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Abstract
(−)-Epigallocatechin gallate (EGCG) is the most abundant and biologically active polyphenol in
green tea (Camellia sinensis) leaves and many of its cellular effects are consistent with its actions
as a topoisomerase II poison. In contrast to genistein and several other related bioflavonoids that
act as interfacial poisons, EGCG was the first bioflavonoid shown to act as a covalent
topoisomerase II poison. Although studies routinely examine the effects of dietary phytochemicals
on enzyme and cellular systems, they often fail to consider that many compounds are altered
during cooking or cellular metabolism. To this point, the majority of EGCG (and related
catechins) in green tea leaves is epimerized during the brewing process. Epimerization reverses
the stereochemistry of the bond that bridges the B- and C-rings, and converts EGCG to (−)-
gallocatechin gallate (GCG). Consequently, a significant proportion of EGCG that is ingested
during the consumption of green tea is actually GCG. Therefore, the effects of GCG and related
epimerized green tea catechins on human topoisomerase IIα and IIβ were characterized. GCG
increased levels of DNA cleavage mediated by both enzyme isoforms with an activity that was
similar to that of EGCG. GCG acted primarily by inhibiting the ability of topoisomerase IIα and
IIβ to ligate cleaved DNA. Several lines of evidence indicate that GCG functions as a covalent
topoisomerase II poison that adducts the enzyme. Finally, epimerization did not affect the
reactivity of the chemical substituents (the three hydroxyl groups on the Bring) that were required
for enzyme poisoning. Thus, the activity of covalent topoisomerase II poisons appears to be less
sensitive to stereochemical changes than interfacial poisons.

INTRODUCTION
Phytochemicals are a rich source of compounds with anticancer and chemopreventive
properties.1–3 A number of these chemicals, including bioflavonoids, curcumin, and
isothionates, appear to exert at least some of their cellular effects through interactions with
topoisomerase II,4–11 an essential enzyme that regulates DNA supercoiling and removes
knots and tangles from the genetic material.12–17

Topoisomerase II-active phytochemicals alter enzyme activity by stabilizing covalent
protein-cleaved DNA complexes (i.e., cleavage complexes) that are intermediates in the
catalytic cycle of the enzyme.4–11 Because these compounds convert topoisomerase II to a
cellular toxin that generates breaks in the genome, they are referred to as topoisomerase II
poisons.14,18 This nomenclature is used to distinguish agents that increase levels of cleavage
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complexes from catalytic inhibitors, which function by impairing the overall enzymatic
activity of type II topoisomerases.

Topoisomerase II poisons act by two distinct mechanisms and are categorized as either
“interfacial” or “covalent” (previously know as redox-dependent).14,19,20 Interfacial
topoisomerase II poisons, which include a number of widely prescribed anticancer drugs and
several bioflavonoids, act at the protein-DNA interface in the vicinity of the active site
tyrosine. They form non-covalent interactions with topoisomerase II and DNA within the
ternary enzyme-DNA-poison complex.14,19,20 Most interfacial topoisomerase II poisons
intercalate into the double helix at the cleaved scissile bond and increase levels of cleavage
complexes by inhibiting the ability of the enzyme to ligate DNA.14,19,20

Covalent topoisomerase II poisons contain protein reactive groups, such as quinones (or
hydroxyl substituents that can be converted to quinones), isothiocyanates, or
maleimides.14,19,21,22 These chemicals originally were referred to as “redox-dependent
topoisomerase II poisons” because many of the initial compounds that were identified
underwent redox cycling (or oxidation/reduction reactions) as a prerequisite for activity.21,23

In contrast to interfacial compounds, covalent poisons adduct to the enzyme at amino acid
residues (usually sulfhydryl residues) outside of the active site.11,24 Consequently, their
ability to poison topoisomerase II can be abrogated by reducing agents such as dithiothreitol
(DTT) or β-mercaptoethanol.21,23,25 Although covalent topoisomerase II poisons enhance
enzyme-mediated DNA cleavage when added to the protein-DNA complex, they display the
distinguishing feature of inhibiting topoisomerase II activity when incubated with the
enzyme prior to the addition of DNA.21,23 It is notable that these latter two characteristics
are not shared by interfacial topoisomerase II poisons.

The detailed mechanism by which covalent topoisomerase II poisons affect enzyme activity
is not well understood. However, it appears to be related (at least in part) to the ability to
close the N-terminal gate of the protein.24,26,27 In support of this hypothesis, quinones are
believed to disrupt disulfide bridges that help keep the N-terminal gate of the enzyme open,
and protein adduction results in a significant increase in gate closing.24,26,27 Closure of the
N-terminal gate is known to enhance DNA bending and increase levels of DNA cleavage
when the double helix is already complexed with topoisomerase II.28,29 In contrast, gate
closure in the absence of DNA blocks the ability of plasmid molecules to enter the active
site of the enzyme.26 Thus, the effects of quinones on the N-terminal gate provide a
mechanistic basis for stabilizing pre-existing cleavage complexes (i.e., acting as a poison
when added to enzyme-DNA complexes) while excluding DNA binding to unoccupied
enzymes (i.e., acting as a catalytic inhibitor when added to topoisomerase II in the absence
of DNA).

Green tea (Camellia sinensis) is one of the most widely consumed beverages in the world
and is a rich source of bioflavonoids.1,30–33 Because of the antioxidant and reactive
properties of dietary bioflavonoids, it is believed that they provide a number of health
benefits to adults.1,30–34 To this point, green tea has been suggested to reduce the incidence
of cardiovascular disease and cancers, such as breast, prostate, colorectal, and lung, in
humans.1,30–34

(−)-Epigallocatechin gallate (EGCG) (Figure 1) is the most abundant and biologically active
polyphenol in green tea leaves, and many of the chemopreventative properties of the
beverage have been attributed to this compound.1,30–34 High concentrations of EGCG are
cytotoxic to cultured mammalian cells and can trigger genotoxic events.35–38 In addition,
this catechin inhibits cell proliferation, induces apoptosis, inhibits a number of protein
kinases, and blocks the activation of several transcription factors.30,39 EGCG also enhances
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DNA cleavage mediated by topoisomerase II and many of its cellular effects are consistent
with its actions as a topoisomerase II poison.4,8 In contrast to genistein and several related
bioflavonoids that act as interfacial poisons, EGCG was the first bioflavonoid shown to act
as a covalent topoisomerase II poison.8 The activity of EGCG against human type II
topoisomerases is dependent on the presence of the three hydroxyl groups on the B-ring
(Figure 1).8,9 Presumably, as the compound undergoes redox reactions, the phenolic B-ring
is converted to a reactive quinone.

Although studies routinely examine the effects of dietary phytochemicals on enzyme and
cellular systems, they often fail to consider that many compounds are altered during cooking
or cellular metabolism. For example, curcumin, the principal flavor and color component of
turmeric (a common spice used in curries and a variety of other Asian cuisines), has no
effect on human type II topoisomerases.40 However, the oxidative metabolites of curcumin
are potent topoisomerase II poisons.40

Although EGCG is abundant in dried green tea leaves, ~50–63% of this compound (and
related catechins) is epimerized during a 20 min brewing process.41,42 Epimerization
reverses the stereochemistry of the bond that bridges the B- and C-rings (indicated in red in
Figure 1), and converts EGCG to (−)-gallocatechin gallate (GCG).33,41,42 Consequently, a
significant proportion of EGCG that is ingested during the consumption of green tea is
actually GCG.

Therefore, the effects of GCG and related catechins on human topoisomerase IIα and IIβ
were characterized. GCG enhanced DNA cleavage mediated by both enzyme isoforms with
an activity that was similar to that of EGCG. Furthermore, GCG acted as a covalent
topoisomerase II poison and epimerization did not affect the reactivity of the chemical
substituents that are required for enzyme poisoning. Thus, the activity of covalent
topoisomerase II poisons appears to be less sensitive to stereochemical changes than
interfacial poisons.

EXPERIMENTAL PROCEDURES
Enzymes and Materials

Recombinant wild-type human topoisomerase IIα and IIβ were expressed in Saccharomyces
cerevisiae and purified as described previously.43 Negatively supercoiled pBR322 DNA was
prepared from Escherichia coli using a Plasmid Mega Kit (Qiagen) as described by the
manufacturer. EGCG, GCG, (−)-gallocatechin (GC), (−)-catechin gallate (CG), and (−)-
catechin (C) were purchased from LKT. 1,4-Benzoquinone, etoposide, and DTT were
obtained from Sigma. All compounds were prepared as 20 or 50 mM stock solutions in
100% DMSO and stored at −20 °C.

DNA Cleavage
DNA cleavage reactions were performed using the procedure of Fortune and Osheroff.44

Assay mixtures contained 150 nM topoisomerase IIα or IIβ, 7.5 nM negatively supercoiled
pBR322 DNA, 0–300 μM EGCG, GCG, GC, CG or C in 20 μL of DNA cleavage buffer [10
mM Tris-HCl, pH 7.9, 5 mM MgCl2, 100 mM KCl, 0.1 mM EDTA, and 2.5% (v/v)
glycerol]. Assay buffer contained ~2 μM residual DTT that was carried over from the
topoisomerase II storage buffer. Reactions were incubated for 6 min at 37 °C. In some cases,
0–15 min time courses were monitored. 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 a 0.8 mg/mL solution), and reaction mixtures were incubated for 30 min at 45 °C to
digest topoisomerase II. Samples were mixed with 2 μL of 60% sucrose in 10 mM Tris-HCl,

Timmel et al. Page 3

Chem Res Toxicol. Author manuscript; available in PMC 2014 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pH 7.9, 0.5% bromophenol blue, and 0.5% xylene cyanol FF, heated for 2 min at 45 °C, and
subjected to electrophoresis in 1% agarose gels in 40 mM Tris-acetate, pH 8.3, and 2 mM
EDTA containing 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.

In assays that determined whether cleaved DNA was protein-linked, proteinase K treatment
was omitted. To determine the reversibility of topoisomerase II-mediated DNA cleavage
induced by GCG, EDTA (final concentration of 18 mM) was added to reaction mixtures
prior to treatment with SDS. To examine the effects of a reducing agent on the actions of
EGCG against human topoisomerase IIα or IIβ, 500 μM dithiothreitol (DTT) was incubated
with 200 μM GCG, 25 μM 1,4-benzoquinone, or 50 μM etoposide for 5 min prior to
initiating DNA cleavage reactions. Alternatively, DTT was added to reaction mixtures for 5
min following a 6 min DNA cleavage reaction.

To examine the effects of GCG on human topoisomerase IIα or IIβ in the absence of DNA,
200 μM GCG was incubated with 150 nM enzyme for 0–10 min at 37 °C in 15 μL of DNA
cleavage buffer. Cleavage was initiated by the addition of 7.5 nM negatively supercoiled
pBR322 DNA to the reaction mixture.

To determine whether GCG-enhanced topoisomerase II-mediated DNA cleavage was
induced by the formation of DNA lesions, 200 μM GCG was incubated with 7.5 nM
negatively supercoiled pBR322 DNA for 5 min at 37 °C in DNA cleavage buffer. The
mixture was passed through a Bio-spin 6 column to remove the bioflavonoid and isolate the
DNA. Cleavage was initiated by adding 150 nM enzyme to the DNA-containing reaction
mixture in the absence or presence of an additional 200 μM GCG. Samples were incubated
for 6 min at 37 °C and were processed and analyzed as described above.

Ligation of Cleaved DNA by Human Topoisomerase II
DNA ligation mediated by human topoisomerase IIα or IIβ was monitored according to the
procedure of Byl et al.45 DNA cleavage/ligation equilibria were established for 10 min at 37
°C as described above for DNA cleavage assays in the absence of compound or in the
presence of 200 μM GCG. DNA ligation was initiated by shifting samples from 37 to 0 °C.
The shift to low temperature allows enzyme-mediated ligation but prevents new rounds of
DNA cleavage from occurring. Thus, it results in a unidirectional sealing of the cleaved
DNA. Reactions were stopped at time points up to 40 s by the addition of 2 μL of 5% SDS
followed by 1 μL of 375 mM EDTA, pH 8.0. Samples were processed and analyzed as
above. Ligation was monitored by the loss of linear DNA.

RESULTS AND DISCUSSION
Enhancement of Topoisomerase II-mediated DNA Cleavage by GCG

EGCG represents ~40–60% of the bioflavonoids in green tea leaves. However, the majority
of the compound is converted to GCG during the brewing process (Figure 1).41,42 The only
difference between EGCG and GCG is an epimerization of the bond (in red) that bridges the
B- and C-rings. The Bring houses the three hydroxyl groups that are essential to the actions
of EGCG as a topoisomerase II poison.8,9 Therefore, this epimerization has the potential to
alter the spatial orientation of the B-ring and, hence, the activity of the bioflavonoid against
the type II enzyme.

A number of studies have examined the effects of “minor” structural changes on the
activities of interfacial topoisomerase II poisons. In some cases, movement of a single
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oxygen atom in etoposide or methoxy group in amsacrine by even one carbon can have
major consequences and abolish activity.46,47 In other cases, the change in stereochemistry
about a single bond in etoposide or in a tricyclic quinolone completely eliminates drug
activity or even converts the interfacial poison into a catalytic inhibitor of topoisomerase
II.48,49

Corresponding stereochemistry studies with covalent topoisomerase II poisons have not
been performed. Therefore, the effects of GCG on DNA cleavage mediated by human
topoisomerase IIα and IIβ were examined (Figure 2). GCG increased levels of scission with
both isoforms (~6- and 9-fold, respectively) over a wide range of concentrations. Results
were similar to those seen with EGCG.

A series of control reactions was carried out to ensure that the DNA cleavage enhancement
observed with GCG was mediated by topoisomerase II (Figure 3). No GCG-induced DNA
scission was seen in the absence of enzyme. Furthermore, in the absence of proteinase K, the
linear DNA band disappeared and was replaced by a band that remained at the origin of the
gel. This latter experiment demonstrates that cleaved plasmids are covalently linked to the
type II enzymes. Finally, with both topoisomerase IIα and IIβ, GCG-induced cleavage was
reversed when reactions were incubated with EDTA (which chelates the essential active site
Mg2+ ions and blocks re-cleavage of the DNA following ligation) prior to trapping cleavage
complexes with SDS. This reversibility is inconsistent with an enzyme-independent
reaction.

The DNA cleavage and ligation reactions of topoisomerase II exist in a tightly coupled
equilibrium.12–14,16,17,50 Most interfacial topoisomerase II poisons, such as etoposide,
increase levels of cleavage complexes primarily by inhibiting the DNA ligation activity of
the enzyme.14,50,51 In contrast, bioflavonoid-based topoisomerase II poisons have variable
effects on DNA ligation, ranging from modest (suggesting that the compound affects both
the cleavage and ligation reactions) to strong.6,8 As seen in Figure 4, GCG strongly inhibits
the ability of topoisomerase IIα and IIβ to ligate cleaved DNA.

GCG Is a Covalent Topoisomerase II Poison
GCG contains the same trihydroxy-B-ring that is critical for the actions of EGCG as a
covalent topoisomerase II poison.6,8 In addition, GCG contains the same non-aromatic C-
ring, which precludes binding in the protein-DNA pocket used by genistein and other
interfacial topoisomerase II poisons.9 Thus, it is likely that GCG functions as a covalent
topoisomerase II poison. However, several experiments were carried out to address this
critical mechanistic issue.

First, the effect of DTT on GCG activity was determined. This reducing agent should block
the ability of the trihydroxy-B-ring to be converted to a quinone via redox cycling.
Alternatively, if a quinone is formed, DTT could interact with the compound and deplete it
from the reaction mixture. Thus, if GCG acts as a covalent poison, DTT should abrogate its
ability to enhance topoisomerase II-mediated DNA cleavage. Time courses for GCG-
induced DNA cleavage by topoisomerase IIα and IIβ in the absence and presence of DTT
are shown in Figure 5. No DNA cleavage enhancement was seen for either enzyme isoform
when reaction mixtures contained a molar excess of DTT over GCG. A similar lack of DNA
cleavage enhancement was observed when 1,4-benzoquinone (a prototypical covalent
topoisomerase II poison)23 was added to the DNA cleavage complex in the presence of DTT
(Figure 6, top panels). In a parallel experiment with etoposide (an interfacial topoisomerase
II poison), DTT did not affect levels of DNA cleavage (Figure 6, top panels).
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Second, once covalent topoisomerase II poisons form protein adducts, their oxidation state
appears to be irrelevant.23 As a result, if a reducing agent is added to assay mixtures after
DNA cleavage-ligation equilibria have been established in the presence of a covalent poison,
they are unable to reverse the cleavage enhancement.23 As seen in Figure 6 (bottom panels)
DTT had no effect on DNA cleavage once GCG-topoisomerase II adducts were formed.
Similar results were seen with 1,4-benzoquinone.

Third, in contrast to interfacial topoisomerase II poisons, covalent poisons inactivate enzyme
function when they are incubated with topoisomerase II prior to the addition of DNA.21,23

When GCG was added to reaction mixtures that contained topoisomerase IIα or IIβ before
the addition of plasmid, levels of cleavage dropped to zero within 3–5 min, with t1/2 values
of less than 1 min (Figure 7).

Taken together, the data shown in Figures 5–7 provide strong evidence that GCG acts as a
covalent topoisomerase II poison.

Finally, activated polyphenols can adduct a variety of biomolecules, including DNA bases.52

A number of studies have demonstrated that covalent DNA adducts are capable of acting as
topoisomerase II poisons.53–56 Therefore, we determined whether any portion of the DNA
cleavage enhancement induced by GCG was due to the adduction of DNA. To this end, the
plasmid substrate was incubated with 200 μM GCG for 5 min, the catechin was removed by
exclusion chromatography, and the purified DNA was incubated with topoisomerase IIα or
IIβ (Figure 8). No changes in the levels of baseline DNA cleavage were observed.
Moreover, DNA scission remained responsive to the further addition of 200 μM GCG in
cleavage assays. These results indicate that the ability of GCG to enhance topoisomerase II-
mediated DNA cleavage is not due to an adduction of the DNA substrate.

Effects of Epimerization on the Activity of Other Green Tea Catechins on Topoisomerase
II-Mediated DNA Cleavage

In addition to EGCG, green tea leaves contain three other major catechins, (−)-
epigallocatechin (EGC), (−)-epicatechin gallate (ECG), and (−)-epicatechin (EC).1,30–33

EGC acts as a covalent topoisomerase II poison, but ECG and EC do not induce
topoisomerase II-mediated DNA cleavage.6,8 These findings indicate that the presence of
the third hydroxyl moiety on the B-ring is essential to catechin activity against the type II
enzymes, but that the D-ring is dispensable for activity.8,9

During the brewing process, EGC, ECG, and EC are epimerized to GC, CG, and C. (see
Figure 1).41,42 Therefore, the effects of these latter compounds on DNA cleavage mediated
by topoisomerase IIα and IIβ were assessed to determine whether the “rules” for catechin
activity still apply following epimerization (Figure 9). GC (which contains three B-ring
hydroxyl groups but lacks the D-ring) displayed activity similar to that of GCG against both
enzyme isoforms. In control experiments, GC-induced DNA cleavage was abrogated by the
addition of DTT (data not shown), indicating that it also is a covalent topoisomerase II
poison. In contrast, CG and C (which contain only two hydroxyl groups on the B-ring)
showed no ability to induce DNA cleavage. These results indicate that the same “rules” for
the activity of green tea catechins against topoisomerase II appear apply to the epimerized
compounds.

SUMMARY
Dietary phytochemicals are routinely assessed for their abilities to alter cellular and purified
systems. However, many studies do not take into account the fact that phytochemicals often
are altered by cooking processes or by cellular metabolism. Our findings indicate that
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brewing, which epimerizes green tea catechins, has little effect on the ability of these
compounds to function as covalent topoisomerase II poisons. Furthermore, results suggest
(at least in the case of green tea catechins) that covalent poisons display greater structural
latitude in their abilities to alter the activity of type II topoisomerases.
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ABBREVIATIONS

EGCG (−)-Epigallocatechin gallate

EGC (−)-epigallocatechin

ECG (−)-epicatechin gallate

EC (−)-epicatechin

GCG (−)-gallocatechin gallate

GC (−)-gallocatechin

CG (−)-catechin gallate

C (−)-catechin

DTT dithiothreitol
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Figure 1.
Brewing epimerizes EGCG to GCG. The structures of additional epimerized green tea
catechins (GC, CG, and C) formed during brewing are shown. The bond (shown in red) that
changes orientation during brewing bridges the B- and C-rings. The three hydroxyl groups
on the B-ring that are essential for activity as a covalent topoisomerase II poison are
highlighted in blue.
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Figure 2.
GCG enhances DNA cleavage mediated by human topoisomerase IIα (hTIIα; left) and
IIβ(hTIIβ; right) with an activity that is similar to that of its epimer, EGCG. DNA cleavage
reactions were carried out in the presence of 0–300 μM EGCG (open circles) or GCG
(closed circles). Levels of DNA cleavage were quantified from the band of linear DNA and
expressed relative to reactions carried out in the absence of catechin. Error bars represent
standard deviations for three or four independent experiments. Representative agarose gels
of DNA cleavage reactions carried out in the presence GCG are shown at the top for the
respective topoisomerase II isoform. FI represents negatively supercoiled circular DNA, FII
represents nicked DNA, and FIII represents linear DNA.
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Figure 3.
GCG-induced DNA cleavage is mediated by topoisomerase II. Data for human
topoisomerase IIα (hTIIα; left) and IIβ(hTIIβ; right) are shown. DNA cleavage control
reactions were carried out in the absence of catechin (hTIIα or hTIIβ) or in the presence of
200 μM GCG but in the absence of enzyme (GCG). All other reactions contained
topoisomerase II and 200 μM GCG. DNA cleavage reactions were terminated by the
addition of SDS (SDS). To determine whether cleaved DNA was protein-linked, proteinase
K treatment was omitted (-ProK). The reversibility of DNA cleavage was examined by
adding EDTA prior to SDS (EDTA). The level of DNA cleavage in the absence of GCG was
set to 1 and all other reactions were expressed relative to that value. Error bars represent
standard deviations for three independent experiments.
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Figure 4.
GCG inhibits topoisomerase II-mediated DNA ligation. Data for DNA ligation mediated by
human topoisomerase IIα (hTIIα; left) and IIβ(hTIIβ; right) are shown. Reactions were
carried out in the absence (open circles) or presence (closed circles) of 200 μM GCG.
Ligation is expressed as the percent loss of linear DNA. Levels of cleaved DNA at the start
of the reaction were set to 100%. Error bars represent standard deviations for three
independent experiments.
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Figure 5.
GCG is a covalent topoisomerase II poison. Time courses for DNA cleavage mediated by
human topoisomerase IIα (hTIIα; left) and IIβ(hTIIβ; right) are shown. Reactions were
carried out in the absence (closed circles) or presence (open circles) of 500 μM DTT. DNA
cleavage values were quantified relative to reactions carried out in the absence of GCG for 6
min. Error bars represent the standard deviations for three independent experiments.
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Figure 6.
GCG is a covalent topoisomerase II poison. DNA cleavage data is shown for human
topoisomerase IIα (hTIIα; left) and IIβ(hTIIβ; right). Reactions were carried out in the
absence (open bars) or presence (closed bars) of 500 μM DTT. Assays in the top panels
(Pre) included DTT in reactions mixtures. Assays in the bottom panels (Post) included DTT,
but the reducing agent was not added to the reaction mixtures until DNA cleavage-ligation
equilibria were established after 5 min. Reactions were carried out in the absence of drug
(No Drug) or in the presence of 200 μM GCG (GCG), 50 μM etoposide (Etop), or 25 μM
1,4-benzoquinone (BQ). Error bars represent standard deviations for three independent
experiments.
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Figure 7.
GCG inactivates DNA cleavage mediated by human topoisomerase IIα (hTIIα; left) and
IIβ(hTIIβ; right) when incubated with the enzyme prior to the addition of DNA. Error bars
represent standard deviations for three independent experiments.
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Figure 8.
GCG does not enhance DNA cleavage mediated by human topoisomerase IIα (hTIIα; left)
and IIβ(hTIIβ; right) by adducting DNA. DNA was incubated in the absence (open bars) or
presence (closed bars) of 200 μM GCG for 5 min, centrifuged through a spin column to
remove the bioflavonoid, and then used in DNA cleavage reactions. DNA cleavage was
carried out in the absence (No Drug) or presence (GCG) of 200 μM GCG. Error bars
represent standard deviations for three or four independent experiments.
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Figure 9.
GC (open circles), but not CG (closed squares) or C (open squares), enhances DNA
cleavage mediated by human topoisomerase IIα (hTIIα; left) and IIβ(hTIIβ; right). Data for
GCG (closed circles) are shown for comparison. Levels of DNA cleavage were quantified
from the band of linear DNA and expressed relative to reactions carried out in the absence
of catechin. Error bars represent standard deviations for three independent experiments.
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