. Cleavage was monitored by the conversion
of negatively supercoiled plasmids to linear molecules. DNA
bands were visualized by UV light, photographed through
Kodak 23A and 12 filters with Polaroid type 665 positive/negative
film, and quantitated by scanning photographic negatives with an
E-C apparatus model EC910 scanning densitometer in
conjunction with Hoefer GS-370 Data System software. The
intensity of bands in the negative was proportional to the
amount of DNA present.

Preparation of oligonucleotides

Experiments utilized one of two double-stranded 40mer oligo-
nucleotides, designated Site I and II, and a double-stranded
42mer oligonucleotide, designated Site III. The top strand of
the 40mer of Site I corresponds to residues 87126 of pBR322
(35,36). The sequences of the top and bottom oligonucleotides
were 5-TGAAATCTAACAATGICGCTCATCGTCATCC-
TCGGCACCGT-3" and 5-ACGGTGCCGAGGATGACGA-
TGLAGCGCATTGTTAGATTTCA-3’, respectively. The points
of topoisomerase II-mediated DNA cleavage are denoted by
arrows (36,37). Oligonucleotides were prepared on an Applied
Biosystems DNA synthesizer. Top or bottom strand Site I
oligonucleotides containing uracil, 8-oxoguanine, or O%-methyl-
guanine were synthesized in a similar manner utilizing the
corresponding phosphoramidite. Apurinic sites were generated
by treating uracil-containing double-stranded oligonucleotides
with uracil DNA glycosylase as previously described (21).
Following this treatment, samples were prepared for topo-
isomerase II assays by the addition of KCI (100 mM final
concentration) and MgCl, (5 mM final concentration) (21).

The top strand of the Site II 40mer oligonucleotide corre-
sponds to residues 1072—1111 of the MLL oncogene (38—40),
which, together with its complementary oligonucleotide, were
prepared as described above. The sequences of the top and
bottom oligonucleotides were 5-GCCTGGGTGACAAA-
GCLAAAACACTGTCTCCAAAAAAAATT-3 and 5-AATT-
TTTTTTGGAGACAGTGITTTTGCTTTGTCACCCAGGC-3’,
respectively. The points of topoisomerase II-mediated DNA
cleavage are denoted by arrows (30,39). Top strand Site II
oligonucleotides containing the abasic site analog tetrahydro-
furan were prepared by Cruachem. Those containing 8-oxoadenine,
Nf-methyladenine or 1,N®-ethenoadenine were prepared on an
Applied Biosystems DNA synthesizer utilizing the corresponding
phosphoramidite.

The top strand of the Site IIT 42mer oligonucleotide corresponds
to residues 1050-1091 of the MLL oncogene (31,38,39),
which, together with its complementary oligonucleotide, were
prepared as described above. The sequences of the top and
bottom oligonucleotides were 5-ATGATTGTACCACTGC-
AGITCCAGCCTGGGTGACAAAGCAAAA-3" and 5'-TTT-
TGCTTTGTCACCCAGGCITGGACTGCAGTGGTACAA-
TCAT-3’, respectively. The points of topoisomerase II-mediated
DNA cleavage are denoted by arrows (30,39). Top and bottom
strand Site 111 oligonucleotides containing 1,N®-ethenoadenine
were prepared on an Applied Biosystems DNA synthesizer
utilizing the corresponding phosphoramidite.

When appropriate, single-stranded oligonucleotides were
labeled on their 5’-termini with [**P]phosphate (21). Oligo-
nucleotides were purified by electrophoresis on polyacrylamide
gels and annealed as described previously (21,36). The length



and purity of all oligonucleotides was confirmed by polyacryl-
amide gel electrophoresis. The presence of adducted bases was
confirmed by mass spectrometry. Oligonucleotides were prepared
for mass spectrometry by polyacrylamide gel purification
followed by desalting using a G-25 Sephadex column and a
Millipore pu-C18 Zip Tip. Samples were eluted onto a sample
plate using an 8:1 mixture of 50 mg/ml 3-hydroxypicolinic
acid:50 mg/ml ammonium citrate in 50% acetonitrile. Mass spectral
analyses were done using a Voyager Elite 2 MALDI-TOF system
and software from PerSeptive Biosystems.

Topoisomerase II-mediated cleavage of oligonucleotides

Topoisomerase II-mediated DNA cleavage reactions were
carried out as previously described by Kingma et al. (30).
Assay mixtures contained 150 nM human topoisomerase Il or
B and 100 nM double-stranded Site I, IT or III oligonucleotide
in 20 ul of 10 mM HEPES-HCI, pH 7.9, 0.1 mM EDTA, 50 mM
NaCl, 50 mM KCI, 5 mM MgCl, and 2.5% glycerol. Reactions
were incubated for 10 min at 37°C and stopped with 2 ul of
10% SDS followed by 2 ul of 250 mM EDTA. Cleavage products
were digested with proteinase K (2 pul of a 1.6 mg/ml solution)
for 20 min at 37°C, precipitated twice with ethanol and resuspended
in 5 ul of 40% formamide, 8.5 mM EDTA, 0.02% bromophenol
blue and 0.02% xylene cyanol FF. Products were resolved by
electrophoresis in a denaturing 7 M urea, 14% polyacrylamide
sequencing gel in 100 mM Tris-borate, pH 8.3, and 2 mM
EDTA. Gels were fixed in 10% methanol and 10% acetic acid
for 10 min and dried. Reaction products were visualized and
quantified using a Molecular Dynamics Phosphorlmager
system.

Topoisomerase II-mediated DNA religation

DNA religation assays were carried out by a modification (40)
of the procedure described by Osheroff and Zechiedrich (41).
DNA cleavage/religation equilibria were established with
100 nM duplex Site I or II oligonucleotide and 150 nM topo-
isomerase II per reaction in 10 mM Tris—HCI, pH 7.9, 0.1 mM
EDTA, 100 mM KCl, 5 mM CaCl, and 2.5% glycerol. Topo-
isomerase I[I-DNA cleavage complexes were trapped by the
addition of EDTA (final concentration, 6 mM). NaCl was
added (final concentration, 500 mM) to prevent recleavage.
Religation was initiated by the addition of MgCl, (0.1 mM
final concentration) and terminated by the addition of 2 ul of
10% SDS at times up to 60 s. Samples were analyzed as
described in the preceding section. The apparent first order rate
of DNA religation was determined by quantifying the loss of
the DNA cleavage product.

RESULTS

Randomly located abasic sites stimulate plasmid DNA
cleavage mediated by human type II topoisomerases

Abasic sites are the most commonly formed DNA lesions in
the cell (42-45). It is estimated that approximately 10 000
abasic sites are created by spontaneous hydrolysis per mammalian
cell per day (42-46). These lesions are also generated by a
variety of environmental insults and cellular events, including
oxidation, ionizing radiation, DNA reactive chemicals and
base excision repair (43,45,47). As a result, some human
tissues contain steady-state levels of abasic sites that are as
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Figure 1. Randomly generated abasic sites stimulate plasmid DNA cleavage
mediated by human type II topoisomerases. Data represent the average of two
independent experiments and are expressed relative to cleavage observed with
pBR322 containing 0 abasic sites, which was set to 1. Assays utilized either
topoisomerase Ilo (closed circles) or topoisomerase IIB (open circles).

high as 200 000 per genome (48,49). Thus, under typical
cellular conditions, abasic sites may occur as frequently as
once every 20 000 bp. Under conditions of environmental
stress, the frequency of abasic sites may be three times higher
(49).

To determine whether human type II topoisomerases can locate
DNA lesions in a background of undamaged nucleotides, their
ability to cleave pBR322 molecules that contain randomly
located abasic sites was assessed. Abasic sites were generated
by heating the plasmid at acidic pH. Under the conditions
employed, the vast majority of lesions constitute a mixed
population of apurinic (the predominant lesion) and apyrimidinic
sites (42,44,45). The major contaminating lesion is deaminated
cytosine; however, its rate of formation is only 0.1% that of
apurinic site formation (50).

As seen in Figure 1, both topoisomerase ITo. and B can detect
the presence of random abasic sites within a pBR322 molecule
that is nearly 4400 bp in length. A single abasic lesion per
plasmid nearly doubled levels of enzyme-mediated DNA scission
and the presence of approximately five lesions per plasmid
increased cleavage 4-5-fold. As a comparison, more than 2000
molecules of the anticancer drug etoposide were required per
plasmid to double cleavage mediated by either human topo-
isomerase II isoform (not shown). These results are similar to
those found for Drosophila topoisomerase II (20) and demon-
strate that the human type II enzymes can locate DNA lesions
situated within several thousand base pairs of undamaged
DNA.

Positional preference of human topoisomerase IIf for
apurinic sites

Vertebrate species contain two distinct isoforms of topo-
isomerase II, o and  (1-7). Although these enzymes differ in
their physiological regulation and function, both appear to be
essential to survival (1,4,7,12). Previous studies demonstrated
that apurinic sites are position-specific poisons of human
topoisomerase Ilo, and stimulate enzyme-mediated DNA
cleavage only when they are located within the four base pairs



1950 Nucleic Acids Research, 2000, Vol. 28, No. 9

Site | Site 1
§ oz gel 42 43 44
TGCGCTOCH G CAAMARAACA
ACGCGAGT CETTTTGT
v4 2 ho i
12 12
% | Bottom Top : o Topo lla %
ok Topo |lcq Topo N3 o 4 —
g 100 5 .‘:T.A-'i'l"-i | ¢t U Topo g 1] g
-
D T a8 @
(] . o
= 5 =
= T . =
(] ) o
@© o
£ g
iy z o
¢ 3
[ Bl . g
Mong =1 +2 +4 HNone +2 MNone  +1 2 ] +d

Position of Apurinic Site

Figure 2. Apurinic sites act as position-specific poisons of human topo-
isomerase IIB. Topoisomerase II-mediated DNA cleavage was monitored with
Site I oligonucleotides (left) containing single apurinic sites at bottom strand
positions —1, +2 or +4, or top strand position +2, or with Site II oligonucleotides
(right) at top strand positions +1, +2, +3 or +4. Levels of cleavage were calculated
relative to that of the wild-type sequence (None, set to 1). Reactions contained
either topoisomerase Ilo (closed bars) or topoisomerase IIf} (open bars). Inset,
a representative gel comparing the amount of cleavage product seen with wild-type
Site I substrate (WT) or with substrate containing an apurinic site at the bottom
+4 position (AR). Data represent the averages of three to four independent
experiments and standard deviations are indicated by error bars.

that separate the two scissile bonds (30,40). Similar studies
have yet to be carried out for human topoisomerase IIf3. Therefore,
the effects of apurinic sites on DNA scission mediated by the 3
isoform were determined. Two independent oligonucleotides,
each containing a single centrally located topoisomerase II
cleavage site, were used for these experiments. The first, desig-
nated Site I, was derived from plasmid pBR322 and contains
three guanine residues within the cleavage overhang (Fig. 2,
left) (35,36). The second, designated Site II, was derived from
the MLL gene at chromosomal band 1123 and is located
proximal to a leukemic breakpoint. This site contains a run of
four adenine residues within the cleavage overhang (Fig. 2,
right) (39,40). Both oligonucleotides have been used previously
to assess the positional specificity of human topoisomerase I1o
toward DNA lesions (30,40).

As seen in Figure 2, apurinic sites located between the scissile
bonds stimulated DNA cleavage mediated by human topo-
isomerase IIB. Although some differences in levels of cleavage
enhancement were observed, the positional specificity of the
isoform toward these lesions paralleled that of topoisomerase Il

Effects of oxidized purines on oligonucleotide cleavage
mediated by human type II topoisomerases

The eukaryotic genome is under the constant threat of oxidative
stress, both from endogenous and exogenous sources (45,51).
One of the most common oxidative lesions is 8-oxoguanine
(51,52). It is estimated that as many as 100 000 8-oxoguanine
adducts are formed each day in rat cells (53,54). Normal
human tissues contain approximately 7500 of these adducts per
genome (at steady state) and levels in smokers are ~50%
higher (52,55-57).
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Figure 3. Structures of DNA lesions. The structures of the DNA lesions utilized in
this study are shown next to those of the unmodified bases.

Because of the prevalence of oxidative lesions in cellular
DNA, their effects on DNA cleavage mediated by human
topoisomerase Il and § were assessed. Since purines are more
reactive towards oxidation than pyrimidines, the model adducts
utilized for this study were 8-oxoguanine and 8-oxoadenine
(structures are shown in Fig. 3). Neither of these lesions
induces significant perturbations in the double helix and both can
form Watson—Crick base pairs (58,59). However, 8-oxoguanine
and 8-oxoadenine are mutagenic because they allow poly-
merase misinsertion (60—62).

At best, these oxidative lesions were modest poisons of
human topoisomerase Ilo or B (Fig. 4). For the most part, DNA
cleavage levels were at or below baseline for oligonucleotides
that contained 8-oxoguanine. DNA scission rose slightly
(~1.5-fold) for 8-oxoguanine:adenine mispairs, the mutagenic
mismatch associated with this lesion (60,61; not shown).
However, cleavage was less than observed for oligonucleo-
tides containing the corresponding guanine:adenine mispair.

The effects of 8-oxoadenine on topoisomerase II-mediated
DNA scission were slightly greater. When the adduct was
inserted at the +4 position of the 11q23 cleavage site (Site II),
scission was 2—3-fold higher than wild-type levels.

Effects of alkylated purines on oligonucleotide cleavage
mediated by human type II topoisomerases

Alkylated bases are generated by many cellular processes or
exposure to a number of industrial chemicals (44,51,63).
Of-methylguanine is one of the most mutagenic lesions that
result from alkylation (51,64,65). It is present in normal human
tissue, and levels may be as high as approximately 20 000 per
genome in individuals with a history of smoking or occupational
exposure to alkylating agents (51,66)

Initial studies on the effects of alkylated bases on topo-
isomerase Il-mediated DNA cleavage focused on O°-methyl-
guanine and N°-methyladenine (see Fig. 3 for structures). As
seen with the oxidative lesions, these adducts induce little
distortion in DNA and form base pairs with their appropriate
partners (67,68). O%-methylguanine induces mutations because
it frequently directs the misinsertion of thymine (51,69).
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Figure 4. Effects of oxidized purines on the DNA cleavage activity of human
type II topoisomerases. Individual DNA substrates containing 8-oxoguanine at
the indicated positions of the Site I oligonucleotide (left) or 8-oxoadenine at
the indicated positions of the Site II oligonucleotide (right) were characterized.
DNA cleavage enhancement was calculated relative to the level of scission
observed for the wild-type substrate (None, set to 1). Reactions contained
either topoisomerase Ilo (closed bars) or topoisomerase IIf (open bars). Data
represent the averages of three independent experiments and standard deviations
are indicated by error bars.
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Figure 5. Effects of alkylated purines on the cleavage activity of human type II
topoisomerases. Individual DNA substrates containing O%-methylguanine at
the indicated positions of the Site I oligonucleotide (left) or N°-methyladenine
at the indicated positions of the Site II oligonucleotide (right) were characterized.
DNA cleavage enhancement was calculated relative to the level of scission
observed for the wild-type substrate (None, set to 1). Reactions contained
either topoisomerase Ilo (closed bars) or topoisomerase IIf} (open bars). Data
represent the averages of three independent experiments and standard deviations
are indicated by error bars.

Once again, adducts that did not significantly alter the structure
of the double helix had little effect on DNA cleavage mediated
by topoisomerase ITo or B (Fig. 5). O%-Methylguanine enhanced
scission 2—-3-fold, while no enhancement was observed with
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Figure 6. 1,N°-Ethenoadenine stimulates the cleavage activity of human type II
topoisomerases. Individual DNA substrates containing 1,N°-ethenoadenine at
the indicated positions of the Site IT (left) or Site III (right) oligonucleotides
were characterized. DNA cleavage enhancement was calculated relative to the
level of scission observed for the wild-type substrate (None, set to 1). Reactions
contained either topoisomerase IIow (closed bars) or topoisomerase IIf (open
bars). Data represent the averages of two or three independent experiments and
standard deviations are indicated by error bars.

Né-methyladenine. Together with the above results, these
findings support the hypothesis that the ability of lesions to
stimulate topoisomerase II-mediated DNA cleavage is related
to their ability to distort the double helix (21,22,31).

To further address this hypothesis, the effects of 1,N°-
ethenoadenine (shown in Fig. 3) on DNA cleavage of the
Site I oligonucleotide by human topoisomerase Ilo. and B
were determined. This adduct is formed by products of lipid
peroxidation or exposure to industrial carcinogens such as
vinyl chloride (51,70,71). 1,N®Ethenoadenine does not base
pair with thymine and forces the base opposite to adopt a non-
planar conformation (72).

In marked contrast to lesions that allow proper base pairing,
1,NCethenoadenine profoundly affected topoisomerase II-mediated
DNA cleavage (Fig. 6). DNA scission by human topo-
isomerase Ilow was increased ~10-fold, while that by topo-
isomerase I was increased up to 7-fold. This enhancement
was similar to those observed for apurinic sites (Fig. 2). More-
over, the positional specificity of human type II topoisomer-
ases for 1,N®-ethenoadenine was similar to that of apurinic
lesions.

Because of the large effect of 1,N®-ethenoadenine on topo-
isomerase II-mediated DNA cleavage, the ability of this lesion
to enhance scission was assessed using an additional DNA
cleavage sequence (Site III) from the MLL oncogene. This site
contains two adenine residues located at the +4 positions on the
top and bottom strands, respectively (Fig. 6). Substitution of
either of these adenine residues with 1,N°-ethenoadenine
resulted in a substantial increase in DNA cleavage mediated by
topoisomerase Ila or B (Fig. 6). Taken together, these results
indicate that 1,N®-ethenoadenine is a potent position-specific
poison of human type II topoisomerases.
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Figure 7. Effect of 1,N°ethenoadenine on the religation activity of human
topoisomerase IIo. Religation of the Site II oligonucleotide containing a single
1,N¢-ethenoadenine lesion at the top +4 position (closed squares) was compared to
religation seen with wild-type substrate (closed circles) or with substrate containing
a +4 apurinic site (open circles). Data represent the averages of two or three
independent experiments.

Effects of lesions on DNA religation mediated by human
topoisomerase I1o.

Since covalent topoisomerase II-DNA cleavage complexes are
formed in an equilibrium reaction, there are two possible
mechanisms (that are not mutually exclusive) by which
poisons can increase levels of enzyme-generated DNA breaks.
They can block the ability of topoisomerase II to religate
cleaved DNA molecules or increase the formation of cleavage
complexes (2,3). Some poisons, such as the anticancer drugs
etoposide and amsacrine, strongly inhibit enzyme-mediated
DNA religation (2,3,13). In contrast, others such as quinolones
and genistein have little effect on religation and therefore are
presumed to act primarily by enhancing the formation of
enzyme—-DNA cleavage complexes (2,3,13).

Previous studies indicate that abasic sites and base
mismatches have little effect on DNA religation mediated by
Drosophila topoisomerase I or human topoisomerase Ilo
(20,21,29,40). Consequently, these lesions are believed to act
primarily by the latter mechanism. To extend these findings,
the present study characterized rates of religation for a broader
spectrum of DNA lesions. Oligonucleotides contained the
adducted bases in the +4 position of topoisomerase II DNA
cleavage overhang, because this position represents the location at
which the most DNA cleavage enhancement was observed for
the lesions employed.

Human topoisomerase Ilo. was used as the experimental
model for this study. Results are shown in Table 1. A plot of
DNA religation versus time for 1,N®-ethenoadenine (which
displayed the most dramatic stimulation of enzyme-mediated
DNA cleavage) is shown in Figure 7. For the most part, religation
rates calculated for the lesion-containing oligonucleotides
were comparable to (or faster than) those determined for the
wild-type oligonucleotides. The only exception was the
8-oxoadenine substrate, which was ligated at a rate that was
~30% slower than wild type. This decrease is not significant
compared to the effects of drugs such as etoposide, which
diminish religation rates by nearly an order of magnitude
(73,74). These findings indicate that the oxidized and alkylated

bases used in the present study do not inhibit DNA religation
mediated by human topoisomerase Ila.. Therefore, it is likely
that 1,N°-ethenoadenine lesions increase levels of DNA breaks
by enhancing the rate of formation of enzyme—DNA cleavage
complexes.

Table 1. Rates of topoisomerase Iloi-mediated religation of oligonucleotides
containing DNA lesions at the +4 position

Oligonucleotide Lesion Religation rate (s™')
Site I None 0.035
Apurinic 0.069
8-oxoguanine 0.075
O%methylguanine 0.044
Site II None 0.046
Apurinic 0.063
8-oxoadenine 0.032
N¢-methyladenine 0.046
1,N¢-ethenoadenine 0.046
DISCUSSION

The human genome is constantly subjected to a variety of
endogenous and environmental insults (45,51). These insults
generate numerous forms of DNA damage, including abasic
sites, mismatches, adducted bases, strand breaks and crosslinks
(45,51). In an effort to maintain genomic integrity, the cell has
evolved numerous repair systems to correct this DNA damage
(45,75-78).

DNA lesions are deleterious to cell survival because they
induce mutations in the genetic material and interfere with
fundamental nuclear processes such as DNA replication and
transcription (45,76,79-81). Beyond these effects, recent
studies indicate that some lesions also act as position-specific
poisons of eukaryotic topoisomerase I or II (21,28-30,82-84).
If these enzymes interact with DNA lesions before they are
repaired, the resulting stimulation of topoisomerase-mediated
DNA cleavage has the capacity to convert strand-specific
damage to permanent breaks in the double helix. Given the
potential physiological ramifications of such an event, it is
important to understand how topoisomerase I and II react to a
broad spectrum of DNA damage.

Previous studies, which focused primarily on Drosophila
topoisomerase II and human topoisomerase Ilo., characterized
interactions of the type II enzyme with abasic sites and base
mismatches (20,21,28-30). The present work extends these
studies by determining the effects of abasic lesions on human
topoisomerase IIP and those of oxidized and alkylated bases on
the DNA cleavage activity of both human isoforms. For all
lesions examined, similar results were found for both enzymes.
Data indicate that adducts that allow base pairing and induce
little distortion in the double helix have modest effects on
DNA cleavage mediated by human type II topoisomerases. In
contrast, 1,N°-ethenoadenine, a lesion which disrupts base
pairing, is a potent topoisomerase II poison. This adduct
increased DNA cleavage by an order of magnitude, and is the
first lesion found to rival the stimulatory effects of apurinic
sites.



The present work underscores differences between the
response of type I and type II topoisomerases to individual
forms of DNA damage. For example, 1,N°ethenoadenine
markedly inhibited DNA religation by topoisomerase I (83),
but had no effect on religation mediated by topoisomerase Ilo.
In addition, the response of topoisomerase I to 8-oxoguanine
was dramatically different from that of the type II enzyme.
This oxidative lesion was a potent topoisomerase I poison (84),
but had marginal (if any) effects on DNA scission mediated by
topoisomerase II. The basis for these differences is not known.
However, they point to fundamental distinctions between the
mechanisms used by type I and type II topoisomerases to
recognize and interact with their DNA substrates.

It is not yet known whether type II topoisomerases interact
with lesions that exist in cellular DNA. To do so would require
the enzyme to locate DNA damage within a considerable
excess of undamaged nucleotides. To this point, Drosophila
(20) and human type II topoisomerases can detect a single
abasic site located within a background of >4000 bp. This
number represents the size of the plasmid employed (pBR322)
rather than a true upper limit for the detection of DNA damage.
Although future experiments will be required to establish the
actual scanning range of the enzyme, the observation that some
human tissues contain as many as one abasic site for every
20 000 bp of genomic DNA (48,49) strongly suggests that
type Il topoisomerases have the potential to locate DNA
damage in a physiological setting.

Finally, it should be noted that many of the lesions employed
in the present study are converted to apurinic sites by the initial
step of base excision repair pathways (45,47,77,85-87). Thus,
even if these lesions have little direct influence on topo-
isomerase II-mediated DNA cleavage, their presence in the
genome still has the potential to poison the enzyme indirectly.
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