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ABSTRACT: DNA adducts are mutagenic and clastogenic. Because of their harmful nature, lesions are
recognized by many proteins involved in DNA repair. However, mounting evidence suggests that lesions
also are recognized by proteins with no obvious role in repair processes. One such protein is topoisomerase
II, an essential enzyme that removes knots and tangles from the DNA. Because topoisomerase Il generates
a protein-linked double-stranded DNA break during its catalytic cycle, it has the potential to fragment the
genome. Previous studies indicate that abasic sites and other lesions that distort the double helix stimulate
topoisomerase |I-mediated DNA cleavage. Therefore, to further explore interactions between DNA lesions
and the enzyme, the effects of exocyclic adducts on DNA cleavage mediated by human topoisomerase
Ila were determined. When located within the four-base overhang of a topoisomerase Il cleavage site (at
the +2 or +3 position 3 relative to the scissile bond), -ethenodeoxycytidine, B*-etheno-2
ribocytidine, 1N2-ethenodeoxyguanosine, pyrimido[lgBurin-10(3H)-one deoxyribose (MIG), and IN?-
propanodeoxyguanosine increased DNA scissi®nr-17-fold. Enhanced cleavage did not result from an
increased affinity of topoisomerasexlfor adducted DNA or a decreased rate of religation. Therefore, it

is concluded that these exocyclic lesions act by accelerating the forward rate of enzyme-mediated DNA
scission. Finally, treatment of cultured human cells with 2-chloroacetaldehyde, a reactive metabolite of
vinyl chloride that generates etheno adducts, increased cellular levels of DNA cleavage by topoisomerase
Ila.. This finding suggests that type Il topoisomerases interact with exocyclic DNA lesions in physiological
systems.

Despite the multiple defense mechanisms that mammalianlocated in proximity to a topoisomerase 9—14) or
cells use to protect their genetic material, the human genometopoisomerase 111(56—21) cleavage site, they often have a
is under constant attack by a plethora of endogenous anddramatic effect on DNA scission mediated by these two
environmental chemicals that damage DNA. Alkylating enzymes.
agents are among the most common of these DNA-reactive  DNA topoisomerases are enzymes that control the topo-
chemicals and can be either monofunctional or bifunctional |ogical state of the double helix2®). Topoisomerase |
in nature ¢, 2). The former generate singly modified bases regulates levels of DNA under- and overwinding by generat-
(i.e., methylated, ethylated), while the latter often produce ing transient enzyme-linked single-stranded breaks in the
exocyclic DNA adducts. Alkylated bases can be highly genetic material followed by controlled unwinding of the
mutagenic and carcinogeni@)(The interaction of repair  double helix 23). This enzyme plays an important role in
proteins, DNA polymerases, and RNA polymerases with maintaining the global superhelical density of DNA and is
adducted bases has been documented8). However, intimately associated with processes such as DNA replication
relatively little is known about how damaged bases affect and transcription 23—25). Topoisomerase |l modulates
the actions of other nuclear proteins. In this regard, DNA |evels of DNA under- and overwinding and removes knots
topoisomerases are among the few enzymes that have beefnd tangles from the genetic material by passing an intact
investigated. When abasic sites or other specific lesions aredouble helix through a transient double-stranded break that

it generates in a separate segment of DNA<29). This
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complexes rise above normal levels, they become roadblocks |

for DNA tracking enzymes such as polymerases and heli- 0 o
cases. Collisions between DNA tracking enzymes and ° HN N
cleavage complexes convert transient topoisomerase-medi- /I\N >
ated cleavage events to permanent DNA breaks that are toxic HoN N
to cells 6, 28—30). Agents that increase the levels of |THF de R
topoisomeraseDNA cleavage complexes are referred to as
topoisomerasgoisons because they transform these impor- NH2 o)
tant enzymes into potent cellular toxins that fragment the N N
genome 28—33). A {\N N
Some topoisomerase | poisons, such as topotecan, and N o N’KN N
some topoisomerase |l poisons, such as etoposide, are in wide drR " ode R
clinical use as anticancer agen8,(35). These drugs are dc
front-line therapies for a variety of human malignancies. In NH, o
contrast, exposure to environmental topoisomerase Il poisons N N
such as benzoquinone (a benzene metabolite) or certain (%l (/:Nﬁ[ >
flavanoids has been linked to the initiation of specific types N N N
of leukemia 86—38). Leukemias associated with topo- R M1dG dR
isomerase Il poisons generally display chromosomal trans- c

locations with breakpoints that originate within thieL gene

at chromosomal band 11qg236-42). p

o]

Previous studies demonstrated that abasic sites and DNA N HNJj[N>
adducts are often potent poisons of topoisomeraSe-14) /k OM\N/J\‘ N
o} |

H dR

or Il (15—21) in vitro. Lesions act in a position-specific N
manner. The scissile bonds cleaved by topoisomerase Il on dR
the two strands of the double helix are staggered by four edC N2-(3-oxo-1-propenil)-dG
bases. When abasic sites are located within this four-base HN/X o
stagger, they stimulate topoisomerase ll-mediated DNA
cleavage as much as 20-fold8). In contrast, when they f\l E\N)ﬁ[N>
are located immediately outside of the scissile bonds, they N o N/KN N
often inhibit DNA cleavage 18). R H R
In addition, there appears to be a correlation between the erC PdG
ability of a DNA adduct to distort the double helix and itS  Figyre 1: Structures of DNA lesions. The structures of the DNA
potential to act as a topoisomerase |l pois@f)( Abasic lesions used in this study are shown. THF is used as an analogue
sites andedA,* both of which induce kinks in DNAZ1), of an abasic site. Etheno adducts are produced endogenously by
increase enzyme-mediated DNA cleavagi)—20-fold. In lipid peroxidation byproduct$(, 89) and exogenously by exposure

to vinyl chloride 62). M;dG is produced endogenously by
contrast, adducts such as 8-oxodeoxyguano@henethyl- malondialdehyde and base propenals (ring-closed and ring-opened

deoxyguanosine, 8-oxodeoxyadenosine, lhthethyldeoxy-  structures)%7, 58), and PdG is an unnatural adduct used commonly
adenosine, which induce little distortion in DNA, have as a MdG analogue@1—63).

relatively small (if any) effects on DNA cleavag2l).

Although some DNA damaging agents induce topo- described previouslyl(?). Etoposide was obtained from
isomerase I-mediated DNA cleavage in cultured cell3 ( Sigma (St. Louis, MO) and was prepared as a 20 mM stock
43), DNA lesions have not as yet been shown to act as in 100% DMSO and stored at 4C. The alkylating agent
topoisomerase Il poisons in human cells. Therefore, the 2-chloroacetaldehyde [50% (v/v) aqueous solution] also was
present study investigated the effects of alkylated bases onobtained from Sigma and was stored at room temperature.
DNA scission mediated by human topoisomeraseResults All other chemicals were of analytical reagent grade.
indicate that a variety of exocyclic base adducts, including  Site-Specific DNA Claage Induced by DNA Lesions
€dC, edG, MidG, and PdG (see Figure 1), enhance DNA DNA sites cleaved by human topoisomerase ith oligo-
cleavage by the type Il enzyme5—17-fold. In addition, nucleotide substrates were determined as described previ-
2-chloroacetaldehyde (a reactive product of vinyl chloride ously (18). A 42-mer oligonucleotide corresponding to
metabolism), which induces etheno base adducts in DNA residues 10391081 of theMLL gene and its complementary
(44, 49), is a potent topoisomerasenllpoison in cultured  strand were prepared on an Applied Biosystems DNA
human cells. synthesizer. This substrate spans a previously mapped

leukemic breakpoint at position 1067. The sequences of the
EXPERIMENTAL PROCEDURES top and bottom strands weré-ATGATTGTACCACTG-

Enzymes and MaterialdHuman topoisomerasedIwas CAGITCCAGCCTGGGTGACAAAGC-AAAA-3 and 5-
expressed inSaccharomyces cersiae and purified as  TTTTGCTTTGTCACCCAGGCETGGACTGCAGTGGTAC-
AATCAT-3', respectively. This substrate contains a single

! Abbreviations: edC, 3N*-ethenodeoxycytidine:rC, 3N*-etheno- cleavage site for topoisomerase Il that has been well
2-ribocytidine;edG, 1N*ethenodeoxyguanosine; M5, pyrimido[1,2-  characterized1(7, 39). The nomenclature of the positions
a]purin-10(H)-one deoxyribose; PdG, N2-propanodeoxyguanosine; ! . . .
edA, 1NS-ethenodeoxyadenosine; rC-rbbocytidine; THF, tetra- on the top and bottom strands is assigned as follows:
hydrofuran; BER, base excision repair; APE1, AP endonuclease 1. positions 5 to the cleavage site are named with negative
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numbers, whereas positionst8 the cleavage site are named

Vélez-Cruz et al.

equilibrated in binding buffer [10 mM Tris-HCI (pH 7.9),

with positive numbers. Scissile bonds are located between40 mM KCI, 0.1 mM NaEDTA, and 2.5% glycerol]. Assays

the —1 and+1 bases and are denoted by arrows.

were performed in the absence of a divalent cation to avoid

Adducted DNA bases were inserted in the oligonucleotide topoisomerase Il-mediated DNA cleavage. Binding was

at specific positions using phosphoramidite chemistryda
(Chem Genes)¢rC, rC, and THF (Glen Research). The
M.dG, PdG, anddG lesioned oligonucleotides were syn-
thesized as previously described6(49). Unmodified
oligonucleotides were labeled on th&términi using T4
polynucleotide kinase (New England Biolabs) ane’{P]-
ATP (ICN) and gel-purified as described previousiy8).

initiated by the addition of 220 nM human topoisomerase
Ilo to a mixture that contained 50 nf#P-labeled unmodified
oligonucleotide and-6200 nM cold competitor oligonucleo-
tide in binding buffer (2Q.L total volume). Binding mixtures
were incubated at 37C for 10 min, transferred to nitro-
cellulose filters, and washed three times with binding buffer.
Filters were placed in 8 mL of Econo-Safe scintillation fluid

In all cases, double-stranded DNA substrates were generatedResearch Product International), and the amount?ef

by annealing equimolar amounts of complementary oligo-

nucleotides at 70C for 10 min and cooling to 28C.

labeled unmodified oligonucleotide that remained bound to
the filter was quantified using a Beckman LS 5000TD

Reaction mixtures contained 220 nM human topoisomerasescintillation counter.

Ila. and 100 nM double-stranded oligonucleotide in0
of cleavage buffer [10 mM Tris-HCI (pH 7.9), 100 mM KClI,
5 mM MgCl, 0.1 mM NaEDTA, and 2.5% glycerol (v/V)].

DNA Cleavage Mediated by Topoisomerase lin Cul-
tured Human CellsHuman CEM, MDA MB 231, and
MCF-7 cells were obtained from ATCC. All cell lines were

Reactions were started by the addition of the enzyme, andcultured under 5% C@at 37 °C in RPMI 1640 medium

mixtures were incubated at 3T for 10 min. DNA cleavage
products were trapped by the addition of2 of 10% SDS
followed by 1uL of 375 mM NaEDTA (pH 8.0). Samples
were digested with proteinase K (& of a 0.8 mg/mL
solution) for 30 min at 37C, precipitated twice in 100%

(Cellgro by Mediatech, Inc.), containing 10% heat-inactivated
fetal bovine serum (Hyclone) and 2 mM glutamine (Cellgro
by Mediatech, Inc.). The in vivo complex of enzyme (ICE)
bioassay (as modified on the TopoGEN, Inc., website) was
used to determine the effects of 2-chloroacetaldehyde on

ethanol, rinsed once with 70% ethanol, dried, and resus-topoisomerase di-associated DNA breaks in treated cells.

pended in loading buffer [40% formamide (v/v), 8.4 mM

Exponentially growing cultures were treated with 2-chloro-

EDTA, 0.02% bromophenol blue (w/v), and 0.02% xylene acetaldehyde for times up # h orwith etoposide for 1 h
cyanole FF (w/v)]. DNA cleavage products were resolved for comparison. Human CEM leukemia cellsg x 10°)

by electrophoresisii7 M urea and 14% polyacrylamide gels
in 100 mM Tris—borate (pH 8.3) and 2 mM NaEDTA and

were harvested by centrifugation. Human MCF-7 and MDA
MB 231 breast cancer cells-6 x 10f) were incubated with

were visualized and quantified on a Bio-Rad molecular trypsin prior to centrifugation. Following centrifugation, cells
imager FX. Topoisomerase |l-mediated relative DNA cleav- were lysed by the immediate addition of 3 mL of 1% sarkosy!
age was calculated by dividing the percent DNA scission of in TE (pH 7.5). Following gentle douncing, lysates were
the adducted oligonucleotide by the percent DNA scission layered ond a 2 mL cushion of CsCl (1.5 g/mL) and

of the corresponding unmodified oligonucleotide.

centrifuged at 80000 rpm for 5.5 h at 2C. DNA pellets

DNA cleavage was monitored on the strand opposite the were isolated, resuspended in 5 mM Tris-HCI (pH 8.0) and

DNA lesion (i.e., the 5terminal radioactive label was

0.5 mM EDTA, and blotted onto nitrocellulose membranes

incorporated on the undamaged DNA strand) in order to using a Schleicher and Schuell slot-blot apparatus. Covalent
maintain a consistent level of labeling from experiment to complexes formed between topoisomerase ahd DNA
experiment. Previous studies have demonstrated that a similasvere detected using a polyclonal antibody directed against
effect on DNA cleavage is observed on both strands of the human topoisomerasedll(Kiamaya Biochemical Co.) at a
double helix in damage-containing oligonucleotide substrates 1:2000 dilution. The secondary antibody used was anti-rabbit

(16, 50).
DNA Religation Mediated by Topoisomerase.|IDNA

IgG conjugated to horseradish peroxidase at a 1:4000
dilution. The amount of cleavage complexes was determined

religation assays were carried out by a modification of the using an ECL kit (Amersham). Results were quantified using

procedure of Kingma et al18). DNA cleavage/religation

an Alpha Innotech digital imaging system (San Leandro,

equilibria were established in cleavage buffer as describedCA).

in the preceding section with the exception that 5 mM MgCl
in the reaction buffer was replaced by 5 mM CaCl

Topoisomerase HDNA cleavage complexes were trapped
by the addition of NaEDTA (6 mM final concentration).

RESULTS

Effects of Exocyclic Base Adducts on DNA Chge

NaCl was added (500 mM final concentration) to prevent Mediated by Human Topoisomerase.llTo further explore

recleavage. Religation was initiated by the addition of MgCl

the potential of DNA lesions to act as topoisomerase |l

(0.1 mM final concentration) and terminated at times up to poisons, the effects of a number of exocyclic base adducts

60 s by the addition of ZL of 10% SDS. Samples were

(Figure 1) on DNA cleavage mediated by human topo-

analyzed as described above. The apparent first-order ratésomerase t were determined. The oligonucleotide substrate

of DNA religation was determined by quantifying the loss
of the cleaved DNA product.

Topoisomerase dl—DNA Binding Affinity.The effects of
lesions on the affinity of human topoisomerase for DNA
were monitored by a competitive nitrocellulose filter-binding
assay. Nitrocellulose filters (0.4xm, Millipore) were

used for these studies contains a single well-characterized
cleavage site for human topoisomerase. I{17). The
sequence is derived from the breakpoint cluster region of
the MLL gene at chromosomal band 11923 and contains a
leukemic chromosomal translocation breakpoint identified
in a patient that had been treated with etoposi®. (Since
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Position of Modification
€dG, M;dG, and PdG are position-specific poisons of

substrate used to monitor cleavage of the bottom strand is shown.,, ;114 topoisomeraseoll The central sequence of the 42-mer

Boldface indicates the modified positions. The asterisk denotes the

position of the 5radiolabel, and the arrows indicate the points of
topoisomerase |I-mediated DNA cleavage. The effectsd® or

erC adducts as well as the corresponding apyrimidinic (APy) sites
on DNA cleavage mediated by human topoisomeraseaié shown.

The positions of adducts relative to the scissile bonds are given.

The scissile bonds are between th&é and+1 bases. The effects

of ribonucleotides (rC) are shown for comparison in the inset.
Relative DNA cleavage was calculated by normalizing levels of
scission of the unmodified oligonucleotide (None) to 1. Error bars

oligonucleotide substrate used to monitor cleavage of the top strand
is shown as in Figure 2. Boldface indicates the modified positions.
The effects ofedG, M;dG, or PdG adducts as well as the
corresponding apurinic site (APu) on DNA cleavage mediated by
topoisomerase & are shown. Results for {dG opposite to thymine

are shown for comparison in the inset. Relative DNA cleavage was
calculated by normalizing levels of scission of the unmodified
oligonucleotide (None) to 1. Error bars represent the standard
deviations of three independent experiments.

represent the standard deviations of three independent experiments. L
Representative autoradiograms showing the DNA cleavage productiSomerase Il are synergistic, tedC adducts at the-2 and

generated in the presence of APy adC lesions are included
above the corresponding bar.

+3 positions were replaced withrC. Little additional
cleavage enhancement was observed at-th@osition, and
a modest increase was seen at i position. Therefore,

edA lesions are strong topoisomerase Il poisons and stimulatethe effects of the two modifications, while potentially

DNA cleavage~8—10-fold (21), initial studies focused on
€dC andedG.

additive, do not appear to be synergistic.
The effects o£dG on DNA cleavage mediated by human

Etheno adducts are generated in the cell by two major topoisomerase ¢l also were examined (Figure 3dG was

pathways. First, they are formed by exposure of DNA to
trans-4,5-epoxy-2E)-decenal, which is a byproduct of en-
dogenous lipid peroxidatiorb{). Second, they are formed
by environmental exposure to a known carcinogen, vinyl
chloride, and related compounds such as ureth&®e As
seen in Figure 2¢dC adducts were strong position-specific
poisons of topoisomeraseall When located between the
scissile bonds at thé2 and+3 positions, respectively, these
adducts stimulated DNA cleavage mediated by human
topoisomerase &l ~6- and 12-fold. Although the-2 etheno
adduct did not have as pronounced an effect on DNA
cleavage as did an apyrimidinic site at tH€ position,
cleavage stimulation by th¢3 «dC was greater (12-fold).
Moreover, as reported for abasic sitedC adducts that were
located immediately outside of the scissile bonds (atiBe
or +6 positions) inhibited enzyme-mediated DNA scission
(Figure 2).

Sugar-ring modifications are modest topoisomerase |l
poisons 19, 20, 53). For example, inclusion of ribonucleo-

a moderate to strong topoisomerase Il poison and stimulated
DNA cleavage~6- and 5-fold when substituted at tHe2
and+3 positions, respectively. Similar to results watC,

the presence of andG adduct at thet-2 position had a
smaller effect on DNA cleavage than the corresponding
abasic (apurinic) site but had a larger effect than the abasic
site when present at the-3 position. Once again, the
presence of an adduct located outside of the scissile bonds
at the —3 position did not enhance DNA scission by the
enzyme (Figure 3).

Since the etheno adducts all stimulated DNA scission
mediated by human topoisomerase,lthe effects of the
structurally related exocyclic lesion, #IG (see Figure 1),
on DNA cleavage were examined. G is a naturally
occurring exocyclic adduct detected in human DN
57). Itis formed by reaction of DNA with malondialdehyde,

a byproduct of thromboxane biosynthesis and a product of
oxidative degradation of polyunsaturated lipids, and other
base propenal$8).

tides between the scissile bonds stimulates DNA cleavage M:dG stimulated DNA cleavage 7—8-fold, which was

up to ~2-fold (see inset, Figure 2). To determine whether
the effects of base- and sugar-ring modifications on topo-

slightly higher than values observed taG (Figure 3). There
is a caveat to these results, however. In some sequences,
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when MG is located directly across from a cytosine, the
exocyclic ring opens (see Figure BY 60). In contrast to
M1dG, the ring-opened form [i.eN?-(3-oxo0-1-propenyl)-
deoxyguanosine] induces minimal distortion into the DNA
backbone §0). To further explore this issue, the effects of
M1dG on topoisomerase ll-mediated DNA cleavage were

examined when the bases across from these adducts were

changed to thymine residues (Figure 3, inset)d@lhas been

observed in a ring-closed structure when situated across from

a thymine B69). Results were similar to those obtained with

cytosine-containing sequences. Two possible conclusions can

be drawn from these findings. Either G is a strong
topoisomerase Il poison in both the ring-opened and ring-
closed forms or the adduct remains in the ring-closed form
in both of the oligonucleotide substrates.

Due to the uncertainty regarding the exocyclic structure
of M1dG, the effects of PdG on topoisomerase Il-mediated
DNA cleavage were characterized. Although PdG is not a
naturally occurring DNA adduct, it has been used extensively
as a stable model for the ring-closed form ofd®& (61—

63). It is structurally simular to MG, except that the
exocyclic ring is aliphatic rather than aromatic (see Figure
1). In addition, the exocyclic ring of PdG never opef&{

63). Results for PdG are shown in Figure 3. DNA cleavage
enhancement was identical to that observed fed® On
the basis of these data, we suggest thatl® exists in a

closed-ring form in the DNA sequence used for the present
study. Together with the results of the etheno base adducts

these findings indicate that a variety of exocyclic base

Vélez-Cruz et al.

100

10 |

WT
edG

M4dG
PdG
erc
ed(l.t

20

Cleaved DNA (%)

Phiede

40 60

Time (s)

FiGURE 4: Alkylated DNA bases do not inhibit DNA religation
mediated by human topoisomerase. [The effects of DNA adducts

at the+3 position of the top strand on DNA religation mediated
by topoisomerasedl are shown. Oligonucleotide substrates are as
in Figures 2 and 3. DNA religation was monitored on the strand
opposite the lesions. The amount of DNA cleavage observed at
equilibrium for each substrate was set to 100% at time zero. DNA
religation was quantified by the loss of cleaved molecules. Data
represent the average of three independent experiments.

Table 1: Apparent First-Order Rates of Religation of
Damage-Containing Oligonucleotides by Human Topoisomerase

adducts are position-specific poisons of human topoisomerasa| g2

o

Effects of Exocyclic Base Adducts on DNA Religation
Mediated by Human Topoisomerase.lTopoisomerase |l
poisons can increase levels of enzynENA cleavage

complexes by opposite mechanisms that are not mutually

DNA lesion rate (s%) DNA lesion rate (s%)
wild type 0.055 PdG 0.115
edG 0.077 edC 0.125
M.dG 0.099 erC 0.138

a2 DNA lesions were located at the3 position as shown in Figures

exclusive. Some anticancer drugs, such as etoposide, strongly and 3.

inhibit the ability of topoisomerase Il to ligate cleaved DNA
molecules 28—30, 64). In contrast, other drugs such as the
quinolone CP-115 953 have little effect on rates of ligation

and presumably raise the concentration of cleavage com-

plexes by increasing the overall rate of DNA cleavaZ@
30, 65). This latter rate reflects both the binding constant of
topoisomerase |l for its nucleic acid substrate (i.e., the
formation of the noncovalent enzym®NA complex) and
the forward rate of the chemical DNA scission event.
Previous studies indicate that a variety of DNA lesions
act on topoisomerase Il by the latter mechanids—(19,
21, 66). To determine if this was the case for the exocyclic
base adducts used in the present work, the effectslGf
erC, €dG, MydG, and PdG on the ability of human topo-
isomerase tk to religate DNA were determined. Results for
lesions located at th¢3 position are shown in Figure 4 and
Table 1. The apparent first-order rate of religation for the
unmodified sequence was 0.05%.sIn all cases, religation

Effects of Exocyclic Base Adducts on Topoisomerase Il
DNA Binding.The above results suggest that exocyclic base
adducts raise levels of enzymBNA cleavage complexes
by increasing the overall rate of cleavage complex formation
(which reflects both the enzymé@®NA binding constant and
the actual rate of DNA scission). At the present time, it is
not possible to determine directly the rate of the DNA
scission event. Therefore, to further clarify the mechanistic
basis for the increased cleavage of damaged DNA, the effects
of lesions on the ability of human topoisomeraseti bind
its nucleic acid substrate were determined.

A competitive nitrocellulose DNA filter-binding assay was
employed. The human enzyme was incubated with a mixture
of radiolabeled unmodified oligonucleotide and a nonlabeled
competitor oligonucleotide that contained no damage, an
abasic site, ordC, €dG, M,dG, PdG, or rC at thet-2
position. Selected competition curves are shown in Figure

rates were higher for oligonucleotide substrates that containeds, and 1G, values for all of the oligonucleotides are given

adducts. Similar results were obtained when adducts werein Table 2. 1G, values for the undamaged and damaged

located at thet+2 position (not shown). The fastest rate substrates were similar and ranged from 78 to 115 nM. These
obtained (0.13878 for erC) was~2.5-fold higher than seen  results indicate that the increased levels of topoisomerase
with the parental unmodified substrate. These results supportl-mediated DNA cleavage observed with substrates that
previous findings and indicate that exocyclic base adducts contain exocyclic base adducts (at least atteposition)

do not increase levels of topoisomeraseDINA cleavage are not due to an increased binding affinity of the human

complexes by inhibiting enzyme-mediated DNA ligation. enzyme for damaged DNA. Together with the present and
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FIGURE S: The presence of exocyclic DNA adducts does not affect omplexes. Cells were exposed to8@ etoposide (Etop) for 1 h

the binding affinity of human topoisomerase fior DNA. Results or to 125 or 25QuM 2-chloroacetaldehyde (CAA) for 4 h. Cells
from a competitive nitrocellulose filter-binding assay are shown. ;e lysed and pelleted through a CsCl cushion to separate
Oligonucleotide substrates are as in Figures 2 antiBlabeled  {on5isomerase di—DNA cleavage complexes from free enzyme.
unmodified oligonucleotide (S0 nM) was incubated with tOpo-  pgjjets were slot-blotted and probed for human topoisomerase II
isomerase I and increasing concentrations of unmodified (WT) A typical slot-blot is shown in the inset. Relative DNA cleavage
oligonucleotide or substrates containing an apyrimidinic site (APY) \yas' calculated by normalizing levels of scission in untreated

or anedC adduct at ther-2 position of the top strand. Error bars  ¢,j4res (No Drug) to 1. Error bars represent the standard deviations
represent the standard deviations of three independent experimentsys o independent experiments.

Table 2: TopoisomerasedDNA Nitrocellulose Filter-Binding lesions in the cell. However, physiological encounters
Competition Assays between topoisomerase Il and DNA damage have yet to be
DNAlesion 1Go(nM)+SD  DNAlesion  I1Go(nM) & SD demonstrated. Therefore, the effects of 2-chloroacetaldehyde
wild type 115+ 13 «dG 96+ 4 on levels of D_NA c_Ieavage mediated by topoisomeraee |l
APy 78+ 9 M1dG 103+ 15 were determined in cultured human cells. 2-Chloroacet-
APu 104+ 13 PdG 114+ 16 aldehyde is one of the reactive products of vinyl chloride
edC 100+ 7 rc 92+ 13 metabolism and induces etheno base adducts, suetiGis

2 DNA lesions were located at the2 position as shown in Figures  ¢dC, andedA, in treated cells44, 69, 70).
2 and 3. 1Gp values represent the concentration of damage-containing  As determined using the ICE bioassay, treatment of human

oligonucleotides required to decrease the binding of radiolabeled . - } )
unmodified oligonucleotide (50 nM) to human topoisomerasg220 CEM leukemia cells with 125 or 250M 2-chloroacetalde

nM) by 50%. Values are the averages of three independent experimentshyde increased levels of tOPOisomeraSEf"mediated DNA
with their respective standard deviations. cleavage~3.3- or 3.9-fold, respectively (Figure 6). Although

substantial, this increase is less than observed following
previous (5-19, 21, 66) religation data, these findings treatment of cells with 52M etoposide. However, it should
suggest that the forward rate of the DNA scission event pe noted that etoposide increases levels of topoisomerase
catalyzed by topoisomeraserlis accelerated when damaged |-linked DNA breaks through a direct interaction with the
bases are located between the scissile bonds. enzyme. In contrast, 2-chloroacetaldehyde acts through the
Enhancement of DNA Cleage Mediated by Topo-  generation of DNA lesiondWhile the cellular concentration
isomerase I in Cultured Human Cells Treated with  of base adducts induced by the DNA damaging agent is not
2-ChloroacetaldehydeThe cellular consequences of any known, it is highly likely that it is significantly lower than
given DNA lesion are determined by the proteins that first the initial concentration (125 or 250M) of 2-chloroacet-
interact with it €). For example, if a glycosylase encounters aldehyde used to treat cells.
an alkylated base, it is likely that the DNA damage will be  |ncreases in DNA scission mediated by human topo-
converted into an abasic site and channeled into the BERjsomerase t also were observed when MDA MB 231 or
pathway 8). However, if a DNA polymerase attempts to MCF-7 breast cancer cells were treated with 2-chloroacet-
traverse that same lesion, the damage may trigger recombig|dehyde (not shown). Levels of cleavage resk8- and
nation pathways or be fixed in the genome as a permanent2 5-fold, or ~2.3- and 4.8-fold when these two cell lines

mutation @, 5, 7, 67, 68). were treated with 125 or 25@M 2-chloroacetaldehyde,
Previous studies indicate that some DNA lesions increaserespectively.
levels of topoisomerase—DNA cleavage complexes in Since 2-chloroacetaldehyde is a bifunctional alkylating

cultured cells {3, 43). This finding implies that if topo-  agent, it is possible that the increase in covalent topo-
isomerase | encounters a DNA adduct, the original damage

can lead to the generation of protein-linked single-stranded 2 gpg1q be noted that 25av 2-chloroacetaldehyde in a plasmid-
DNA breaks. Thus, the actions of topoisomerases have thepased topoisomeraseDNA cleavage assay6b) did not enhance

potential to dramatically alter the genotoxicity of specific levels of enzyme-mediated DNA scission (not shown). Under the

forms of DNA damage conditions employed, significantly less than one adduct per plasmid
L ) . should have been generated by the presence of this chemial (

All of the in vitro data suggest that type Il topoisomerases, Therefore, it is concluded that 2-chloroacetaldehyde does not act directly

like their type | counterparts, should interact with DNA as a topoisomerase Il poison.
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isomerase k—DNA complexes seen in Figure 6 actually helix contributes to the potential of a lesion to act as a
represents enzymeéDNA cross-links rather than enzyme- topoisomerase Il poisonl8, 21). Therefore, to further
mediated scission. However, we do not believe that this is characterize the range of DNA lesions that alter enzyme
the case. The concentrations of 2-chloroacetaldehyde usedunction, the effects of bulky exocyclic adducts on the DNA
for these studies, 125 and 25@M, are ~3 orders of cleavage activity of human topoisomeraseWere assessed.
magnitude lower than that normally used to induce pretein €dC, edG, MhdG, and PdG all were moderate to strong
DNA cross-links with more reactive agents such as form- position-specific topoisomerasenlipoisons. When located
aldehyde. Moreover, a previous study demonstrated thatin the +2 or +3 positions between the scissile bonds, they
treatment of human Burkitt's lymphoma cells with 751 increased levels of DNA cleavage5—17-fold. Enhanced
2-chloroacetaldehyde did not significantly increase levels of cleavage did not appear to result from an increased affinity
protein—DNA cross-links 71). of topoisomerase dl for the adducted DNA or a decreased
To further address this issue, three control experiments rate of enzyme-mediated religation. Therefore, it is concluded
were carried out (not shown). First, no proteldNA cross-  that these lesions acted as topoisomerase Il poisons by
links were observed when topoisomerasewlas incubated ~ accelerating the forward rate of enzyme-mediated DNA
with plasmid molecules and 25fM 2-chloroacetaldehyde.  scission. This conclusion is consistent with prior studies on
Second, no p53DNA cross-links were observed in CEM  DNA lesions (15—-19, 21) and evidence that suggests that
cells following exposure to 250M 2-chloroacetaldehyde.  the recognition of DNA cleavage sites by topoisomerase ||
Finally, treatment of cultured human cells with methyl is governed by chemical steps rather than by the enzyme
methanesulfonate, a monofunctional alkylating agent that DNA binding step 64, 79, 80).
cannot generate protetDNA cross-links, increased levels The mechanistic basis for the enhancement of topo-
of covalent topoisomeraseci+DNA complexes (unpub-  isomerase ll-mediated DNA scission by DNA adducts is not
lished results). understood. However, it is believed that they act by distorting

Taken together, the data presented above provide stronghe double helix 18, 21, 29, 65). When this distortion is

evidence that topoisomerase interacts with DNA damage ~ located between the two scissile bonds of a topoisomerase
in cultured human cells and that this interaction increases ! DNA cleavage site, it facilitates interactions within the

levels of DNA cleavage mediated by the enzyme. active site of the enzyme and accelerates rates of scission.
However, when it is located immediately outside of the
DISCUSSION scissile bonds, the DNA distortion presumably alters the

) ) ) alignment of the cleavage sequence within the active site

The presence of base adducts in the genetic material carhnd decreases scission. It is notable %€, M;dG, and
lead to mutations because replicative and repair DNA pdG, adducts for which structural data are available,
polymerases often insert wrong nucleotides opposite of introduce kinks into DNA §9, 60, 62, 81). All of these
adducted bases(67, 72). In addition, lesions can lead to  adducts project their exocyclic ring into the major groove
chromosomal aberrations such as insertions, deletions, rexf the double helix and disrupt base pairis§,(60, 62, 81).
arrangements, and translocatio, (3, 74). Many of these  Beyond these general features, it is difficult to compare the
latter effects are attributed to recombination pathways that precise alterations in DNA structure that are inducedd,
are triggered when lesions stall DNA replication forks ( M,dG, and PdG, as the structural data for each were
7, 68). However, similar chromosomal aberrations are generated within different DNA sequence contexts.

observed following treatment of cells with topoisomerase Il ~ |t has been known for nearly a decade that some DNA

poisons g9, 31-33). . lesions (primarily abasic sites) could increase topoisomerase
Topoisomerase Il is an essential enzyme that removesil-mediated DNA cleavage in vitrol6—19, 21). However,

knots and tangles from the genetic materi80,( 75). it had never been demonstrated that lesions act as topo-

However, because the enzyme generates a protein-linkedsomerase Il poisons in living systems. Results of the present
double-stranded DNA break as a requisite step in its catalytic study indicate that levels of DNA cleavage mediated by
cycle, topoisomerase |l also has the potential to fragmenttopoisomerase d rise substantially when cultured human
the genome every time it function3@, 75—78). As a result cells are exposed to 2-chloroacetaldehyde, a chemical reagent
of this latter property of topoisomerase Il, this enzyme plays that induces the formation of ethenbase adducts in vivo
a central role in cancer. A number of drugs that act as (44, 45, 70). On the basis of this finding, we believe that
topoisomerase Il poisons are used as front-line chemotheraDNA lesions are capable of acting as physiological poisons
peutic agents for the treatment of human malignancies. of topoisomerase |I.
Conversely, evidence indicates that under some circum- The first step of BER, the pathway that repairs etheno
stances, exposure to topoisomerase Il poisons (drugs, naturahdducts, is the conversion of alkylated bases to abasic sites
products, or environmental pollutants) can lead to the by a DNA glycosylase§2, 83). Since abasic sites are strong
generation of specific leukemias. topoisomerase Il poisons, it is not known whether increased
In addition to chemicals that increase levels of topo- DNA cleavage by topoisomerasedultimately results from
isomerase II-mediated DNA cleavage, several DNA lesions a direct interaction with the etheno adducts or rather with
have been found to poison the type Il enzyme in vittb+ the resulting abasic sites, or a combination of both. It has
19). For example, when located within the four-base stagger been proposed that proteins in the BER pathway act in a
that separates the scissile bonds of a topoisomerase || DNAcooperative fashion, with each handing the processed repair
cleavage site, abasic sites increase enzyme-mediated scissidntermediate to the subsequent protein in the pathwgdy. (
as much as 1620-fold (15—18, 21). Previous studies from  Although a variety of BER intermediates are topoisomerase
this laboratory suggest that the ability to distort the double Il poisons in vitro §0), it has yet to be determined whether



Alkylated DNA Bases Poison Human Topoisomerase ||

the enzyme can successfully compete with APE1 or DNA
polymerasef for access to abasic sites generated by this
repair pathway in vivo. This important issue remains the
subject of future investigation.

Results of the present study indicate that DNA lesions have
the potential to act as topoisomerase |l poisons in cultured
human cells. The physiological ramifications of this finding
are not known. Formation of a topoisomerase DINA
cleavage complex proximal to the site of a DNA adduct
provides no obvious advantage for the repair of that adduct.
If anything, generation of a protein-associated double-
stranded break adjacent to a DNA lesion would diminish
the chances of successful repair and greatly increase the
likelihood of mutagenesis or chromosomal rearrangements.
In this regard, topoisomerase II-mediated DNA cleavage has
been implicated in initiating specific types of leukenmd&{

38). These leukemias generally display chromosomal trans-
locations with breakpoints that originate within thie.L gene

at chromosomal band 119236-42). Translocations involv-

ing chromosomal band 11923 are observed in cancer patients
treated with drug regimens that include topoisomerase |l
poisons 40—42, 85, 86). They also are observed in infant
leukemias and are associated with the ingestion of naturally
occurring topoisomerase |l poisor3(-42). Thus, interac-
tions of topoisomerase Il with DNA lesions may be deleteri-
ous in nature and may simply be the price that the cell has
to pay to have an enzyme that can pass one DNA double
helix through another.

Conversely, if the genetic material of a cell sustains
sufficiently high levels of damage, the resulting increase in
topoisomerase ll-mediated DNA cleavage may help to trigger
apoptotic pathways2Q, 87, 88) that remove the damaged
cell from the population. In this case, interactions of
topoisomerase Il with DNA lesions could play a positive
role in the survival of an organism. Whether the cellular
recognition of DNA damage by topoisomerase Il ultimately
is demonstrated to have a negative or a positive physiological
effect (or both), it is clear that this interaction provides an
additional layer of complexity that the cell has to cope with
in order to maintain the integrity of its genome.
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