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Abstract
Several quinone-based metabolites of industrial and environmental toxins are potent topoisomerase
II poisons. These compounds act by adducting the protein, and previous studies suggest that they
increase levels of enzyme-associated DNA strand breaks by at least two potential mechanisms.
Quinones act directly on the DNA cleavage-ligation equilibrium of topoisomerase II by inhibiting
the rate of ligation. They also block the N-terminal gate of the protein, thereby stabilizing
topoisomerase II in its “closed clamp” form and trapping DNA in the central annulus of the enzyme.
It has been proposed that this latter activity enhances DNA cleavage by increasing the population of
enzyme molecules with DNA in their active sites, but a causal relationship has not been established.
In order to more fully characterize the mechanistic basis for quinone action against topoisomerase
II, the present study characterized the sensitivity of human topoisomerase IIα carrying a Cys455–
>Ala mutation (top2αC455A) toward quinones. Cys455 was identified as a site of quinone adduction
by mass spectrometry. The mutant enzyme was ~1.5–to2–fold hypersensitive to1,4-benzoquinone
and the polychlorinated biphenyl quinone 4′Cl-2,5pQ, but displayed wild-type sensitivity to
traditional topoisomerase II poisons. The ability of 1,4-benzoquinone to inhibit DNA ligation
mediated by top2αC455A was similar to that of wild-type topoisomerase IIα. However, the quinone
induced ~3 times the level of clamp closure with the mutant enzyme. These findings strongly support
the hypothesis that the ability of quinones to block the N-terminal gate of the type II enzyme
contributes to their actions as topoisomerase II poisons.

Introduction
Topoisomerase IIα is an essential enzyme that plays important roles in DNA replication and
chromosome segregation. The enzyme relaxes, unknots, and untangles DNA by passing a
double helix through a transient double-stranded break that it generates in a separate segment
of DNA (1–7). To maintain genomic integrity during this process, topoisomerase IIα forms
covalent bonds between active site tyrosyl residues and the 5′-DNA termini created by scission
of the double helix (8–10). The covalent enzyme–cleaved DNA complex that results is known
as the cleavage complex. When DNA tracking enzymes such as polymerases or helicases
collide with these complexes, they convert them to permanent enzyme-linked double-stranded
breaks in the genetic material (1–7). These breaks destabilize the genome, leading to
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illegitimate recombination and the formation of chromosomal aberrations. When present in
sufficient concentrations, they trigger programmed cell death pathways (4,11–17).

Agents that increase levels of topoisomerase IIα-mediated DNA strand breaks are called
topoisomerase II poisons (4,15,18–20). Some topoisomerase II poisons, such as etoposide,
doxorubicin, and mitoxantrone, are important anticancer drugs that are used to treat a wide
variety of human malignancies. However, a small percentage of patients who receive therapy
with these agents eventually develop secondary leukemias that feature aberrations in the mixed-
lineage leukemia (MLL) gene at chromosomal band 11q23 (13,14,21–26). Other topoisomerase
II poisons, such as the bioflavonoids (naturally found in fruits and vegetables), display
chemopreventative properties in adults (27–30). In contrast, when ingested during pregnancy,
they are believed to increase the risk of infant leukemias that include MLL rearrangements
(31–35).

In addition to pharmaceutical agents and natural products, quinone metabolites of some
industrial and environmental toxins, such as 1,4-benzoquinone [a reactive metabolite of
benzene (36)] (37,38), and a variety of PCB (polychlorinated biphenyl) quinone metabolites
(39), act as topoisomerase II poisons. These highly reactive compounds are produced in the
body as a result of detoxification or metabolism pathways (36,40,41). Cellular exposure to 1,4-
benzoquinone or PCB quinones generates DNA strand breaks and other chromosomal
aberrations, and has been linked to a variety of human health problems, including cancer
(42–46). Furthermore, the accumulation of 1,4-benzoquinone in the bone marrow is believed
to contribute to the leukemogenic properties of benzene, including leukemias that include
MLL rearrangements (43).

Quinones are unique among characterized topoisomerase II poisons, in that their activity
requires covalent attachment to the enzyme (37–39,47–49). Although adduction inhibits the
ability of topoisomerase IIα to ligate DNA molecules, this inhibition cannot completely account
for the increase in enzyme-associated DNA strand breaks. During the strand passage event,
topoisomerase II closes an N-terminal protein gate, and thereby forms a protein clamp that
encircles the DNA within the central annulus of the enzyme. Quinone treatment blocks the N-
terminal protein gate of topoisomerase IIα. It has been suggested that this latter effect
contributes to the increase in topoisomerase II-associated strand breaks by trapping DNA in
the active site of the enzyme (39,49). However, evidence supporting this hypothesis is
circumstantial.

Recently, four sites of quinone adduction on human topoisomerase IIα, Cys170, Cys392,
Cys405, and Cys455, were identified by mass spectrometry (49). While mutation of Cys170
to Ala had no effect on quinone sensitivity, parallel mutation of Cys392 or Cys405 resulted in
enzymes that were partially (~50%) resistant to 1,4-benzoquinone and the PCB quinone 4′
Cl-2,5pQ (49). In both cases, mutation decreased the inhibitory effects of quinones on DNA
ligation, but did not affect sensitivity to clamp closing. The present study characterized
topoisomerase IIα that carried a C–>A mutation at residue C455 (top2αC455A). Top2αC455A
was hypersensitive to 1,4-benzoquinone and the PCB quinone 4′Cl-2,5pQ. Mechanistic studies
strongly suggest a causal link between the ability of quinones to close the N-terminal protein
gate of topoisomerase IIα and their ability to increase levels of enzyme-generated double-
stranded DNA breaks.

EXPERIMENTAL PROCEDURES
Enzymes and Materials

Human topoisomerase IIα was expressed in Saccharomyces cerevisiae and purified as
described previously (50–52). Negatively supercoiled pBR322 DNA was prepared using a
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Plasmid Mega Kit (Qiagen) as described by the manufacturer. 1,4-Benzoquinone, etoposide,
and genistein were obtained from Sigma, prepared as 20 mM stock solutions in 100% DMSO,
and stored at 4 °C. The PCB quinone, 4′Cl-2,5pQ (the generous gift of Dr. Hans J. Lehmler
and Dr. Larry W. Robertson, University of Iowa), was synthesized by coupling 4′-chloroaniline
with 1,4-benzoquinone (53). The compound was prepared as a 20 mM stock in 100% DMSO,
and stored at −20 °C. Amsacrine was obtained from Bristol-Myers Squibb, prepared as 20 mM
stock solution in 100% DMSO, and stored at 4 °C. The quinolone CP-115,953 was the gift of
Pfizer Global Research, dissolved as a 40 mM solution in 0.1 N NaOH, and stored at −20 °C.
Immediately prior to use, the quinolone was diluted to 8 mM with 10 mM Tris, pH 7.9. All
other chemicals were of analytical reagent grade.

Generation of A Human Topoisomerase IIα Protein Carrying a Cys455–>A Mutation
(top2αC455A)

The C455A mutation in the topoisomerase IIα PCR substrate was generated by cloning a SalI-
KpnI fragment of YEpWob6 (54) that encoded the N-terminus of the human enzyme into
pUC18. Site-directed mutagenesis was performed using the QuickChange II PCR system
(Stratagene). The sequence of the forward and reverse primers used to generate the C455A
mutation were CAGGGGGCCGAAACTCCACTGAGGCTACGCTTATCC and
CCCTCAGTCAGGATAAGCGTAGCCTCAGTGGAGTTTCGGCCC. The mutagenized
codons are underlined. The mutation was verified by sequencing and the SalI-KpnI fragment
was cloned back into YEpWob6. The mutant human topoisomerase IIα enzyme (top2αC455A)
was purified as described above.

Cleavage of Plasmid DNA
DNA cleavage reactions were carried out using the procedure of Fortune and Osheroff (55).
Unless stated otherwise, assay mixtures contained 135 nM wild-type topoisomerase IIα or
top2αC455A, and 10 nM negatively supercoiled pBR322 DNA in a total of 20 μL of 10 mM
Tris-HCl, pH 7.9, 100 mM KCl, 5 mM MgCl2, 0.1 mM NaEDTA, and 2.5% glycerol that
contained 0–200 μM 1,4-benzoquinone, 4′Cl-2,5pQ, or etoposide; 50 μM genistein or
amsacrine; or 5 μM CP-115,953. DNA cleavage was initiated by shifting mixtures to 37 °C
and samples were incubated for 6 min to establish DNA cleavage-ligation equilibria. Enzyme-
DNA cleavage intermediates were trapped by adding 2 μL of 5% SDS and 1 μL of 375 mM
EDTA, pH 8.0. Proteinase K was added (2 μL of 0.8 mg/mL) and reaction mixtures were
incubated for 30 min at 45 °C to digest the topoisomerase IIα. Samples were mixed with 2
μL of 60% sucrose in 10 mM Tris-HCl, pH 7.9, 0.5% bromophenol blue, and 0.5% xylene
cyanol FF, heated for 15 min at 45 °C, and subjected to electrophoresis in 1% agarose gels in
40 mM Tris-acetate, pH 8.3, 2 mM EDTA that contained 0.5 μg/mL ethidium bromide. DNA
cleavage was monitored by the conversion of negatively supercoiled plasmid DNA to linear
molecules. DNA bands were visualized by ultraviolet light and quantified using an Alpha
Innotech digital imaging system.

DNA Binding
Topoisomerase IIα binding to negatively supercoiled pBR322 DNA was assessed using an
electrophoretic mobility shift assay (39,56). Reaction mixtures contained 0–400 nM wild-type
topoisomerase IIα or top2αC455A, and 5 nM plasmid DNA molecules in 20 μL of 10 mM
Tris-HCl, pH 7.9, 30 mM KCl, 0.1 mM NaEDTA, and 2.5% glycerol. Samples were incubated
for 6 min at 37 °C. Following the addition of 2 μL of 60% sucrose in 10 mM Tris-HCl, pH 7.9,
samples were loaded directly onto a 1% agarose gel, and subjected to electrophoresis in 100
mM Tris-borate, pH 8.3, 2 mM EDTA. Gels were stained for 30 min with 0.5 μg/mL ethidium
bromide and DNA was visualized as described above.
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DNA Ligation
The DNA ligation reaction of wild-type human topoisomerase IIα or top2αC455A was
monitored according to the procedure of Byl et al. (57). Topoisomerase IIα DNA cleavage/
ligation equilibria were established using a plasmid substrate as described above in the absence
or presence of 100 μM 1,4-benzoquinone. DNA ligation was initiated by shifting reaction
mixtures from 37 °C to 0 °C, and reactions were stopped by the addition of 2 μL of 5% SDS
followed by 1 μL of 375 mM NaEDTA, pH 8.0. Samples were processed and analyzed as
described above for topoisomerase IIα cleavage reactions.

Protein Clamp Closing
Filter binding assays were used to analyze the salt-stable closed-clamp form of topoisomerase
IIα (39,58). Briefly, 5 nM wild-type human topoisomerase IIα or top2αC455A, and 2 nM
pBR322 were incubated for 4 min at 37 °C in a total of 90 μL of clamp closing buffer (50 mM
Tris-HCl, pH 8.0, 100 mM KCl, 1 mM EDTA, 8 mM MgCl2). 1,4-Benzoquinone (10 μL of 1
mM in 10% DMSO) or an equivalent amount of solvent was added, and mixtures were
incubated for an additional 6 min at 37 °C.

Binding mixtures were loaded onto glass fiber filters (Millipore) pre-incubated in clamp closing
buffer, and filtered in vacuo. Filters were washed 3 times with clamp closing buffer (low salt
wash), followed by 3 washes with clamp closing buffer that contained 1 M NaCl (high salt
wash), and 3 washes with 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 0.5% SDS. DNA in the
eluates was precipitated with isopropanol and loaded onto a 1% agarose gel in 40 mM Tris-
acetate, pH 8.3, 2 mM EDTA that contained 0.5 μg/mL ethidium bromide. DNA was visualized
and quantified as described above.

RESULTS
Quinone metabolites of some industrial and environmental toxins, including 1,4-benzoquine
and PCB quinones, are potent topoisomerase II poisons in vitro and in cultured human cells
(42–46). In contrast to “traditional” topoisomerase II poisons, such as etoposide and other
anticancer drugs, the mechanism by which quinones increase levels of topoisomerase II-
associated DNA breaks is not well understood. Quinones require adduction to the enzyme in
order to act as topoisomerase II poisons and modification of Cys392 and Cys405 inhibits the
ability of topoisomerase IIα to ligate cleaved DNA molecules (37–39,47–49). However, this
inhibition does not completely account for the increase in enzyme-associated DNA strand
breaks.

Quinone adduction also blocks the N-terminal protein gate of topoisomerase IIα (39,48,49).
However, the relationship between this activity and effects on DNA cleavage has not been
established. Two lines of circumstantial evidence suggest that this latter effect contributes to
the increase in enzyme-mediated DNA strand breaks. First, the bisdioxopiperazine, ICRF-193,
is a mixed function inhibitor of topoisomerase II that traps DNA in the central annulus of the
enzyme by closing the N-terminal protein gate (59). Although this action inhibits overall
catalytic activity, it leads to a modest increase in enzyme-mediated DNA cleavage (<2–fold)
(60). Second, quinones such as plumbagin, which do not significantly effect gate closure, are
poor topoisomerase II poisons (49).

In an effort to more fully define the mechanistic basis by which quinones act as topoisomerase
II poisons, four sites of quinone adduction on human topoisomerase IIα, Cys170, Cys392,
Cys405, and Cys455, were identified by mass spectrometry and mutated to alanine residues
(49). This study previous analyzed the effects of Cys–>Ala mutations at residues 170, 392, and
405, which are located in the N-terminal domain of human topoisomerase IIα (49,61,62).
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Mutation of residues Cys392 or Cys405 (or both) in the enzyme (top2αC392A, top2αC405A,
or top2αC392/405A) resulted in enzymes that displayed wild-type DNA cleavage activity and
sensitivity to etoposide, but were partially (~50%) resistant to quinones. Although these
mutations decreased the effects of 1,4-benzoquinone and PCB quinones on DNA ligation, they
did not alter the ability of quinones to close the N-terminal protein gate of the enzyme.

The fourth adducted residue, Cys455, is located in the catalytic core of human topoisomerase
IIα rather than the N-terminal domain (Figure 1). Furthermore, as described below, mutation
of this residue to an alanine altered the basal DNA cleavage activity of the enzyme. Therefore,
the effects of the C455A mutation on quinone sensitivity were not analyzed in the earlier study.

Human Topoisomerase IIα Carrying a Cys455–>Ala Mutation (top2αC455A) is Hypersensitive
to Quinones

The previously characterized Cys–>Ala mutants (top2αC392A, top2αC405A, or
top2αC392/405A) displayed wild-type DNA cleavage activity in the absence of topoisomerase
II poisons (49). In contrast, as seen in Figure 2, top2αC455A exhibits a cleavage activity with
negatively supercoiled plasmid DNA that is ~70% higher than that of the wild-type enzyme.
This enhancement of DNA cleavage was not due to an increase in DNA binding by the mutant
enzyme. In fact, top2αC455A displayed a lower binding affinity for negatively supercoiled
plasmid DNA than did wild-type topoisomerase IIα (Figure 3). In addition, as determined by
nitrocellulose filter binding experiments (39), the mutant and wild-type enzymes bound similar
levels of linear plasmid DNA or oligonucleotide (data not shown).

To further analyze the properties of top2αC455A, its sensitivity toward topoisomerase II
poisons was compared to that of wild-type human topoisomerase IIα. It should be noted that
the data shown in Figure 4 are plotted as relative DNA cleavage. Thus, the data account for
the enhanced scission activity of top2αC455A by setting the initial level of DNA cleavage in
the absence of topoisomerase II poisons to 1.0 for both the mutant and wild-type enzymes.

As seen in Figure 4A, B, and D, the mutant enzyme was hypersensitive (~1.5– to 2–fold) to
two quinone-based topoisomerase II poisons, 1,4-benzoquinone and the PCB quinone 4′
Cl-2,5pQ. The enhanced sensitivity did not result from an increased affinity for quinones,
because at saturating (i.e., plateau) concentrations of 1,4-benzoquinone or 4′Cl-2,5pQ, levels
of DNA cleaved by the mutant enzyme were always higher than those observed for the wild-
type enzyme.

To determine whether the enhanced susceptibility of top2αC455A was unique to quinones, the
sensitivity of the enzyme toward a series of traditional (i.e., non-covalent) topoisomerase II
poisons was assessed. Drugs from four different classes were employed for these experiments,
including etoposide (a demethylepipodophyllotoxin), genistein (an isoflavone), CP-115,953
(a quinolone), and amsacrine (an anilinoacridine). As seen in Figure 4C and D, the sensitivity
of the mutant enzyme toward these traditional topoisomerase II poisons was similar to that of
wild-type topoisomerase IIα. Therefore, the hypersensitivity of top2αC455A appears to be
specific to quinone-based topoisomerase II poisons.

Basis for the Quinone Hypersensitivity of top2αC455A
As discussed above, quinones have two effects on human topoisomerase IIα that may contribute
to their actions as topoisomerase II poisons: they inhibit the ability of the enzyme to ligate
cleaved DNA and they block the N-terminal gate of the protein (49). As a first step in
determining the mechanistic basis for the quinone hypersensitivity of top2αC455A, the ability
of the enzyme to ligate DNA was characterized. In the absence of quinones, the mutant enzyme
ligated DNA ~1/3 slower than did wild-type topoisomerase IIα (Figure 5). This decreased
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ligation rate probably accounts (at least in part) for the higher levels of DNA cleavage generated
by top2αC455A in the absence of topoisomerase II poisons.

Addition of 1,4-benzoquinone to reaction mixtures decreased the ability of top2αC455A to
ligate DNA (Figure 5). Levels of ligation mediated by top2αC455A dropped ~2.8–fold (from
33.1% to 11.9%) in the presence of the quinone. This drop was similar to the 2.5–fold decrease
observed for wild-type topoisomerase IIα (from 49.0% to 19.3%). Therefore, the heightened
sensitivity of top2αC455A to quinones does not appear to be related to effects on DNA ligation.

To further explore the basis for quinone hypersensitivity, the ability of 1,4-benzoquinone to
block the N-terminal protein gate of top2αC455A was characterized (Figure 6). In these
experiments, the mutant and wild-type enzymes were incubated with circular DNA substrates
prior to the addition of 1,4-benzoquinone. Blocking the N-terminal gate traps the circular
substrate in the central annulus of topoisomerase IIα, generating a non-covalent protein-DNA
complex that is stable in 1 M NaCl (39,58).

In the absence of quinone, top2αC455A and wild-type topoisomerase IIα trapped similar levels
of DNA in a salt-stable non-covalent complex (5.6% vs. 4.5%, respectively). However, in the
presence of 1,4-benzoquinone, a dramatic difference was observed (Figure 6). Whereas the
level of DNA trapped by the wild-type enzyme rose to 16.8%, the level of DNA trapped by
top2αC455A was ~3 times higher (47.1%). These data strongly suggest that the enhanced
ability of quinones to block the N-terminal gate of top2αC455A contributes to the
hypersensitivity of the enzyme toward these topoisomerase II poisons.

Discussion
Quinone metabolites of a variety of industrial and environmental toxins are potent
topoisomerase II poisons (37,38,47,48). These compounds act by adducting the protein, and
previous studies suggest that they increase levels of enzyme-DNA cleavage complexes by at
least two potential mechanisms (37,38,47,48). Quinones act directly on the DNA cleavage-
ligation equilibrium of topoisomerase II by inhibiting the rate of ligation. Quinones also block
the N-terminal gate of the protein, thereby stabilizing the enzyme in its “clamp-closed” form
(39,49). It has been proposed that this latter activity raises levels of cleavage complexes by
increasing the population of enzyme molecules with DNA in their active sites, but a causal
relationship has not been established.

The present study characterized the sensitivity of top2αC455A toward quinones. Cys455 was
identified as a site of quinone adduction by mass spectrometry (49). The mutant enzyme was
~1.5– to 2–fold hypersensitive to 1,4-benzoquinone and 4′Cl-2,5pQ, but displayed wild-type
sensitivity to traditional topoisomerase II poisons. The ability of 1,4-benzoquinone to inhibit
DNA ligation mediated by top2αC455A was similar to that of wild-type topoisomerase IIα.
However, the quinone induced ~3 times more clamp closure with the mutant enzyme. These
findings strongly support the hypothesis that quinones increase levels of topoisomerase II-
associated DNA strand breaks, at least in part, by blocking the N-terminal gate of the enzyme.

Since Cys455 is located in the catalytic core of topoisomerase IIα as opposed to the N-terminal
domain (61,62), it is unlikely that the residue plays a direct role in clamp closure. In this regard,
the loss of Cys455 has little effect on the rate of subunit crosslinking (data not shown).

How then does the Cys455–>Ala mutation, which removes a site for quinone adduction,
enhance the effects of quinones on the N-terminal gate of topoisomerase IIα? At least three
possibilities exist. First, Cys455 may simply represent a “non-productive sink” for quinone
adduction. This would diminish levels of compound available to modify amino acid residues
involved in clamp closure. We believe that this possibility is unlikely. If the sole role of Cys455
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in quinone action was to draw these compounds away from other residues, levels of DNA
cleavage mediated by wild-type topoisomerase IIα would eventually approach those seen with
top2αC455A as quinone concentrations reached saturation. As seen in Figure 2, this was not
the case.

Second, adduction of Cys455 may attenuate the ability of quinones to block the N-terminal
gate of topoisomerase II by a yet to be defined mechanism. Therefore, removal of the residue
would enhance the actions of quinones on clamp closure.

Third, the majority of Cys455 exists in a disulfide bridge with Cys427 (63); at any given time,
only 10 to 15% of the residue exists as a free sulfhydryl (63). The existence of the Cys427-
Cys455 disulfide bridge may impede closure of the N-terminal gate of topoisomerase IIα. In
this case, adduction of Cys455 by one quinone molecule would prevent the disulfide bridge
from reforming, thus enhancing the ability of other quinone molecules to block the N-terminal
gate. In a parallel fashion, mutation of Cys455–>Ala would prevent the formation of the
disulfide bridge and enhance clamp closing by mimicking the effects of quinone adduction.

Since top2αC455A displayed altered basal DNA cleavage activity, it is most likely that the
Cys455–>Ala mutation increases the sensitivity of topoisomerase IIα to quinones by an
allosteric mechanism such as those discussed in points two and three. However, it is not possible
to distinguish between these possibilities (or an even more complicated scenario) at the present
time. Further mechanistic and structural studies most likely will be required to address this
complex issue.

In conclusion, mutation of Cys455–>Ala in human topoisomerase IIα results in an enzyme that
is hypersensitive to quinones. The increased sensitivityof top2αC455Ato 1,4-benzoquinone
correlates with an enhanced ability of this compound to block the N-terminal gate of the protein.
These findings provide strong evidence that the effects of quinones on the N-terminal gate play
an important role in the actions of these compounds as topoisomerase II poisons.
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Figure 1.
Cys455 in human topoisomerase IIα was identified by mass spectrometry as a site of quinone
adduction. A composite of the crystal structures of the yeast catalytic core and N-terminal
domain is shown and the location of the homologous cysteine residue that is adducted in human
topoisomerase IIα is indicated by shaded circles. Adapted from Refs. (61,62).
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Figure 2.
DNA cleavage activity of wild-type human topoisomerase IIα and top2αC455A. Cleavage
activity was assessed using 0–800 nM enzyme. Assay mixtures contained wild-type enzyme
(WT, open circles) or top2αC455A (C455A, closed circles). Error bars represent the standard
deviation of at least three independent experiments.
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Figure 3.
Binding of negatively supercoiled plasmid DNA by wild-type human topoisomerase IIα and
top2αC455A. DNA Binding was assessed using 0–400 nM wild-type (WT) or mutant (C455A)
enzyme. DNA products were analyzed by gel electrophoresis and visualized by staining with
ethidium bromide. The presence of enzyme-DNA complexes is indicated by a shift in the
electrophoretic mobility of negatively supercoiled DNA. Topoisomerase II-bound DNA
exhibited a slower mobility or remained at the gel origin (Ori). The position of negatively
supercoiled plasmid (form I, FI) is indicated. Gels are typical of at least three independent
experiments.
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Figure 4.
Effects of quinones and traditional topoisomerase II poisons on the DNA cleavage activity of
wild-type human topoisomerase IIα and top2αC455A. Assay mixtures contained wild-type
topoisomerase IIα (WT, open circles) or top2αC455A (C455A, closed circles). Relative levels
of DNA cleavage are shown. For both the wild-type and mutant enzymes, the level of DNA
cleavage in the absence of topoisomerase II poisons was set to 1.0. Panel A: DNA cleavage
was assessed in the presence of 0–200 μM benzoquinone. Panel B: DNA cleavage was assessed
in the presence of 0–200 μM 4′Cl-2,5pQ. Panel C: DNA cleavage was assessed in the presence
of 0–200 μM etoposide. Panel D: DNA cleavage was assessed in the presence of 50 μM
etoposide, genistein, amsacrine, benzoquinone, or 4′Cl-2,5pQ, or 5 μM CP-115,953. Values
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represent the ratio of DNA cleavage generated by top2αC455A divided by that generated by
the wild-type enzyme. The dotted line represents equal sensitivities for the indicated compound
by both enzymes. Values below the line indicate resistance, while those above the line indicate
hypersensitivity. Error bars represent the standard deviation of at least three independent
experiments.
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Figure 5.
DNA ligation mediated by wild-type human topoisomerase IIα and top2αC455A in the absence
and presence of 1,4-benzoquinone. Samples contained wild-type topoisomerase IIα (WT, open
bars) or top2αC455A (C455A, closed bars) and were incubated at 37 °C to establish DNA
cleavage/ligation equilibria. Reactions were shifted to 0 °C for 10 s, and DNA ligation was
quantified by the loss of linear cleaved molecules. DNA cleavage/ligation equilibria were
established in the absence (None) or presence (BQ) of 100 μM 1,4-benzoquinone. Error bars
represent the standard deviation of at least three independent experiments.
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Figure 6.
Ability of quinones to close the N-terminal gate of wild-type human topoisomerase IIα (WT)
and top2αC455A (C455A). Filter binding assays were used to analyze the salt-stable closed-
clamp form of topoisomerase II. Enzyme-DNA complexes were incubated in the absence
(None, open bars) or presence (filled bars) of 100 μM 1,4-benzoquinone. Samples were applied
to glass fiber filters, and eluted by sequential washes in low salt (LS), high salt (HS), and SDS.
Eluted DNA was subjected to electrophoresis in an agarose gel. Representative gels are shown
in the inset. Salt-stable non-covalent enzyme-DNA complexes were monitored by quantifying
the amount of plasmid in the SDS wash relative to the total plasmid eluted in all three washes.
Error bars represent the standard deviation of at least three independent experiments.
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