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ABSTRACT: The ability to cleave DNA is critical to the cellular and pharmacological functions of human
type II topoisomerases. However, the low level of cleavage at equilibrium and the tight coupling of the
cleavage and ligation reactions make it difficult to characterize the mechanism by which these enzymes
cut DNA. Therefore, to establish a system that isolates topoisomerase II-mediated DNA scission from
ligation, oligonucleotide substrates were developed that contained a 3′-bridging phosphorothiolate at the
scissile bond. Scission of these substrates generates a 3′-terminal -SH moiety that is a poor nucleophile
relative to the normal 3′-terminal -OH group. Consequently, topoisomerase II cannot efficiently ligate
phosphorothiolate substrates once they are cleaved. The characteristics of topoisomerase IIR-mediated
cleavage of phosphorothiolate oligonucleotides were identical to those seen with wild-type substrates,
except that no ligation was observed. This unidirectional accumulation of cleavage complexes provided
critical information regarding coordination of the protomer subunits of topoisomerase IIR and the mechanism
of action of topoisomerase II poisons. Results indicate that the two enzyme subunits are partially coordinated
and that cleavage at one scissile bond increases the degree of cleavage at the other. Furthermore, anticancer
drugs such as etoposide and amsacrine that strongly inhibit topoisomerase II-mediated DNA ligation have
little effect on the forward scission reaction. In contrast, abasic sites that increase levels of cleavage
complexes without affecting ligation stimulate the forward rate of scission. Phosphorothiolate substrates
provide significant advantages over traditional “suicide substrates” and should be valuable for future studies
on DNA scission and the topoisomerase II-DNA cleavage complex.

Despite the physiological imperative to maintain the
genetic material, normal nuclear processes routinely induce
topological alterations in DNA that pose a threat to cell
survival. For example, recombination generates DNA knots
that prevent the separation of the two strands of the double
helix, and replication produces tangles between daughter
chromosomes that impede segregation during mitosis and
meiosis (1–4).

The enzymes that remove knots and tangles from the
genome are known as type II DNA topoisomerases (3–10).
Humans encode two isoforms of the type II enzyme,
topoisomerase IIR and topoisomerase II� (6, 8–10). Topoi-
somerase IIR is the isoform whose activity is linked to cell
proliferation and is involved in replicative processes (6, 9–13).

Type II topoisomerases resolve knots, tangles, and other
topological structures in DNA by passing an intact double
helix through a transient double-stranded break that they
generate in a separate segment of DNA (6, 9, 10, 14–16).

To maintain genomic integrity during this process, topo-
isomerase II forms covalent bonds between active site tyrosyl
residues and the 5′-terminal phosphates that are generated
during the DNA cleavage reaction (17–19). These covalent
enzyme-cleaved DNA intermediates are known as cleavage
complexes.

The ability of type II topoisomerases to alter the topologi-
cal structure of DNA requires these enzymes to generate
double-stranded breaks in the genetic material. Thus, while
type II topoisomerases are essential to cell survival, they also
have the capacity to fragment the genome (6, 9, 10, 14–16).
Under normal circumstances, levels of topoisomerase II-DNA
cleavage complexes are low and are tolerated by the cell.
However, circumstances that shift the DNA cleavage-ligation
equilibrium of the enzyme toward the cleaved state can
generate permanent double-stranded breaks in DNA, induce
recombination/repair events, and, in some cases, trigger cell
death pathways (6, 10, 16, 20–23).

Beyond its contributions to critical nucleic acid processes,
the DNA cleavage-ligation activity of topoisomerase II also
plays a fundamental role in both the treatment and develop-
ment of human malignancies (6, 10, 22, 24–29). A number
of widely prescribed anticancer drugs, such as etoposide, kill
cells specifically by increasing the concentration of cleavage
complexes. To distinguish these agents from catalytic inhibi-
tors of the enzyme, compounds that act by raising levels of
cleavage complexes are called topoisomerase II poisons (30).
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In addition to their role as a target for anticancer drugs,
topoisomerase II-generated chromosomal breaks have been
linked to specific therapy-related and infant leukemias. These
leukemias are characterized by rearrangements involving the
mixed-lineage leukemia (MLL) gene at chromosomal band
11q23 (24, 27, 31, 32).

To fully understand the basis for topoisomerase II action
and the role of these enzymes in both curing and causing
cancer, it is essential to characterize the mechanism by which
they cleave and ligate DNA. Unfortunately, these reactions
have been difficult to study for two major reasons. First, the
DNA cleavage-ligation equilibrium of mammalian type II
topoisomerases lies heavily toward ligation (6, 10, 16–19, 33).
Consequently, in unperturbed systems, levels of cleavage
complexes generated by type II enzymes, including human
topoisomerase IIR, are extremely low (<1%). To overcome
this challenge, it is common to include topoisomerase II
poisons, such as anticancer drugs (6, 10, 16) or DNA
substrates that contain damaged or missing bases, in reaction
mixtures (34–37). The use of nonphysiological divalent
cations such as Ca(II) or Co(II) also has been reported (38, 39).
Although all of these conditions shift the cleavage-ligation
equilibrium of topoisomerase II toward the cleaved state, they
often perturb the specificity of the enzyme. Furthermore,
since they do not uncouple the two reaction steps from one
another, in most cases they cannot be used to reveal intrinsic
properties of the DNA cleavage or ligation reactions.

Second, the DNA cleavage and ligation reactions of type
II topoisomerases are tightly coupled (6, 10, 16–18, 38, 40).
Because these reactions take place in a highly concerted
fashion, it often is difficult to specifically ascribe a given
effect to either catalytic event. Several approaches have been
employed to separate the DNA cleavage and ligation
reactions and study them independently. “Suicide substrates”
represent the primary approach that has been used in an
attempt to isolate the forward DNA cleavage reaction of
topoisomerase II (41–46). These DNA substrates all contain
perturbations or non-B-form structures, such as nicks, double-
strand-single-strand junctions, or hairpins. With “normal”
intact B-form substrates, both halves of the cleaved DNA
intermediate are covalently attached to topoisomerase II. In
contrast, when suicide substrates are cut by the enzyme, one
of the DNA halves is held in place by noncovalent, rather
than covalent, interactions. If the “noncovalent” portion of
the cleaved DNA dissociates from topoisomerase II, the
enzyme is unable to rejoin the original substrate. This process
results in a time-dependent accumulation of cleavage
complexes (41–46). Although results with suicide substrates
often are interpreted as being representative of a unidirec-
tional forward cleavage reaction, evidence suggests that
topoisomerase II actually establishes a short-lived cleavage-
ligation equilibrium with these substrates prior to the
dissociation event (44). As a result, some conditions that
impair the ability of topoisomerase II to reseal DNA breaks
could increase the rate of accumulation of “trapped” cleavage
complexes, even though they have no direct effect on the
DNA scission reaction. This could lead to erroneous mecha-
nistic conclusions regarding the actions of anticancer drugs
or other topoisomerase II poisons.

In contrast to DNA cleavage, a number of approaches have
been utilized to isolate the ligation reaction of topoisomerase
II (19, 37, 47–51). These include ligation of cleavage

complexes generated with suicide substrates to acceptor
oligonucleotides, manipulation of the divalent cation, shifting
reactions to suboptimal temperatures, or the use of oligo-
nucleotide substrates with activated 5′-terminal phosphates.
The last approach has an advantage in that it does not require
the enzyme to cleave the substrate prior to ligation (50, 51).

The goal of the present study was to uncouple the DNA
cleavage reaction of topoisomerase II from ligation. To this
end, a novel system was developed that employed oligo-
nucleotide substrates containing a 3′-bridging phosphorothi-
olate at the scissile bond. Similar DNA substrates containing
5′-bridging phosphorothiolates have been used to provide
important mechanistic information about human, bovine, and
pox virus type IB topoisomerases as well as bacteriophage
lambda integrase (52–56). [5′-Bridging phosphorothiolates
were used in these studies because type IB topoisomerases
and lambda integrase form covalent links to the 3′-terminal
phosphates of cleaved DNA (3, 9, 57, 58), as opposed to
the5′-linkageformedwitheukaryotictopoisomeraseII(6,9,10,14–18).]
5′-Bridging phosphorothiolate oligonucleotides ligate ex-
tremely poorly (rates of ligation mediated by bovine topo-
isomerase I were <1% of those observed for corresponding
wild-type oligonucleotides) (54) and have been used in
structural studies to trap the cleavage complex formed with
human topoisomerase I (59–64).

The use of 3′-bridging phosphorothiolate oligonucleotides
to study the topoisomerase II mechanism has significant
advantages over previous systems. In contrast to suicide
substrates, phosphorothiolate-containing oligonucleotides are
fully double-stranded B-form DNA and display no evidence
of being ligated by topoisomerase II. Results with human
topoisomerase IIR indicate that phosphorothiolate-containing
oligonucleotides can be utilized effectively to examine the
DNA cleavage reaction of the enzyme in isolation and
provide information regarding the mechanism of action of
type II topoisomerases and topoisomerase II poisons.

EXPERIMENTAL PROCEDURES

Enzymes. Human topoisomerases IIR and II� were ex-
pressed in Saccharomyces cereVisiae and purified as de-
scribed previously (65–67). Yeast (S. cereVisiae) topo-
isomerase II was isolated as described previously (66, 68).

Preparation of Oligonucleotides. Two 50-base oligonucle-
otide duplexes were designed using previously identified
topoisomerase II cleavage sites from pBR322. These sites
correspond to sequences designated as site 1 and site 2 by
Fortune et al. (40). Wild-type oligonucleotide sequences were
generated using an Applied Biosystems DNA synthesizer.
The 50-mer site 1 sequences for the top and bottom strands
were 5′-AGCGGTATCAGCTCACTCAAAGGCVGGTAATA-
CGGTTATCCACAGAATCAG-3′ and 5′-CTGATTCTGTG-
GATAACCGTATVTACCGCCTTTGAGTGAGCTGATACC-
GCT-3′, respectively (arrow denotes point of cleavage). The
50-mersite2 topandbottomsequenceswere5′-TTGGTATCT-
GCGCTCTGCTGAAGCCVAGTTACCTTCGGAAAAAGA-
GTTGGT-3′and5′-ACCAACTCTTTTTCCGAAGGTVAACTGG-
CTTCAGCAGAGCGCAGATACCAA-3′,respectively.Nested
40-, 30-, 25-, and 20-mer oligonucleotides were generated
by incrementally shortening the 50-mer site 2 sequence from
each end and maintaining the central cleavage site. The
sequences used for the bottom strand of these shor-
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tened oligonucleotides were 5′-AACTCTTTTTCCGAAGGTV
AACTGGCTTCAGCAGAGCGCAG-3′, 5′-TTTTTCCGA-
AGGTVAACTGGCTTCAGCAGAG-3′, 5′-TTTTTCCGAA-
GGTVAACTGGCTTCAG-3′, and 5′-TTCCGAAGGTVAAC-
TGGCTTC-3′, respectively. Depending on the experiment,
the top strand was either the complementary sequence of
the same length or the full-length 50-mer site 2 top strand
sequence. In some cases, oligonucleotides contained a
tetrahydrofuran abasic site analogue in place of a specific
nucleotide or a site-specific nick. The positions of these
alterations are denoted in the appropriate experiments.

Preparation of Phosphorothiolate Oligonucleotides. DNA
containing a single 3′-bridging phosphorothiolate linkage at
the site of topoisomerase II-mediated cleavage was synthe-
sized using 3′-S-(2-cyanoethyl-N,N-diisopropylphospho-
rothioamidite)-3′-deoxy-5′-O-(4,4′-dimethoxytrityl)thymi-
dine (69).1 The synthesis of the DNA oligonucleotide was
performed on an ABI392 DNA synthesizer (Applied Bio-
systems) in a manner similar to published protocols (70)
except that standard activator (0.45 M tetrazole in acetoni-
trile) and low-iodine-containing oxidizing solution (0.02 M
I2 in a THF/pyridine/water mixture) were used during all
coupling and oxidation steps. All reagents for DNA synthesis
were purchased from Glen Research. DNA oligonucleotides
were deprotected in concentrated ammonia (Aldrich) con-
taining 0.1% �-mercaptoethanol (Aldrich) at room temper-
ature for 48 h and partially purified by reverse phase HPLC
as described previously (53). Unless stated otherwise, the
location of the phosphorothiolate was always on the bottom
strand at the scissile bond (denoted by the arrow). Confirma-
tion of the presence of the bridging sulfur was accomplished
by treating oligonucleotides with AgNO3 (71) and resolving
fragments by gel electrophoresis.

RadioactiVe Labeling of Oligonucleotides. [γ-32P]ATP
(∼5000 Ci/mmol) was obtained from ICN. Single-stranded
oligonucleotides were labeled on their 5′-termini using T4
polynucleotide kinase (New England Biolabs). Labeling of
3′-termini with [R-32P]cordycepin (ICN) was performed using
terminal deoxynucleotidyl transferase (New England Bi-
olabs). Following labeling and gel purification, complemen-
tary oligonucleotides were annealed by being incubated at
70 °C for 10 min and cooled to 25 °C.

DNA CleaVage. DNA cleavage assays were carried out
by a modification of the procedure of Fortune et al. (40).
Unless stated otherwise, oligonucleotide substrates were
always 5′-end-labeled. All DNA cleavage reaction mixtures
with human topoisomerase IIR or II� contained 200 nM
enzyme and 100 nM double-stranded oligonucleotide in a
total of 20 µL of 10 mM Tris-HCl (pH 7.9), 135 mM KCl,
5 mM MgCl2, 0.1 mM EDTA, and 2.5% glycerol. Reaction
mixtures with yeast topoisomerase II contained 200 nM
enzyme and 100 nM double-stranded oligonucleotide in a
total of 20 µL of 10 mM Tris-HCl (pH 7.9), 35 mM KCl,
100 mM NaCl, 5 mM MgCl2, 0.1 mM Na2EDTA, and 2.5%
glycerol. Reactions were initiated by the addition of enzyme,
and mixtures were incubated at 37 °C (human) or 28 °C
(yeast). In some cases, assay mixtures included 0.25 mM
ATP, or 50 µM etoposide or amsacrine. DNA cleavage

products were trapped by the addition of 2 µL of 10% SDS
followed by 2 µL of 250 mM NaEDTA (pH 8.0). As a test
of the reversibility of topoisomerase II-mediated cleavage,
2 µL of 250 mM NaEDTA (pH 8.0) or 2 µL of 5 M NaCl
was added, and samples were incubated at 37 °C for 5 min
prior to the addition of SDS. Proteinase K (2 µL of a 0.8
mg/mL solution) was added to digest the enzyme, and
oligonucleotides were precipitated with ethanol. Cleavage
products were resolved by electrophoresis in a 14% denatur-
ing polyacrylamide gel. To inhibit oxidation of cleaved
oligonucleotides containing 3′-terminal -SH moieties and
the formation of multimers in the gel, 100 mM DTT was
added to the sample loading buffer. DNA cleavage products
were visualized and quantified using a Bio-Rad Molecular
Imager.

DNA Ligation. DNA ligation assays were carried out by
a modification of the procedure of Kingma et al. (35). DNA
cleavage-ligation equilibria were established as described
for human topoisomerase IIR in the previous section except
that 5 mM CaCl2 replaced the MgCl2 in the cleavage buffer.
Topoisomerase IIR-DNA cleavage complexes were trapped
by the addition of EDTA (pH 8.0) to a final concentration
of 6 mM, followed by NaCl to a final concentration of 0.5
M to prevent recleavage of the DNA. Ligation was initiated
by the addition of MgCl2 to a final concentration of 0.1 mM
and terminated by the addition of 2 µL of 10% SDS. Samples
were processed and analyzed, and levels of cleavage were
quantified as described above. The percent DNA cleavage
at time zero was set to 100%, and the rate of ligation was
determined by quantifying the loss of cleaved DNA over
time.

RESULTS AND DISCUSSION

3′-Bridging Phosphorothiolates. The forward DNA cleav-
age reaction of type II topoisomerases has been difficult to
study because it exists in a tightly coupled equilibrium with
the reverse ligation reaction (6, 10, 16–18, 38, 40). Further-
more, equilibrium levels of cleavage are low (6, 10, 16–19, 33).
Therefore, to establish a system that isolates topoisomerase
II-mediated DNA scission from ligation and allows the
unidirectional accumulation of cleavage complexes, double-
stranded oligonucleotide substrates that contained a 3′-
bridging phosphorothiolate at the scissile bond were syn-
thesized (Figure 1).

In contrast to cleavage of wild-type DNA, which generates
a 3′-terminal -OH moiety, cleavage of substrates that contain
a 3′-bridging phosphorothiolate generates a 3′-terminal -SH
group. While the terminal -OH group is a good nucleophile
that readily facilitates ligation, the terminal -SH group is a
very poor nucleophile that does not efficiently attack the
phosphotyrosyl protein-DNA bond (53, 54). Consequently,
once phosphorothiolate substrates are cleaved, they should
not be able to support appreciable levels of topoisomerase
II-mediated DNA ligation.

CleaVage of Oligonucleotide Substrates Containing 3′-
Bridging Phosphorothiolates by Human Topoisomerase IIR.
The ability of human topoisomerase IIR to cleave a 5′-
end-labeled oligonucleotide substrate (denoted site 2 in
Figure 1) containing a 3′-bridging phosphorothiolate at
the scissile bond is shown in Figure 2. Scission took place
at the predicted scissile bond (lane 5), generating the

1 Due to technical constraints of the synthetic pathway, only the
thymidine 3′-bridging phosphorothioamidite was available for this study.
Therefore, all oligonucleotide substrates that were employed contained
thymidine immediately 5′ to the scissile bond (-1 position).
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expected 21-mer product (lane 2). Characteristic of a
topoisomerase II-mediated DNA reaction, cleavage re-
quired both the human enzyme and a divalent cation
(compare lane 5 to lanes 3 and 4). Following a 30 min
incubation, the extent of cleavage of the phosphorothi-
olate-containing substrate was dramatically higher than
that observed with the wild-type phosphate-containing
oligonucleotide (compare lanes 5 and 6). Similar results
were seen for the site 1 phosphorothiolate oligonucleotide
(not shown). Finally, when the site 2 phosphorothiolate
oligonucleotide was incubated with AgNO3, which hy-
drolyzes S-P bonds (71), a 21-mer product resulted (lane
8). This last control demonstrates both the presence of

the 3′-bridging phosphorothiolate and its location at the
scissile bond.

Although cleavage at the 3′-bridging phosphorothiolate
requires topoisomerase IIR and Mg(II), it is possible that
the environment of the enzyme active site promotes a
cleavage event that is independent of the active site tyrosyl
residues. A hallmark of topoisomerase II-mediated scission
is a covalent linkage between the cleaved DNA and the
protein. Therefore, the 3′-bridging phosphorothiolate site 2
substrate was labeled on its 3′-terminus to determine whether
the product was covalently linked to topoisomerase IIR
(Figure 3). Once again, cleavage was observed only in the
presence of enzyme. Following treatment with proteinase K,
cleavage products were seen as a diffuse series of bands that
ran with a mobility that was faster than that of the substrate
band (lane 3). These product bands are indicative of cleaved
oligonucleotides that are linked to small peptides that are
not completely digested by proteinase K. To confirm the
protein-DNA linkage, proteinase K was omitted from the
reaction mixture (lane 4). The cleavage product bands
disappeared and were replaced by a DNA band that remained
at the origin. These results demonstrate that cleavage products
generated with a 3′-bridging phosphorothiolate at the scissile
bond are covalently attached to topoisomerase IIR. Together
with the data shown in Figure 2, these findings provide strong
evidence that topoisomerase IIR cleaves the phosphorothi-
olate oligonucleotide in a manner that is consistent with the
normal scission reaction of the enzyme.

Time courses for the cleavage of site 1 and site 2 by human
topoisomerase IIR are shown in Figure 4. Comparable results
were observed with both sequences. Two striking features
were seen. First, levels of cleavage of the phosphorothiolate
substrate were dramatically higher (∼10-100-fold at 30 min)
than those generated with the comparable wild-type oligo-
nucleotides. Second, while a cleavage-ligation equilibrium
was reached rapidly with both wild-type substrates, levels
of cleaved phosphorothiolate oligonucleotides continued to
accumulate until 20–30 min. Both of these features are

FIGURE 1: Schematic of topoisomerase II-mediated cleavage of DNA containing a 3′-bridging phosphorothiolate. As diagrammed in the top
of the figure, the oxygen at the 3′-bridging position of the scissile bond is replaced with sulfur. Cleavage of this substrate generates a
5′-terminal phosphate that is covalently attached to the enzyme and a 3′-terminal -SH moiety (instead of the -OH group seen with
wild-type DNA). In contrast to the -OH group, the -SH moiety is a poor nucleophile in this context and cannot readily support ligation.
The sequences of the central portions of site 1 and site 2 are shown at the bottom. The phosphorothiolate modification (denoted “S”) is on
the bottom strand of these sequences at the scissile bond (-1/+1 position). Scissile bonds are denoted with arrows.

FIGURE 2: Topoisomerase IIR-mediated cleavage of the site 2
oligonucleotide containing a 3′-bridging phosphorothiolate at the
scissile bond. An autoradiogram of a polyacrylamide gel is shown.
The substrate is denoted at the top (Oligo): S, 3′-bridging phos-
phorothiolate substrate; O, wild-type substrate; and 21, 21-mer
marker. The presence of enzyme (TIIR) or divalent cation (Mg2+)
is denoted by a plus (+) and the absence by a minus (-). The
migrations of the 50-mer substrate and the 21-mer cleavage product
are denoted at the left. It is notable that the presence of the 3′-
terminal -SH moiety slightly retards the electrophoretic mobility
of phosphorothiolate cleavage products as compared to wild-type
standards with 3′-terminal -OH groups. The addition of AgNO3
to cleave the S-P bond is denoted by Ag in lane 8. For this and
all subsequent figures, the concentrations of topoisomerase IIR and
oligonucleotide substrate were 200 and 100 nM, respectively. Data
are representative of four independent experiments.
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characteristic of reactions in which the ability of topo-
isomerase IIR to ligate cleaved DNA molecules is either
blocked or severely compromised. Similar results were seen
when the site 2 phosphorothiolate substrate was cleaved by
yeast topoisomerase II or human topoisomerase II� (shown
in Figure S1 of the Supporting Information). Albeit, levels
of cleaved products were somewhat lower with these latter
two enzymes. Taken together, these findings indicate that
3′-bridging phosphorothiolates can be used with a variety
of type II topoisomerases and DNA cleavage sites.

CleaVage of 3′-Bridging Phosphorothiolate Substrates Is
Sequence-Specific. Type II topoisomerases cleave DNA with
an intrinsic specificity (72). The experiments described above
demonstrate that human topoisomerase IIR cleaves an S-P
linkage when it is situated at the scissile bond of an
established topoisomerase II-DNA recognition sequence.
However, it is not known whether the ability of the enzyme
to cut the S-P linkage requires the bond to be situated at a
“normal” cleavage site or is independent of the intrinsic
sequence specificity of the protein.

To address this critical issue, the phosphorothiolate of site
1 was moved one position from the natural scissile bond,
bridging the –1/+1 nucleotides, to a location bridging the
+1/+2 nucleotides (Figure 5). In contrast to the high levels
of scission generated when the S-P linkage was situated at
the normal –1/+1 position (compare lanes 1 and 2), virtually
no cleavage was seen at the S-P bond when it was moved
to the +1/+2 position (compare lanes 4 and 6). As a control,
to ensure that the oligonucleotide with the +1/+2 S-P bond
was capable of being recognized and cleaved by topo-
isomerase IIR, scission at the –1/+1 position was monitored.
While the level of cleavage at the normal scissile bond was
decreased somewhat compared to that seen with the com-
pletely wild-type oligonucleotide (compare lanes 1 and 3),
a significant level of scission still was observed. Taken
together, these data demonstrate that the specificity of
topoisomerase IIR is not altered by the presence of the 3′-
bridging phosphorothiolate.

CleaVage of 3′-Bridging Phosphorothiolates by Topo-
isomerase IIR Is Not ReVersible. Topoisomerase II-mediated

FIGURE 3: Covalent protein-DNA linkage occurs when the site 2
oligonucleotide containing a 3′-bridging phosphorothiolate is
cleaved by topoisomerase IIR. An autoradiogram of a polyacryl-
amide gel is shown. Substrates were 3′-end-labeled and reacted with
topoisomerase IIR. Lanes 1 and 2 were without enzyme (-TIIR),
and with (+) or without (-) proteinase K (Pro K). Lanes 3 and 4
included enzyme (+TIIR) with or without proteinase K. Data are
representative of three independent experiments.

FIGURE 4: Time courses for cleavage of oligonucleotide substrates
by topoisomerase IIR. Results for site 1 (left) and site 2 (right) are
shown. The asterisk denotes the 5′-end-labeled strand (top, T; or
bottom, B) on which cleavage was monitored. The wild-type duplex
containing an O-P scissile bond (subscript O) is denoted by T/BO*
for the labeled bottom strand (O) and T*/BO for the labeled top
strand (0). The phosphorothiolate substrate containing an S-P
scissile bond (subscript S) is denoted by T/BS* for the labeled
phosphorothiolate bottom strand (b) and T*/BS for the labeled wild-
type top strand (9). Error bars represent the standard deviation of
at least three independent experiments.

FIGURE 5: Site specificity of DNA cleavage mediated by topoi-
somerase IIR is not altered by the location of the 3′-bridging
phosphorothiolate. Cleavage was monitored on three versions of
the site 1 substrate: wild-type duplex containing an O-P linkage
at both the -1/+1 and +1/+2 positions, a duplex containing an
S-P linkage at the normal scissile bond (-1/+1 position) and an
O-P linkage at the +1/+2 position, and a duplex containing
an O-P linkage at the normal scissile bond (-1/+1 position) and
an S-P linkage at the +1/+2 position. Cleavage was quantified at
the -1/+1 position (lanes 1–3, 22-mer product) and the +1/+2
position (lanes 4–6, 23-mer product). The nature of the linkage at
the bridging position (O-P linkage, O; S-P linkage, S; bold when
being monitored) is denoted at the top of the figure. A representative
gel is shown in the inset. The positions of the intact 50-mer substrate
(Sub) as well as 22-mer and 23-mer standards (Std) representing
cleavage products at the –1/+1 and +1/+2 sites, respectively, are
indicated. As noted in Figure 2, the presence of the 3′-terminal
-SH moiety slightly retards the electrophoretic mobility of phos-
phorothiolate cleavage products as compared to wild-type standards
with 3′-terminal -OH groups. Error bars represent the standard
deviation of three independent experiments.
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cleavage of oligonucleotides that contain a 3′-bridging
phosphorothiolate at the scissile bond generates products with
a 3′-terminal -SH group (see Figure 1). Previous studies
with type I topoisomerases and 5′-bridging phosphorothiolate
substrates suggest that the -SH group should not be able to
attack the covalent enzyme-DNA phosphotyrosine bond
with any level of efficiency (53, 54).

Therefore, to determine whether topoisomerase IIR is able
to rejoin cleaved phosphorothiolate oligonucleotides, reac-
tions were terminated by incubation with either EDTA or
0.5 M NaCl for 5 min prior to the addition of SDS. It is
believed that Mg(II), which is essential for both cleavage
and ligation, can be chelated by EDTA only after ligation
has taken place. Consequently, treatment with EDTA allows
ligation to take place but prevents recleavage (18, 38).
Similarly, treatment with a high salt concentration allows
ligation but promotes dissociation of topoisomerase II from
the DNA once it is no longer covalently attached to the
nucleotide substrate. Once again, this leads to a unidirectional
closure of the cleaved oligonucleotide (17, 38). As expected,
when the wild-type site 1 (not shown) or site 2 (Figure 6,
left panel inset) oligonucleotide was used as the substrate,
termination of a 30 min DNA scission reaction with EDTA
or NaCl led to a significant reduction in the level of cleaved
products. For example, more than 90% of cleaved oligo-
nucleotides were ligated following a 5 min incubation with
500 mM NaCl.

In marked contrast, no decrease in the level of cleaved
products was seen in parallel reactions that employed either
site 1 (not shown) or site 2 (Figure 6, left panel) phospho-
rothiolate oligonucleotide, even when incubation periods in
EDTA or NaCl were extended up to 60 min (not shown).
Furthermore, time courses for 30 min DNA cleavage
reactions terminated with SDS, EDTA, or NaCl were

essentially superimposable for these substrates. These find-
ings provide strong evidence that human topoisomerase IIR
is incapable of ligating 3′-bridging phosphorothiolate cleav-
age products with any appreciable level of efficiency. Thus,
3′-bridging phosphorothiolates allow the forward DNA
scission reaction of topoisomerase IIR to be studied in
isolation from the ligation event.

CleaVage of Suicide Substrates by Topoisomerase IIR Is
ReVersible. The only other substrates that are believed to
promote a unidirectional topoisomerase II-mediated DNA
cleavage reaction are known collectively as suicide substrates.
These systems trap cleavage complexes by utilizing nucleic acid
molecules that contain noncontiguous (i.e., nicked) DNA (46),
double-strand-single-strand junctions (42, 43, 45), or unusual
secondary structure (i.e., hairpins) (41, 44). When suicide
substrates are cut by topoisomerase II, a segment of the
cleaved DNA is able to dissociate from the active site,
rendering the enzyme unable to ligate the original substrate
(43). This process results in a time-dependent accumulation
of cleavage complexes.

One obvious advantage of 3′-bridging phosphorothiolates
over “traditional” suicide substrates is that the former are
composed of intact duplex B-form DNA molecules. More
importantly, evidence with a hairpin molecule suggests that
topoisomerase II actually establishes a short-lived cleavage-
ligation equilibrium with suicide substrates prior to the
dissociation event (44). If this is the case, then the use of
these substrates to monitor the forward scission reaction may
not be appropriate.

Therefore, to compare cleavage of an S-P linkage to that
of a traditional suicide substrate, a site 2 oligonucleotide
containing a nick between the +2 and +3 positions of the
top strand was synthesized. In contrast to scission of the intact
wild-type substrate, which reached cleavage-ligation equi-
librium within 5 min, cleaved products of the nicked
oligonucleotide accumulated throughout the 30 min time
course when the reaction was terminated with SDS (Figure
6, right panel). This finding demonstrates that the nicked
oligonucleotide acts as a suicide substrate for topoisomerase
IIR.

To examine the ability of the human enzyme to ligate the
nicked suicide substrate, a parallel time course for scission
was terminated by incubation with EDTA for 5 min. As seen
in Figure 6 (right panel), cleavage levels were significantly
lower in the EDTA-treated reaction mixtures. A similar result
was observed when a 30 min reaction was terminated by
the addition of 0.5 M NaCl (see the indicated data point in
Figure 6, right panel). These findings indicate that a
significant proportion of the initial cleavage complexes
formed with the suicide substrate is reversible.

It is notable that the relative fraction of cleavage complexes
that was irreversible (i.e., not ligated following treatment with
EDTA) rose over time. While levels of irreversible cleavage
with the suicide substrate represented only ∼10% of the total
scission observed at 1 min, they increased to ∼50% by 20–30
min. This result provides further evidence that suicide
substrates (at least the nicked substrate employed in this
study) require a time-dependent conversion from a reversible
cleavage complex to an irreversible DNA strand break.
Presumably, this conversion reflects the point at which the
noncovalent cleavage product dissociates from topoiso-
merase II.

FIGURE 6: Reversibility of DNA cleavage mediated by topoi-
somerase IIR. In the left panel, a time course is shown for cleavage
of the site 2 oligonucleotide containing a 3′-bridging phosphorothi-
olate at the scissile bond (T/BS*; see Figure 4 for nomenclature).
Reactions were terminated with SDS (b), EDTA (O), or NaCl (4).
The inset in the left panel shows the cleavage of the wild-type site
2 oligonucleotide containing an O-P linkage at the scissile bond
(T/BO*). A 30 min reaction terminated with SDS, EDTA, or NaCl
is shown. In the right panel, a time course is shown for cleavage
of the site 2 suicide substrate containing a nick (N) between the
+2 and +3 positions on the top strand (TN+2/+3/BO*). Reactions
were terminated with SDS (9), EDTA (0), or NaCl [30 min time
point (4)]. Error bars represent the standard error of the mean of
two independent experiments or the standard deviation of three
independent experiments.
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Thus, while traditional suicide substrates represent an
important system for accumulating topoisomerase II-DNA
cleavage complexes and for providing starting material for
unidirectional ligation assays, they do not segregate the
forward enzyme-mediated DNA scission reaction from the
cleavage-ligation equilibrium. Consequently, the use of
these substrates to analyze the forward cleavage reaction of
topoisomerase II may lead to erroneous mechanistic
conclusions.

Coordination between the Two Protomer Subunits of
Human Topoisomerase IIR during DNA CleaVage. Although
topoisomerase II must generate a double-stranded nucleic
acid break to carry out the DNA passage reaction, results
from numerous laboratories indicate that the two protomer
subunits of eukaryotic type II enzymes do not cleave and
ligate DNA in a totally concerted fashion. For example, it
has long been known that equilibrium levels of DNA strand
breaksat the twoscissilebondsofacleavagesite (17,19,33,73)
and rates of ligation of the two strands are often different
(19). Furthermore, alterations of base sequence (or the
inclusion of abasic sites) that have a direct effect on rates of
ligation of one strand have little effect on rates of ligation
of the other strand (37, 50). Finally, changes in base sequence
that enhance the ability of etoposide to inhibit ligation at
one scissile bond have no significant effect on rates of
ligation at the opposite scissile bond (74).

The above notwithstanding, the same alterations in DNA
sequence that specifically enhance the ability of etoposide
to inhibit ligation at one scissile bond lead to a modest
increase in the number of topoisomerase IIR-generated
double-stranded breaks at that cleavage site (74). This finding
implies that there may be some communication between the
protomer subunits of the human enzyme during the DNA
cleavage event, even though there appears to be little
coordination during ligation.

To address the issue of subunit communication, levels of
cleavage on the top strand of site 1 and site 2 were monitored
in the absence or presence of a 3′-bridging phosphorothiolate
on the bottom strand (see Figure 4). As expected, when the
phosphorothiolate was situated opposite a wild-type O-P
scissile bond, rapid DNA cleavage-ligation equilibria
characterized by low levels of scission were established on
the top strand of both sites. However, when it was situated
opposite an S-P scissile bond that did not allow ligation,
levels of cleavage on the top strand of both sites were ∼5-7-
fold higher as compared to those of comparable wild-type
substrates and rose over the course of the assay. Moreover,
the time courses for the accumulation of DNA breaks on
the top strands paralleled those seen for the bottom S-P
strands.

These results indicate that there is at least some level of
coordination between the two protomer active sites of
topoisomerase IIR. However, since levels of cleavage on the
strand opposite the S-P bond were several-fold lower than
those observed on the phosphorothiolate-containing strand,
it is clear that DNA cleavage by the two protomer subunits
does not take place in a completely concerted fashion.

The partial coordination between the protomer subunits
of topoisomerase IIR may be explained by at least three
independent mechanisms (which are not mutually exclusive).
First, cleavage of one scissile bond may weaken the ability of
the enzyme to ligate the opposite scissile bond. This possibility

seems unlikely, as it would provide no benefit to the catalytic
reaction of topoisomerase II. In addition, previous studies have
found little coordination between the protomer subunits of
topoisomerase IIR during ligation (19, 37, 74). However, as a
control, the rate of ligation of the top strand of site 2 was
determined when it was situated opposite an O-P or an S-P
scissile bond (Figure 7). As predicted, rates of ligation of
the two substrates were comparable.

Second, trapping a cleavage complex at one scissile bond
should increase the concentration of enzyme that contains
the opposite scissile bond in its active site. Since levels of
cleavage are directly proportional to levels of topoisomerase
II-DNA binding, this effect could account for the enhanced
scission on the opposite strand. This mechanism requires no
alteration in the forward rate of scission and is consistent
with the finding that the accumulation of breaks on the top
strand of site 1 and site 2 paralleled that seen for the bottom
S-P strands (Figure 4).

Third, cleavage at one scissile bond may increase the rate
of cleavage at the opposite scissile bond. As a first attempt
to address this last hypothesis, a site 2 oligonucleotide that
contained a nick at the scissile bond (-1/+1 position) of
the top strand was employed as a model of a DNA substrate
that had already been cut on one of its two strands. It should
be noted, however, that the nicked oligonucleotide is not
covalently attached to topoisomerase II. Thus, it is unclear
whether this substrate adequately mimics an enzyme-DNA
cleavage complex in which one of the two strands has been
cut by topoisomerase II.

With this caveat in mind, the ability of topoisomerase IIR
to cleave the bottom strand of site 2 was monitored when
the top scissile bond was either intact or nicked (Figure 8).
The initial experiment utilized a substrate that contained a
wild-type O-P linkage at the scissile bond of the bottom
strand. Two observations were noted. First, levels of cleavage
of the bottom strand increased ∼20-fold when it was situated
opposite a nicked top strand. Second, the concentration of
cleavage complexes reached a rapid equilibrium and did not
rise over the time course of the experiment. This indicates
that unlike the nicked +2/+3 substrate utilized in Figure 6,
the nicked scissile bond (-1/+1) oligonucleotide did not act
as a suicide substrate for topoisomerase IIR.

To determine whether the enhanced cleavage observed
when a wild-type strand was situated opposite a nicked

FIGURE 7: Time course for topoisomerase IIR-mediated ligation of
the wild-type top strand of the site 2 oligonucleotide. Site 2
substrates containing either a wild-type O-P linkage [T*/BO (0)]
or phosphorothiolate S-P linkage [T*/BS (9)] at the scissile bond
of the bottom strand were employed. The total percent cleavage
prior to initiation of ligation was set to 100%. Error bars represent
the standard deviation of at least three independent experiments.
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scissile bond reflected an increase in the forward rate of DNA
cleavage, the experiment was repeated using a site 2 substrate
that contained a 3′-bridging phosphorothiolate at the scissile
bond of the bottom strand (Figure 8). When the phospho-
rothiolate was situated opposite the nicked strand, the rate
of cleavage of the bottom S-P scissile bond rose consider-
ably. Although rates were too rapid to measure accurately,
it appears that they increased at least 5-fold. These data imply
that cleavage on one strand by topoisomerase II has the
capacity to increase the rate of cleavage on the opposite
strand. Whether the increased rate of scission reflects a
change in the conformation of the DNA, the enzyme, or a
combination of both remains to be determined.

Taken together, the studies described above suggest that
at least two mechanisms may contribute to the partial
coordination between the two subunits of topoisomerase IIR:
increased concentration of the second scissile bond in the
active site of the enzyme and an enhanced rate of scission
of the second strand following cleavage of the first.

Effect of ATP on the Forward DNA Scission Reaction of
Human Topoisomerase IIR. For topoisomerase II-mediated
DNA strand passage to occur, both strands of the “gate”
segment must be cleaved (6, 9, 10, 14–16). ATP binding
(one molecule per topoisomerase II protomer) induces
opening of the DNA gate (6, 9, 10, 14–16, 75–77), and it is
believed that hydrolysis of one of the ATP molecules
enhances the rate of strand passage (78). Several laboratories
have demonstrated that levels of topoisomerase II-DNA
cleavage complexes rise in the presence of the high-energy
cofactor (6, 9, 10, 14–16). Although the mechanistic basis
for this observation is not known, one study reported that
rates of DNA ligation were slowed in the presence of the
nonhydrolyzable ATP analogue APP(NH)P (48). To deter-
mine whether ATP has an effect on the forward DNA
scission reaction of human topoisomerase IIR, the ability of
the enzyme to cleave the 3′-bridging phosphorothiolate
substrate (site 2) in the presence and absence of the

nucleotide triphosphate was compared. As seen in Figure 9,
ATP had virtually no effect on the rate of DNA scission.
Therefore, it is concluded that the increased concentration
of cleavage complexes seen in the presence of ATP is not
due to an enhanced forward rate of cleavage.

Dependence of the Forward Scission Reaction of Topo-
isomerase IIR on DNA Length. A previous study demon-
strated that the ability of human topoisomerase IIR and
chlorella virus topoisomerase II to form cleavage complexes
was dependent on the length of the DNA substrate (40).
Consistent with the footprint of topoisomerase II on DNA
(∼28 bp) (79), a minimal requirement for a 20 bp oligo-
nucleotide was noted and substantial scission was not seen
until a substrate of ∼40 bp was employed. Levels of cleavage
complexes did not correlate with changes in binding affinity
(40). Consequently, they must be due to a change in the
ability of topoisomerase II to either cleave or ligate short
substrates.

To determine whether the effect of DNA length on
cleavage complex formation was due to a weakened ability
to cleave short substrates, a series of nested site 2 oligo-
nucleotides with 3′-bridging phosphorothiolates at the scissile
bond of the bottom strand was synthesized (Figure 10, left
panel). As found previously with wild-type substrates,
phosphorothiolate substrates displayed virtually no cleavage
with the 20-mer, and low levels were seen with the 25- and
30-mers. A modest increase in the level of cleavage was
observed when the substrate length was increased to 40 bp,
followed by a dramatic rise when it was increased to 50 bp
(the length of the parent oligonucleotide). These data indicate
that the DNA length dependence of topoisomerase IIR is
due to an effect on the forward scission reaction and imply
that protein-DNA contacts outside of the active site of the
enzyme may be required to promote cleavage.

Although topoisomerase IIR can sense the length of its
substrate, only the central portion of the DNA needs to be
duplex (Figure 10, right panel). When the nested oligonucle-
otides containing the S-P linkage at the scissile bond were
annealed with the parental wild-type 50-mer top strand, a
substantial increase in the level of cleavage was observed
as the length of the bottom strand was increased.

Effects of Topoisomerase II Poisons on the Forward DNA
CleaVage Reaction of Human Topoisomerase IIR. Topoi-
somerase II poisons increase the concentration of cleavage

FIGURE 8: Topoisomerase IIR-mediated cleavage of a substrate
containing a nick at one scissile bond. Time courses are shown for
the following site 2 substrates: oligonucleotide containing an intact
top strand and a wild-type O-P linkage at the scissile bond of the
bottom strand [T/BO* (O)], oligonucleotide containing a nick at
the scissile bond (-1/+1 position) of the top strand and a wild-
type O-P linkage at the scissile bond of the bottom strand [TN-1/
+1/BO* (0)], oligonucleotide containing an intact top strand and a
phosphorothiolate S-P linkage at the scissile bond of the bottom
strand [T/BS* (b)], and oligonucleotide containing a nick at the
scissile bond of the top strand and a phosphorothiolate S-P linkage
at the scissile bond of the bottom strand [TN-1/+1/BS* (9)]. Error
bars represent the standard deviation of at least three independent
experiments.

FIGURE 9: Topoisomerase IIR-mediated DNA cleavage in the
presence of ATP. A time course is shown for cleavage of the site
2 substrate containing a phosphorothiolate S-P linkage at the
scissile bond of the bottom strand (T/BS*) in the absence [-ATP
(b)] or presence of 0.25 mM ATP [+ATP (O)]. Error bars represent
the standard deviation of at least three independent experiments.
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complexes by two non-mutually exclusive mechanisms.
Anticancer drugs, such as etoposide and amsacrine, strongly
inhibittheabilityoftheenzymetoligatecleavedDNAs(28,47,48,
74, 80, 81). Because of their effect on ligation, it has been
assumed that these agents have no significant effect on the
forward scission reaction. In contrast, DNA lesions that
poison topoisomerase II, such as abasic sites, have little effect
on rates of ligation (35, 36, 45, 82, 83). Consequently, it
has been assumed that they act primarily by enhancing the
forward rate of DNA scission. Unfortunately, it has not been
possible to test these assumptions directly. Therefore, the
ability of these topoisomerase II poisons to alter the rate of
DNA scission was characterized using the phosphorothiolate
substrates.

The effects of etoposide and amsacrine on the forward
rate of cleavage of site 1 and site 2 are shown in Figures 11
and 12, respectively. In all cases, the drugs increased the
concentration of cleavage complexes when wild-type oligo-
nucleotides were employed. However, virtually no increase
in the rate of scission was observed when 3′-bridging
phosphorothiolate substrates were examined. These data
strongly suggest that etoposide and amsacrine increase levels
of topoisomerase IIR-DNA cleavage complexes primarily
by inhibiting enzyme-mediated ligation.

As discussed above, suicide substrates establish a short-
lived DNA cleavage-ligation equilibrium before irreversibly
trapping cleavage complexes. Consequently, their use as a
model for the forward topoisomerase II DNA cleavage
reaction was questioned. For example, if etoposide inhibits
enzyme-mediated ligation prior to the “suicidal” dissociation
of the noncovalent DNA cleavage product, the drug could
increase levels of trapped cleavage complexes in a manner
independent of any effect on the forward rate of scission.
To address this critical point, the effect of etoposide on the
ability of topoisomerase IIR to cut the nicked suicide
substrate described in Figure 6 was characterized (Figure
11, bottom panel). Despite the fact that etoposide does not
increase the forward rate of DNA scission, a dramatic
increase in the level of cleavage complexes was observed
when the drug was included in reaction mixtures with the
suicide substrate. This finding underscores the need to

exercise caution when drawing mechanistic conclusions
about the forward rate of DNA cleavage on the basis of the
results obtained with suicide substrates.

FIGURE 10: Effect of oligonucleotide length on DNA cleavage
mediated by topoisomerase IIR. Shown in the left panel are time
courses for cleavage of the phosphorothiolate-containing bottom
strand of nested site 2 substrates. Reactions were monitored with
50-mer (b), 40-mer (9), 30-mer (O), 25-mer (0), or 20-mer (])
duplex substrates. Shown in the right panel are time courses for
cleavage of the phosphorothiolate-containing bottom strand of
nested site 2 substrates containing a 50-mer top strand and a 50-
mer (b), 40-mer (9), 30-mer (O), 25-mer (0), or 20-mer (]) bottom
strand. Error bars represent the standard deviation of at least three
independent experiments.

FIGURE 11: Effect of etoposide on the forward rate of topoisomerase
IIR-mediated DNA scission. Time courses for cleavage of the
bottom strand of the site 1 (left panel) and site 2 (right panel)
substrates are shown for oligonucleotides containing a wild-type
O-P linkage at the scissile bond of the bottom strand (T/BO*) and
oligonucleotides containing a phosphorothiolate S-P linkage at the
scissile bond of the bottom strand (T/BS*) in the absence [T/BO*
(O) and T/BS* (b)] or presence [T/BO* + Etop (0) and T/BS* +
Etop (9)] of 50 µM etoposide. The bottom panel shows time courses
for cleavage of the bottom strand of the site 2 suicide substrate
containing a nick at the +2/+3 position of the top strand in the
absence [TN+2/+3/BO* (4)] or presence [TN+2/+3/BO* + Etop (2)]
of 50 µM etoposide. Error bars represent the standard error of the
mean of two independent experiments or the standard deviations
of at least three independent experiments.

FIGURE 12: Effect of amsacrine on the forward rate of topoisomerase
IIR-mediated DNA scission. Time courses for cleavage of the
bottom strand of the site 1 (left panel) and site 2 (right panel)
substrates are shown for oligonucleotides containing a wild-type
O-P linkage at the scissile bond of the bottom strand (T/BO*) and
oligonucleotides containing a phosphorothiolate S-P linkage at the
scissile bond of the bottom strand (T/BS*) in the absence [T/BO*
(O) and T/BS* (b)] or presence [T/BO* + AMSA (0) and T/BS*
+ AMSA (9)] of 50 µM amsacrine. Error bars represent the
standard deviation of at least three independent experiments.
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Finally, when abasic sites are situated within the 4 bp
region located between the two scissile bonds, their presence
increases the concentration of topoisomerase II-DNA cleav-
age complexes (35, 36, 46, 83). As seen in Figure 13, the
inclusion of an abasic site at the +1 position of the top strand
of site 1 or site 2 increased levels of cleavage complexes
several-fold when substrates with wild-type O-P scissile
bonds were used. In contrast to the anticancer drugs, which
had little effect on the forward cleavage reaction, the abasic
site stimulated the rate of DNA scission of substrates with
S-P scissile bonds ∼2-3-fold (Figure 13). Similar results
were seen with substrates that contained an abasic site at
the +2 or +4 position (not shown). These findings confirm
the assumption that abasic sites act by stimulating the forward
rate of topoisomerase II-mediated DNA scission.

Conclusions. Despite the importance of DNA cleavage to
the cellular functions of type II topoisomerases and their role
as targets for anticancer drugs, the tight coupling of the
cleavage-ligation equilibrium has made it difficult to
characterize the mechanism by which these enzymes cut the
genetic material. To uncouple the forward DNA scission
reaction of human topoisomerase IIR from the ligation event,
a novel system that utilized 3′-bridging phosphorothiolates
at the scissile bonds of well-defined topoisomerase II-DNA
cleavage sites was developed. Cleavage of these substrates
appeared to be irreversible, resulting in a unidirectional
enzyme-mediated DNA scission reaction. The use of oligo-
nucleotides with 3′-bridging phosphorothiolates provided
critical information about the coordination of the protomer
subunits of topoisomerase IIR and the mechanism of action
of topoisomerase II poisons. These substrates should be a
valuable resource for future studies on DNA scission and
the topoisomerase II-DNA cleavage complex.
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