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Abstract
Bioflavonoids are human dietary components that have been linked to the prevention of cancer in
adults and the generation of specific types of leukemia in infants. While these compounds have a
broad range of cellular activities, many of their genotoxic effects have been attributed to their actions
as topoisomerase II poisons. However, the activities of bioflavonoids against the individual isoforms
of human topoisomerase II have not been analyzed. Therefore, we characterized the activity and
mechanism of three major classes of bioflavonoids, flavones, flavonols, and isoflavones, against
human topoisomerase IIα and IIβ. Genistein was the most active bioflavonoid tested, and stimulated
enzyme-mediated DNA cleavage ~10–fold. Generally, compounds were more active against
topoisomerase IIβ. DNA cleavage with both enzyme isoforms required a 5-OH and a 4′-OH and was
enhanced by the presence of additional hydroxyl groups on the pendant ring. Competition DNA
cleavage and topoisomerase II binding studies indicate that the 5-OH group plays an important role
in mediating genistein binding, while the 4′-OH moiety contributes primarily to bioflavonoid
function. Bioflavonoids do not require redox cycling for activity and function primarily by inhibiting
enzyme-mediated DNA ligation. Mutagenesis studies suggest that the TOPRIM region of
topoisomerase II plays a role in genistein binding. Finally, flavones, flavonols, and isoflavones with
activity against purified topoisomerase IIα and IIβ enhanced DNA cleavage by both isoforms in
human CEM leukemia cells. These data support the hypothesis that bioflavonoids function as
topoisomerase II poisons in humans and provide a framework for further analysis of these important
dietary components.

Bioflavonoids (i.e., phytoestrogens) are a diverse group of polyphenolic compounds that are
constituents of many fruits, vegetables, legumes, and plant leaves (1–6). They are an integral
component of the human diet and represent the most abundant natural source of antioxidants
(1–4,6–8).

It is believed that the dietary intake of bioflavonoids provides a number of health benefits to
adults (1–6,9–12). Epidemiological studies suggest that these compounds help protect against
cancer, cardiovascular disease, osteoporosis, age-related diseases, and inflammation (1–6,9–
12). Despite the beneficial effects of bioflavonoids, they also display cytotoxic and genotoxic
properties. To this point, the ingestion of these compounds by pregnant women has been linked
to the development of specific types of infant leukemia (13–17). The majority of these
leukemias feature aberrations involving the mixed lineage leukemia gene (MLL) at
chromosomal band 11q23 (13,14,16,17).
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The mechanistic basis for the physiological actions of bioflavonoids is not known, as they have
a variety of effects on human cells. Beyond their antioxidant properties, many of these
polyphenols are potent inhibitors of tyrosine kinases (5,18–23), act as either agonists or
antagonists of estrogen receptors, or alter sex hormone production and metabolism (1,11,24–
27). Furthermore, bioflavonoids display anti-proliferative and pro-apoptotic affects, decrease
the expression or function of several proteins that are involved in cell-cycle progression, and
inhibit both the NF-κB and Akt signaling pathways (5,6,11,28–30). Finally, a number of these
compounds are potent topoisomerase II poisons (16,31,32). It has been suggested that at least
some of the cellular effects of polyphenols, including their clastogenic properties, are mediated
through effects on topoisomerase II (13,15,16). To this point, the sensitivity of cells to the
isoflavone genistein has been correlated to the activity of the type II enzyme (33).

Type II topoisomerases are ubiquitous enzymes that remove knots and tangles from the genetic
material and are required for a number of critical nuclear processes (34–40). Humans encode
two isoforms of topoisomerase II, α and β (34–42). While these two isoforms display similar
enzymological properties, they differ significantly in their physiology and cellular functions.
Topoisomerase IIα is essential to the survival of all proliferating cells (36,37,43–47). Levels
of the protein increase dramatically during periods of growth and are regulated over the cell
cycle, peaking at G2/M (36,37,43–47). The α isoform plays important roles in DNA processes
related to proliferation, and is required for DNA replication and chromosome segregation
(36,37,43–47). In contrast, the physiological roles of topoisomerase IIβ are poorly understood.
Expression of this isoform is independent of proliferative status or the cell cycle, and the protein
appears to be present in all tissue types (35,36,45,48). Despite its wide tissue distribution,
topoisomerase IIβ is not essential at the cellular level and cells that lack the protein show no
known phenotype (49–51). However, mice that are genetically deficient in this isoform suffer
severe neurological abnormalities during embryogenesis (51).

Type II topoisomerases modulate the topological state of DNA by generating transient double-
stranded breaks in the backbone of the genetic material (36–40,52,53). To maintain genomic
integrity during this cleavage event, the enzyme forms covalent bonds between active site
tyrosyl residues and the 5′-DNA termini created by scission of the double helix (54–56). These
covalent topoisomerase II-cleaved DNA intermediates are known as cleavage complexes.
Under normal conditions, they are present at low equilibrium levels and are tolerated by the
cell. However, conditions that significantly increase the concentration of cleavage complexes
generate permanent DNA strand breaks that trigger illegitimate recombination, chromosomal
aberrations, sister chromatid exchange, and cell death pathways (37,40,57–63).

Agents that increase the concentration of topoisomerase II-DNA cleavage complexes are called
topoisomerase II poisons (37,63–66). A variety of important anticancer drugs, such as
etoposide and doxorubicin, kill cells by acting as topoisomerase II poisons (37,63–67). Despite
the importance of these compounds in cancer chemotherapy, ~2–3% of patients that are treated
with regimens that include topoisomerase II-targeted agents eventually develop secondary
leukemias (58,61,66,68–71). Like the infant leukemias, these drug-related malignancies are
characterized by rearrangements in the MLL gene (58,61,68–71). Agents such as etoposide
display potent activity against both topoisomerase IIα and IIβ in vitro and in human cells
(72–74), but the relative contributions of the two enzyme isoforms to either the therapeutic or
leukemogenic properties of these drugs are not known.

Although bioflavonoids impact human health by a variety of processes, many of their
chemopreventative, cytotoxic, and genotoxic properties are consistent with their activity as
topoisomerase II poisons. Therefore, the present study more fully defined the activity and
mechanism of action of three major classes of bioflavonoids, flavones, flavonols, and
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isoflavones, against human topoisomerase IIα and IIβ. Results provide novel insight into the
mechanistic basis for the actions of these compounds.

EXPERIMENTAL PROCEDURES
Enzymes and Materials

Recombinant wild-type human topoisomerase IIα, IIβ, and htop2αG474A were expressed in
Saccharomyces cerevisiae and purified as described previously (75–77). Negatively
supercoiled pBR322 DNA was prepared from Escherichia coli using a Plasmid Mega Kit
(Qiagen) as described by the manufacturer. Genistein was purchased from ICN. Chrysin,
fisetin, galangin, and etoposide were purchased from Sigma. Luteolin, apigenin, diosmetin,
myricetin, quercetin, kaempferol, isorhamnetin, daidzein, and biochanin A were obtained from
LKT Laboratories. [γ-32P]ATP (~6000 Ci/mmol) and [14C]genistein (~16 mCi/mmol) were
purchased from ICN and Moravek Biochemicals, respectively. All bioflavonoids and drugs
were prepared as 20 mM stocks in 100% DMSO. Bioflavonoid stocks were stored at −20 °C,
and etoposide was stored at 4 °C.

Generation of the G474A Mutant of Human Topoisomerase IIα
The G474A mutant of human topoisomerase IIα (htop2αG474A) was generated by cloning a
SalI-KpnI fragment of YEpWob6 (78) that encoded the N-terminus of the human enzyme into
pUC18. Site-directed mutagenesis was performed using the QuikChange II PCR site-directed
mutagenesis kit (Stratagene). The sequence of the forward and reverse primers used to generate
the G474A mutation were
GGCTGTTTCAGGCCTTGCAGTGGTTGGGAGAGACAAATATGGGG and
CCCATATTTGTCTCTCCCAACCACTGCAAGGCCTGAAACAGC, respectively. The
mutagenized sequence is underlined. Mutations were verified by sequencing and the SalI-KpnI
fragment was cloned back into YEpWob6. htop2αG474A was purified as described above.

Cleavage of Plasmid DNA
DNA cleavage reactions were carried out using the procedure of Fortune and Osheroff (79).
Assay mixtures contained 220 nM topoisomerase IIα or IIβ, 10 nM negatively supercoiled
pBR322 DNA, and 0–200 μM bioflavonoid or etoposide 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].
DNA cleavage mixtures were incubated for 6 min at 37 °C, and 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, 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 reactions that determined whether DNA cleavage by human topoisomerase IIα or IIβ was
reversible, EDTA (final concentration of 18 mM) was added prior to treatment with SDS. To
determine whether cleaved DNA was protein-linked, proteinase K treatment was omitted. To
examine the effects of a reducing agent on the actions of genistein against topoisomerase IIα
and IIβ, 0.5 mM DTT was incubated with 50 μM genistein for ~5 min prior to initiation of the
cleavage reaction.
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To assess the effects of genistein on human topoisomerase IIα and IIβ in the absence of DNA,
50 μM genistein was incubated with the enzyme for ~5 min at 37 °C in 15 μL of DNA cleavage
buffer. Cleavage was initiated by adding 10 nM negatively supercoiled pBR322 DNA to the
reaction mixture. The final concentrations of topoisomerase II and plasmid molecules were
220 nM and 10 nM, respectively.

To determine the ability of daidzein, biochanin A, and chrysin to compete with genistein, DNA
cleavage reactions with human topoisomerase IIα or IIβ were performed in the presence of 50
μM genistein and 0–500 μM of bioflavonoid. Competition was quantified by the loss of
genistein-induced linear DNA molecules.

DNA Cleavage Site Utilization
DNA cleavage sites were mapped using a modification of the procedure of O’Reilly and
Kreuzer (80). A linear 4330 bp fragment (HindIII/EcoRI) of pBR322 plasmid DNA singly
labeled with 32P on the 5′-terminus of the HindIII site was used as the cleavage substrate. The
pBR322 DNA substrate was linearized by treatment with HindIII. Terminal 5′-phosphates were
removed by treatment with calf intestinal alkaline phosphatase and replaced with [32P]
phosphate using T4 polynucleotide kinase and [γ-32P]ATP. The DNA was treated with EcoRI,
and the 4330 bp singly end labeled fragment was purified from the small EcoRI-HindIII
fragment by passage through a CHROMA SPIN+TE-100 column (Clontech). Reaction
mixtures contained 0.7 nM labeled pBR322 DNA substrate and 90 nM human topoisomerase
IIα or IIβ in 50 μL of DNA cleavage buffer. Assays were carried out in the absence of
compound, or in the presence of 25 μM etoposide or 50 μM bioflavonoid. Reactions were
initiated by the addition of the enzyme and were incubated for 6 min (topoisomerase IIα) or
0.5 min (topoisomerase IIβ) at 37 °C. Cleavage intermediates were trapped by adding 5 μL of
5% SDS followed by 3.75 μL of 250 mM EDTA, pH 8.0. Topoisomerase II was digested with
proteinase K (5 μL of a 0.8 mg/mL solution) for 30 min at 45 °C. DNA products were
precipitated twice in 100% ethanol, washed in 70% ethanol, dried, and resuspended in 6 μL of
40% formamide, 10 mM NaOH, 0.02% xylene cyanol FF, and 0.02% bromophenol blue.
Samples were subjected to electrophoresis in a denaturing 6% polyacrylamide sequencing gel
100 mM Tris-borate, pH 8.3, and 2 mM EDTA. The gel was fixed in a 10% methanol/10%
acetic acid mixture for 2 min and dried. DNA cleavage products were analyzed on a Bio-Rad
Molecular Imager FX.

Ligation of Cleaved Plasmid DNA by Human Topoisomerase II
DNA ligation mediated by human topoisomerase IIα or IIβ was monitored according to the
procedure of Byl et al. (81). DNA cleavage-ligation equilibria were established for 6 min at
37 °C as described above in the presence of 50 μM bioflavonoid or 50 μM etoposide. Ligation
was initiated by shifting samples from 37 to 0 °C. Reactions were stopped at time points up to
20 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.

Nitrocellulose Filter Binding
Topoisomerase II-bioflavonoid competition binding studies were performed using the
procedure of Kingma and Osheroff (82). Nitrocellulose membranes (0.45 μm HA; Millipore)
were soaked in binding buffer [10 mM Tris-HCl, pH 7.9, 0.1 mM EDTA, and 2.5% (v/v)
glycerol] for 10 min. Reaction mixtures contained 25 μM [14C]genistein, 1.6 μM enzyme, and
0–250 μM daidzein, biochanin A, or chrysin in a total of 60 μL of binding buffer. Samples
were incubated for 6 min at 37 °C and applied to the nitrocellulose membranes in vacuo. Filters
were immediately washed three times with 1 mL of ice-cold binding buffer, dried, and
submerged in 8 mL of scintillation fluid (Econo-Safe; Research Products International).
Radioactivity remaining on the membranes was quantified using a Beckman LS 5000 TD
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scintillation counter. The amount of radioactive genistein remaining on the filter in the absence
of enzyme was subtracted prior to binding calculations.

Formation of Topoisomerase II-DNA Cleavage Complexes in Cultured Human Cells
Human CEM leukemia cells were cultured under 5% CO2 at 37 °C in RPMI 1640 medium
(Cellgro by Mediatch, Inc.), containing 10% heat-inactivated fetal calf serum (Hyclone) and
2 mM glutamine (Cellgro by Mediatech, Inc.). The in vivo complex of enzyme (ICE) bioassay
(as modified on the TopoGen, Inc. website) (83,84) was utilized to determine the ability of
selected bioflavonoids to increase levels of topoisomerase II-DNA cleavage complexes in
treated cells. Exponentially growing cultures were treated with 50 μM bioflavonoid or
etoposide for 1 h. Cells (~ 5 × 106) were harvested by centrifugation and lysed by the immediate
addition of 3 mL of 1% sarkosyl. Following gentle homogenization in a dounce homogenizer,
cell lysates were layered onto a 2 mL cushion of CsCl (1.5 g/mL) and centrifuged at 45000
rpm for 15 h at 20 °C. DNA pellets were isolated, resuspended in 5 mM Tris-HCl, pH 8.0, and
0.5 mM EDTA, normalized for the amount of DNA present, and blotted onto nitrocellulose
membranes using a Schleicher and Schuell slot blot apparatus. Covalent complexes formed
between human topoisomerase IIα or IIβ and DNA were detected using a polyclonal antibody
directed against either human topoisomerase IIα or IIβ (Abcam), respectively, at a 1:2000
dilution.

ICE bioassays were used to assess the effects of biochanin A and daizein on the ability of
genistein to increase levels of topoisomerase II-DNA cleavage complexes in human CEM cells.
Cultures were treated with 25 or 50 μM genistein in the presence of 250 or 500 μM biochanin
A or daidzein, respectively. Competition was quantified by the reduction of genistein-induced
topoisomerase II-DNA cleavage complexes.

RESULTS AND DISCUSSION
Bioflavonoids Enhance DNA Cleavage Mediated by Human Topoisomerase IIα and IIβ

Bioflavonoids increase levels of DNA cleavage mediated by purified calf thymus and
Drosophila topoisomerase II, and by human nuclear extracts supplemented with human
topoisomerase II. (16,32,85–87) [The calf thymus and human topoisomerase II used for these
studies were not isoform specific. These enzymes were isolated from natural sources,
presumably as a mixture of the α and β isoforms. Drosophila encodes only a single type II
topoisomerase (40).] Furthermore, treatment of cultured human cells with flavones, flavonols,
or isoflavones has been shown to generate DNA strand breaks and induce cleavage within the
breakpoint cluster region of the MLL gene (16,88,89).

It should be noted that the sensitivity of topoisomerase II to bioflavonoids is species specific.
Although genistein is the most active bioflavonoid against the type II enzymes listed above,
yeast topoisomerase II is refractory to the compound.

Despite the impact of bioflavonoids on human health, the effects of these compounds on the
individual isoforms of human topoisomerase II and the mechanistic basis for their actions have
not been characterized. As a first step toward this end, the ability of several flavones, flavonols,
and isoflavones to enhance DNA cleavage mediated by human topoisomerase IIα and IIβ was
assessed. The bioflavonoids utilized for these studies are shown in Figure 1.

As seen in Figure 2, genistein enhanced DNA cleavage mediated by human topoisomerase
IIα and IIβ. Scission was reversed when EDTA was added to reaction mixtures before cleavage
complexes were trapped by SDS. This reversibility is inconsistent with a non-enzymatic
reaction. In addition, the electrophoretic mobility of the cleaved DNA (i.e., the linear band)
was dramatically reduced in the absence of proteinase K treatment, indicating that all of the
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cleaved plasmid molecules were covalently attached to either topoisomerase IIα or IIβ. Taken
together, these findings provide strong evidence that bioflavonoids increase DNA cleavage
through an enzyme-mediated reaction.

Several of the bioflavonoids tested enhanced DNA scission mediated by both human
topoisomerase II isoforms (Figure 3). None of the bioflavonoids cleaved DNA in the absence
of enzyme (not shown). The compounds utilized generated a wide range of topoisomerase II-
mediated DNA cleavage. Complete titrations were carried out with each compound (see inset
for a titration with genistein). A summary of data obtained with 50 μM bioflavonoid is shown.
This concentration represented the maximum level of cleavage for most of the compounds
tested. The only major exception was genistein, which plateaued at ~100–200 μM.

Whereas some compounds such as galangin had virtually no effect on DNA scission, others
such as luteolin, kaempferol, quercetin, myricetin, and genistein enhanced cleavage several–
fold. Three conclusions can be drawn from the data shown in Figure 3. First, bioflavonoids in
all three classes that enhanced DNA cleavage generally had a substantially larger effect on
topoisomerase IIβ than they did on topoisomerase IIα. In these cases, enhancement of cleavage
was ~1.5– to 2–fold higher with the β isoform. Second, as proposed previously with mixed
populations of mammalian type II topoisomerases (16,32,87), the presence of a hydroxyl
moiety at the 5- or 4′-position greatly contributes to the enhancement of enzyme-mediated
DNA cleavage. For example, substitution of the 5-OH with a hydrogen (daidzen) or the 4′-OH
with a methoxy group (biochanin A) abrogates the activity of genistein. It is notable, however,
that the requirement for these hydroxyl groups is not absolute. Fisetin (which lacks the 5-OH)
and diosmetin (which lacks the 5-OH and contains a methoxy group in the 4′-position) both
induce moderate levels of DNA cleavage. Third, the presence of additional hydroxyl moieties
on the pendant ring (B-ring) at the 3′- and/or 5′-positions enhances bioflavonoid activity,
especially against topoisomerase IIβ.

The ability of selected bioflavonoids to enhance topoisomerase II-mediated DNA scission also
was examined using end-labeled linear plasmid molecules (Figure 4). This allows sites of DNA
cleavage to be monitored. High levels of DNA cleavage were observed for those bioflavonoids
that displayed activity with negatively supercoiled plasmid (compare with Figure 3). In
contrast, no appreciable cleavage was seen with daidzein, which displayed little activity with
negatively supercoiled molecules. Equivalent cleavage maps were observed for the flavones
and flavonols with both topoisomerase IIα and IIβ, suggesting that these compounds interact
in a similar fashion within the ternary enzyme-DNA-bioflavonoid complex.

Sites of DNA cleavage observed in the presence of flavones and flavonols differed significantly
from those seen for etoposide and were predominantly those generated by the enzyme isoforms
in the absence of drugs.1 This further suggests that these bioflavonoids do not significantly
alter the specificity of either topoisomerase IIα or IIβ. Slightly different results were seen with
genistein, whose DNA cleavage pattern included several strong sites of action in addition to
those observed with the flavones and flavonols. This finding implies that there may be subtle,
but important differences in the spatial geometry of isoflavones within the ternary complex as
compared to the other classes of bioflavonoids.

1Products of DNA cleavage reactions shown in Figure 4 were analyzed on denaturing polyacrylamide gels. Therefore, both single- and
double-stranded breaks were monitored by this assay. Etoposide generates high levels of single-stranded DNA breaks in addition to
double-stranded breaks (90). As a result, the total level of cleavage products generated in the presence of etoposide is greater than that
seen in reactions that contained genistein, despite the fact that both agents induce similar levels of double-stranded DNA breaks (see
Figure 3).
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Role of the 5-OH and 4′-OH Groups in Mediating Isoflavone Activity
As discussed above, earlier studies (as well as Figure 3) point to the importance of the 5-OH
and 4′-OH groups (16,32,87). However, their roles in mediating the activity of bioflavonoids
have not been determined. Since genistein displayed the greatest activity against human
topoisomerase II, competition studies were carried out to determine whether these groups
contribute primarily to genistein binding or function.

In a first set of experiments, the ability of daidzein (which lacks the 5-OH) and biochanin A
(which contains a 4′-methoxyl in place of the hydroxyl) to inhibit DNA cleavage induced by
50 μM genistein was assessed. Similar results were found for both human topoisomerase II
isoforms (Figure 5). Even at a concentration of 500 μM, daidzein showed no significant ability
to inhibit the actions of genistein. This finding indicates that the 5-OH moiety plays an
important role in isoflavone binding within the ternary complex.

The ability of biochanin A to complete with genistein was somewhat improved as compared
to daidzein. Substitution of a methoxyl group for the 4′-OH was not as debilitating as the
absence of the 5-OH. Unfortunately, it was not possible to use an isoflavone lacking the 4′-OH
for this study, as none was available. However, to explore the role of the 4′-OH more fully, a
parallel competition study was performed using chrysin. This compound is the flavone
equivalent of genistein, but lacks the 4′-OH moiety.

Chrysin inhibited genistein-induced DNA cleavage slightly better than did either isoflavone
(Figure 5). The fact that alterations at the 4′-OH decreased bioflavonoid-induced DNA cleavage
to a similar extent as the loss of the 5-OH (see Figure 3) but allowed greater competition with
genistein suggests that the 4′-OH plays a role in mediating bioflavonoid function beyond
enzyme binding.

To further define the contributions of the 5-OH and 4′-OH moieties to isoflavone binding and
function, the ability of daidzein, biochanin A, and chrysin to compete for [14C]genistein
binding to human topoisomerase IIα was determined (Figure 6). Consistent with the DNA
cleavage competition studies, chrysin competed the best followed by biochanin A then
daidzein. These findings indicate that the 5-OH plays a more important role than the 4′-OH in
mediating genistein binding to topoisomerase II and implies that the 4′-OH plays a significant
functional role beyond any contribution to genistein-enzyme binding.

It is notable that two other potent topoisomerase II poisons, etoposide and the quinolone
CP-115,953, both contain pendant rings that feature 4′-OH moieties. Furthermore, in both
cases, the 4′-OH groups are essential for drug action (91,92). Thus, this group may play
equivalent roles across a spectrum of topoisomerase II poisons.

Mechanistic Basis for Bioflavonoid-Induced Enhancement of DNA Cleavage Mediated by
Topoisomerase II

Topoisomerase II poisons act by two non-mutually exclusive mechanisms. Agents such as
etoposide act primarily by inhibiting the ability of the enzyme to ligate cleaved nucleic acids
(37,63,66,93). Conversely, topoisomerase II poisons such as quinolones and a basic sites have
little or no effect on rates of ligation. Thus, they are presumed to act primarily by stimulating
the forward rate of enzyme-mediated DNA scission (37,40,63,66,94–98).

A previous study using Drosophila topoisomerase II suggested that genistein acted primarily
by increasing rates of DNA cleavage (99). However, as discussed above, the effects of
bioflavonoids on topoisomerase II are species specific. Therefore, DNA ligation assays were
carried out with topoisomerase IIα and IIβ to characterize the mechanism by which
bioflavonoids poison the human type II enzyme (Figure 7).

Bandele and Osheroff Page 7

Biochemistry. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In contrast to results with the Drosophila enzyme (99), genistein strongly inhibited the ability
of human topoisomerase IIα and IIβ to ligate cleaved plasmid molecules. Results were
comparable to those seen with etoposide. Other bioflavonoids that enhanced topoisomerase II-
mediated DNA cleavage also decreased rates of ligation. In general, there was a strong
correlation between the ability of the compounds to increase levels of cleavage complexes and
to inhibit ligation. These data suggest that bioflavonoids poison human topoisomerase IIα and
IIβ primarily by impairing the ability of these enzymes to ligate cleaved DNA molecules.

There is precedence for topoisomerase II poisons having differential effects on enzymes from
different species. For example, the quinolone CP-115,953 strongly inhibits the ability of
bacterial topoisomerase IV to ligate DNA, but has only a modest effect on the ligation activity
of eukaryotic type II enzymes (94,100).

Bioflavonoids contain multiple hydroxyl moieties and are capable of undergoing redox cycling
(1,3,4,7,8). Recent studies demonstrated that a number of quinones, including N-acetyl-p-
benzoquinone imine (the toxic metabolite of acetaminophen), 1,4-benzoquinone (a reactive
metabolite of benzene), and several polychlorinated biphenyl (PCB) quinone metabolites,
poison human topoisomerase IIα by a mechanism that involves protein adduction (101–104).
Thus, it is possible that bioflavonoids poison topoisomerase II via an adduction-based
mechanism.

Two sets of experiments were carried out to determine whether redox cycling plays a role in
the actions of bioflavonoids as topoisomerase II poisons. The first set took advantage of the
finding that reduction of quinones to hydroquinones dramatically reduces the activity of these
compounds against human type II topoisomerases (103,104). In contrast, reducing agents do
not alter the efficacy of “traditional” topoisomerase II poisons such as etoposide (103,104).
Therefore, the effect of dithiothreitol on the activity of genistein was determined. As seen in
Figure 8, treatment of the isoflavone with dithiothreitol prior to the addition to DNA cleavage
reactions had no effect on genistein-induced enhancement of DNA scission by topoisomerase
IIα or IIβ.

The second set of experiments took advantage of the finding that incubation of human
topoisomerase IIα with quinones prior to the addition of DNA inactivates the enzyme (101,
103,104). This inactivation results at least in part from a crosslinking of the N-terminal gate
of the protein by the quinone (104). Once again, this enzyme inactivation is not observed with
etoposide or other “traditional” topoisomerase II poisons. As seen in Figure 9, levels of DNA
cleavage generated by topoisomerase IIα or IIβ were identical when genistein was added to
reaction mixtures before or after the inclusion of DNA.

Taken together, these data demonstrate that the potential to undergo redox cycling does not
contribute to the ability of genistein to increase topoisomerase II-mediated DNA cleavage.
Thus, we conclude that bioflavonoids act as traditional topoisomerase II poisons rather than
quinone-based compounds.

Mutation of Gly474 to Alanine in Human Topoisomerase IIα Reduces Sensitivity to Genistein
Many eukaryotic type II topoisomerases contain two Walker consensus ATP bindng motifs
(105), Walker A and B (106–108). The Walker A site spans residues 161-166 (numbering is
from human topoisomerase IIα) and is comprised of the G-X-X-G-X-G sequence (106–109).
The Walker B site, at residues 472-477, contains the G-X-G-X-X-G consensus (Table 1)
(106–109). The sequence at residues 161-166 is the site that actually is utilized for ATP binding
in the eukaryotic type II enzyme (110). The second motif has no known function in
topoisomerase II.
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Genistein and other bioflavonoids are competitive inhibitors of ATP in a number of tyrosine
kinases that utilize the G-X-G-X-X-G consensus for ATP binding (18–23,111). This raises the
intriguing possibility that bioflavonoids interact with the non-functional consensus (residues
472-477) on topoisomerase II. Two lines of circumstantial evidence support this possibility.
First, this sequence is located in the TOPRIM region of the enzyme, which is in close proximity
to the site of DNA cleavage and ligation (52). Second, genistein is a potent poison of human
topoisomerase IIα and β and Drosophila topoisomerase II, each of which contains the
consensus G-X-G-X-X-G motif. In contrast, yeast topoisomerase II, which carries the sequence
G-X-A-X-X-G at this site (and thus lacks the ATP binding motif) (52), is refractory to genistein
(see Figure 10). As seen in Table 1, the positions denoted by the “X”s are identical or highly
conserved among these species.

To determine if the ATP binding motif at residues 472-477 contributes to the actions of
genistein against topoisomerase II, Gly474 in human topoisomerase IIα was mutated to Ala
(hTop2αG474A). This substitution converts the consensus sequence of the human enzyme to
the non-consensus sequence of yeast topoisomerase II. Although the intrinsic DNA cleavage
activity of hTop2αG474A was similar to that of wild-type topoisomerase IIα (not shown), the
sensitivity to genistein was reduced (Figure 10). Both the potency and efficacy of
hTop2αG474A were ~2–fold lower than that of the wild-type enzyme. While this finding does
not completely explain the lack of sensitivity of yeast topoisomerase II to genistein, it strongly
suggests that the nonfunctional ATP binding motif at residues 472-477 contributes to the
actions of the isoflavone against human topoisomerase II.

Bioflavonoids Increase Levels of DNA Cleavage Complexes Generated by Topoisomerase
IIα and IIβ in Cultured Human Cells

Since bioflavonoids act as topoisomerase II poisons in vitro, it has been assumed that the DNA
breaks generated by these compounds in cells are mediated by the type II enzyme(s) (16,88,
89). However, the physiological effects of these compounds on topoisomerase II have never
been confirmed. Therefore, the ICE bioassay was employed to determine whether
bioflavonoids actually increase DNA cleavage mediated by topoisomerase IIα and/or IIβ in
human cells. In this assay, cultured CEM leukemia cells were lysed with an ionic detergent,
and proteins that were covalently attached to genomic DNA were separated from free proteins
by sedimentation through a CsCl cushion.

As seen in Figure 11, bioflavonoids enhance DNA cleavage mediated by topoisomerase IIα
and IIβ in cultured human cells. Results reflect those obtained in vitro, but differences were
noted. First, while all of the compounds were more efficacious against purified topoisomerase
IIβ in vitro (see Figure 3), similar levels of cleavage were observed with both enzyme isoforms
in treated human cells. Since an identical result was seen with etoposide, this decreased cellular
effect on topoisomerase IIβ does not appear to represent a bioflavonoid-specific property.
Rather, it may reflect the different physiological functions or locations of topoisomerase IIα
and IIβ (112, 113). Second, myricetin appeared to be less effective in cultured human cells
than in purified systems. It is not known whether this is due to the uptake or metabolism of
this flavonol. These differences notwithstanding, bioflavonoids clearly act as topoisomerase
II poisons in cultured human cells.

As described earlier, the 5-OH and 4′-OH moieties contribute to genistein binding and function.
Neither daidzein nor biochanin A were able to compete effectively with genistein in DNA
cleavage assays in vitro (see Figure 5). To confirm and extend these findings, competition
studies were carried out in cultured CEM cells (Figure 12). As determined by levels of DNA
cleavage complexes formed with either topoisomerase IIα and IIβ, daidzein and biochanin A
displayed no ability to compete with genistein in human cells.
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Conclusions
Bioflavonoids are human dietary components that have been linked to the prevention of cancer
in adults and the generation of specific types of leukemia in infants. While these compounds
have a broad range of cellular activities, many of their genotoxic effects have been attributed
to their actions as topoisomerase II poisons. The present study provides mechanistic details for
the actions of flavones, flavonols, and isoflavones against human topoisomerase IIα and IIβ.
It also supports roles for both topoisomerase II isoforms in mediating at least some of the
cellular activities of bioflovanoids and sets the stage for future physiological studies.
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Figure 1.
Structures of selected bioflavonoids. Flavones, flavonols, and isoflavones are shown.
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Figure 2.
Genistein-induced DNA cleavage is mediated by human topoisomerase IIα (hTIIα) and IIβ
(hTIIβ). Ethidium bromide-stained agarose gels are shown. The reversibility of genistein-
induced DNA cleavage complexes was determined by adding EDTA to reaction mixtures
before these complexes were trapped by SDS (+EDTA; lanes 4 and 9). To determine whether
DNA cleavage induced by genistein was protein-linked, proteinase K treatment was omitted
(−ProK; lanes 5 and 10). Control reactions contained DNA alone (DNA; lanes 1 and 6), DNA
and enzyme in the absence of genistein (none; lanes 2 and 7), or reaction mixtures treated with
SDS prior to EDTA (Genistein; lanes 3 and 8). The mobility of negatively supercoiled DNA
(form I, FI), nicked circular plasmid (form II, FII), and linear molecules (form III, FIII) are
indicated. Data are representative of at five least independent experiments.
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Figure 3.
Effects of bioflavonoids on double-stranded DNA breaks generated by human topoisomerase
IIα and IIβ. Data for topoisomerase IIα– (hTIIα; open bars) and IIβ–(hTIIβ; closed bars)
mediated DNA cleavage in the presence of 50 μM flavones, flavonols, and isoflavones are
shown in the bar graph. The inset shows a titration for DNA cleavage meditated by
topoisomerase IIα (open circles) and IIβ (closed circles) in the presence of 0–200 μM genistein.
Error bars represent standard deviations for three independent experiments.
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Figure 4.
Effects of bioflavonoids on DNA cleavage site utilization by human topoisomerase IIα
(hTIIα) and IIβ (hTIIβ). Autoradiograms of polyacrylamide gels are shown. DNA cleavage
reactions contained no compound (none), 25 μM etoposide, or 50 μM bioflavonoid. A DNA
control is shown in the far left lane of each autoradiogram (DNA). Data are representative of
two independent experiments.
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Figure 5.
Contributions of the 5-OH and 4′-OH moieties to the activity of genistein. Effects of daidzein
(lacking 5-OH; closed circles), biochanin A (containing a 4′-methoxy group in place of the 4′-
OH; open circles), and chrysin (a flavone that lacks the 4′-OH; closed squares) on the ability
of genistein to enhance DNA cleavage mediated by human topoisomerase IIα (hTIIα) and IIβ
(hTIIβ) are shown. DNA cleavage reactions were carried out in the presence of 50 μM genistein
and 0–500 μM competing bioflavonoid. Competition was quantified by the loss of genistein-
induced linear DNA molecules. DNA cleavage was set to 100% in the absence of competitor.
Error bars represent standard deviations for three independent experiments.

Bandele and Osheroff Page 20

Biochemistry. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Contributions of the 5-OH and 4′-OH moieties to the binding of genistein to topoisomerase
IIα. Effects of daidzein (lacking 5-OH; closed circles), biochanin A (containing a 4′-methoxy
group in place of the 4′-OH; open circles), chrysin (a flavone that lacks the 4′-OH; closed
squares) and unlabeled genistein (open squares) on the ability of [14C]genistein to bind to
human topoisomerase IIα are shown. Nitrocellulose filter binding assays were carried out in
the presence of 25 μM [14C]genistein and 0–250 μM competing bioflavonoid. Competition
was quantified by the loss of enzyme bound [14C]genistein. Enzyme binding was set to 100%
in the absence of competitor. Error bars represent standard deviations for three independent
experiments.
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Figure 7.
Effects of bioflavonoids on DNA ligation mediated by human topoisomerase IIα (hTIIα, top
panels) and IIβ (hTIIβ, bottom panels). Left panels: DNA ligation was examined in the absence
of compounds (closed circles), or in the presence of 50 μM genistein (open squares) or
etoposide (closed squares). Samples were incubated at 37 °C to establish DNA cleavage/
ligation equilibria and were shifted to 0 °C to initiate the ligation reaction. The amount of DNA
cleavage observed at equilibrium for was set to 100% at time zero. Ligation was quantified by
the loss of linear cleaved molecules. Right panels: Representative DNA ligation data for
reactions containing no compound, 50 μM bioflavonoid, or 50 μM etoposide at 20 s after
shifting samples to 0 °C are shown. Error bars represent standard deviations for three
independent experiments.

Bandele and Osheroff Page 22

Biochemistry. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Dithiothreitol does not impair the ability of genistein to enhance DNA cleavage mediated by
human topoisomerase IIα (hTIIα) or IIβ (hTIIβ). Ethidium bromide-stained agarose gels are
shown. The positions of supercoiled (FI), nicked circular (FII), and linear (FIII) DNA
molecules are labeled as in Figure 2. The gels show reactions in which 50 μM genistein was
incubated without dithiothreitol (−DTT; lane 4) or with 500 μM dithiothreitol prior to its
addition to cleavage reactions (+DTT; lane 5). Parallel control reactions mediated by
topoisomerase IIα or IIβ in the absence of genistein are shown in lanes 2 and 3. A DNA standard
is shown in lane 1. Results are representative of three independent experiments.
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Figure 9.
Genistein does not inactivate human topoisomerase IIα (hTIIα) or IIβ (hTIIβ) in the absence
of DNA. Ethidium bromide-stained agarose gels of DNA cleavage reactions are shown.
Enzymes were incubated simultaneously with plasmid DNA and 50 μM genistein (Same; lane
3) or with 50 μM genistein for 5 min prior to the addition of DNA (Pre; lane 4). A DNA standard
(DNA; lane 1) and reactions mediated by topoisomerase IIα or IIβ in the absence of genistein
(hTII; lane 2) are shown. The positions of supercoiled (FI), nicked circular (FII), and linear
(FIII) DNA are labeled as in Figure 2. Results are representative of three independent
experiments.
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Figure 10.
htop2αG474A displays decreased sensitivity to genistein. Levels of DNA cleavage for the wild-
type human enzyme (hTIIα, closed circles) and hTop2αG474A (G474A, open circles) were
quantified and expressed as the relative increase in linear molecules in the presence of 0–200
μM genistein. DNA cleavage for yeast topoisomerase II(yTII, closed squares) is shown for
comparison. Error bars represent standard deviations for three independent experiments.
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Figure 11.
Bioflavonoids enhance DNA cleavage mediated by topoisomerase IIα and IIβ in cultured
human CEM cells. The ICE bioassay was used to monitor levels of cleavage complexes in cells
treated with selected bioflavonoids. DNA (3 μg) from cell cultures treated for 1 h in the absence
of compound (none) or in the presence of 50 μM bioflavonoid or 50 μM etoposide was blotted
onto a nitrocellulose membrane. Immunoblots were probed with a polyclonal antibody directed
against either human topoisomerase IIα or IIβ, respectively. A representative immunoblot is
shown. The bar graph shows quantified data for topoisomerase IIα (hTIIα; open bars) or IIβ
(hTIIβ; closed bars). Levels of covalently bound topoisomerase II (expressed in ng) are based
on standards of purified human type II topoisomerases. Error bars represent the standard
deviation for three independent experiments.
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Figure 12.
Contribution of the 5-OH and 4′-OH moieties to the ability of genistein to enhance DNA
cleavage mediated by human topoisomerase IIα or IIβ in cultured human CEM cells. The ICE
bioassay was used to monitor the level of cleavage complexes in CEM cells treated with 25 or
50 μM genistein (Gen) in the absence or presence of 250 μM biochanin A (BA) or 500 μM
daidzein (Daid), respectively. DNA (3 μg) from cells treated for 1 h were blotted onto a
nitrocellulose membrane. Immunoblots were probed with a polyclonal antibody directed
against either human topoisomerase IIα or IIβ, respectively. A representative immunoblot is
shown. The bar graph shows quantified data for topoisomerase IIα (hTIIα; open bars) or IIβ
(hTIIβ; closed bars). Levels of covalently bound topoisomerase II (expressed in ng) are based
on standards of purified human type II topoisomerases. Error bars represent the standard
deviation of three independent experiments.
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Table 1

Walker B Consensus ATP Binding Site in Topoisomerase II

Species A.A. Sequence Position Sequence

Consensus ––– G-X-G-X-X-G

Human Topoisomerase IIα 472-477 G-L-G-V-V-G

Human Topoisomerase IIβ 488-493 G-L-G-I-V-G

Drosophila Topoisomerase II 452-457 G-L-G-V-I-G

S. cerevisiae Topoiomerase II 456-461 G-L-A-V-V-G
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