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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 Il poisons. However, the activities of bioflavonoids against the individual isoforms of human
topoisomerase Il have not been analyzed. Therefore, we characterized the activity and mechanism of
action of three major classes of bioflavonoids, flavones, flavonols, and isoflavones, against human
topoisomerase & and Il5. Genistein was the most active bioflavonoid tested and stimulated enzyme-
mediated DNA cleavage-10-fold. Generally, compounds were more active against topoisomefase |l
DNA cleavage with both enzyme isoforms required a 5-OH and@Htand was enhanced by the presence

of additional hydroxyl groups on the pendant ring. Competition DNA cleavage and topoisomerase ||
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 Il plays a role in genistein binding. Finally,
flavones, flavonols, and isoflavones with activity against purified topoisomerasanid |5 enhanced

DNA cleavage by both isoforms in human CEM leukemia cells. These data support the hypothesis that
bioflavonoids function as topoisomerase Il poisons in humans and provide a framework for further analysis
of these important dietary components.

Bioflavonoids (i.e., phytoestrogens) are a diverse group of these polyphenols are potent inhibitors of tyrosine kinases
of polyphenolic compounds that are constituents of many (5, 18—23), act as either agonists or antagonists of estrogen
fruits, vegetables, legumes, and plant leavkesf). They receptors, or alter sex hormone production and metabolism
are an integral component of the human diet and represent(1, 11, 24—27). Furthermore, bioflavonoids display antipro-

the most abundant natural source of antioxidahtsi( 6—8). liferative and proapoptotic effects, decrease the expression
It is believed that the dietary intake of bioflavonoids Of function of several proteins that are involved in cell-cycle
provides a number of health benefits to adults ¢, 9—12). progression, and inhibit both the NF-kB and Akt signaling

Epidemiological studies suggest that these compounds helgpathways %, 6, 11, 28-30). Finally, a number of these

to protect against cancer, cardiovascular disease, osteoporocompounds are potent topoisomerase Il pois@6s31, 32).

sis, age-related diseases, and inflammatibr6 9—12). It has been suggested that at least some of the cellular effects
Despite the beneficial effects of bioflavonoids, they also Of polyphenols, including their clastogenic properties, are
display cytotoxic and genotoxic properties. To this point, mediated through actions on topoisomerasel 8 (5, 16).

the ingestion of these compounds by pregnant women hasT0 this point, the sensitivity of cells to the isoflavone
been linked to the development of specific types of infant genistein has been correlated to the activity of the type II
leukemia (3—17). The majority of these leukemias feature €nzyme 83).

aberrations involving the mixed lineage leukemia gevikL() Type Il topoisomerases are ubiquitous enzymes that
at chromosomal band 119233 14, 16, 17). remove knots and tangles from the genetic material and are

The mechanistic basis for the physiological actions of €auired foranumber of critical nuclear processis40).
bioflavonoids is not known, as they have a variety of effects Humans encode two isoforms of topoisomerase. ignd 3
on human cells. Beyond their antioxidant properties, many (34—42). While these two isoforms display similar enzy-
mological properties, they differ significantly in their physi-
ology and cellular functions. Topoisomerase i$ essential
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I3 are poorly understood. Expression of this isoform is (~16 mCi/mmol) were purchased from ICN and Moravek
independent of proliferative status or the cell cycle, and the Biochemicals, respectively. All bioflavonoids and drugs were
protein appears to be present in all tissue ty[3&s 36, 45, prepared as 20 mM stocks in 100% DMSO. Bioflavonoid
48). Despite its wide tissue distribution, topoisomeragk Il  stocks were stored at20 °C, and etoposide was stored at
is not essential at the cellular level, and cells that lack the 4 °C.

protein show no known phenotypéX—51). However, mice Generation of the G474A Mutant of Human Topoi-
that are genetically deficient in this isoform suffer severe somerase th. The G474A mutant of human topoisomerase
neurological abnormalities during embryogenesit) ( lla (htop2G474A) was generated by cloningsal —Kpnl

Type Il topoisomerases modulate the topological state of fragment of YEpWob678) that encoded the N-terminus of
DNA by generating transient double-stranded breaks in thethe human enzyme into pUC18. Site-directed mutagenesis
backbone of the genetic materiaB&40, 52, 53). To was performed using the QuikChange Il PCR site-directed
maintain genomic integrity during this cleavage event, the mutagenesis kit (Stratagene). The sequences of the forward
enzyme forms covalent bonds between active site tyrosyl and reverse primers used to generate the G474A mutation
residues and the' DNA termini created by scission of the ~were GGCTGTTTCAGGCCTTGCAGTGGTTGGGAGAGA-
double helix 64—56). These covalent topoisomerase [I- CAAATATGGGG and CCCATATTTGTCTCTCCCAAC-
cleaved DNA intermediates are known aeavage com- ~ CACTGCAAGGCCTGAAACAGC, respectively. The mu-
plexes Under normal conditions, they are present at low tagenized sequence is underlined. Mutations were verified
equilibrium levels and are tolerated by the cell. However, by sequencing, and tf&al—Kpnl fragment was cloned back
conditions that significantly increase the concentration of into YEpWob6. htopaG474A was purified as described
cleavage complexes generate permanent DNA strand break&bove.
that trigger illegitimate recombination, chromosomal aber- ~ Cleavage of Plasmid DNADNA cleavage reactions were
rations, sister chromatid exchange, and cell death pathwayscarried out using the procedure of Fortune and OsheTéjf

(37, 40, 57—63). Assay mixtures contained 220 nM topoisomeraeeoi 113,
Agents that increase the concentration of topoisomerasel0 M negatively supercoiled pBR322 DNA, ane-200
Il-DNA cleavage complexes are callégpoisomerase 1l #M bioflavonoid or etoposide in 2@L of DNA cleavage

poisony(37, 63—66). A variety of important anticancer drugs, Puffer [10 mM Tris-HCI, pH 7.9, 5 mM MgGl 100 mM
such as etoposide and doxorubicin, kill cells by acting as KCl: 0.1 mM EDTA, and 2.5% (v/v) glycerol]. DNA
topoisomerase Il poison87, 63—67). Despite the impor- cleavage mixtures were incubated for 6 min at°g€7 and
tance of these compounds in cancer chemotherazy; enzyme-DNA cleavage intermediates were trapped by
3% of patients that are treated with regimens that include 2dding 2uL of 5% SDS and Ll of 375 mM EDTA, pH
topoisomerase Il-targeted agents eventually develop second8-0: Proteinase K was addeduP of a 0.8 mg/mL solution),
ary leukemiasg8, 61, 66, 68—71). Like the infant leukemias, ~ and reaction mixtures were incubated for 30 min at’@5
these drug-related malignancies are characterized by reariC digest topoisomerase Il. Samples were mixed with.2
rangements in th#LL gene B8, 61, 68—71). Agents such of 60% sucrose in 10 mM Tris-HCI, pH 7.9, 0.5% bro-
as etoposide display potent activity against both topoi- Mophenol blue, and 0.5% xylene cyanol FF, heated for 2
somerase t and topoisomeraseAlin vitro and in human min at 45°C, and sgbjected to electrophoresis in 1% agarose
cells (72—74), but the relative contributions of the two €IS in 40 mM Tris-acetate, pH 8.3, and 2 mM EDTA

enzyme isoforms to either the therapeutic or leukemogenic containing 0.5:g/mL ethidium bromide. DNA cleavage was
properties of these drugs are not known. monitored by the conversion of negatively supercoiled

Although bioflavonoids impact human health by a variety plasmld DNA to linear molecules. DNA bands were visual-

of processes, many of their chemopreventative, cytotoxic, Ilili%tggh Lg;[r?t\gloilﬁa“?nht Sar;?(ggquanuﬂed using an Alpha
and genotoxic properties are consistent with their activity 9 ging sy '

. . In reactions that determined whether DNA cleavage by
as topoisomerase |l poisons. Therefore, the present study . : .
more fully defined the activity and mechanism of action of human topoisomeraseior Il was reversible, EDTA (final

three major classes of bioflavonoids, flavones, flavonols, and concentration of 1.8 mM) was added prior to treatment W.'th
isoflavones, against human topoisomerase #nd II3. SDS' o de_termlne whether cIeaved. DNA was protein-
Results provide novel insight into the mechanistic basis for linked, protelnasg K treatment was o.m|tted. To examine t.he
the actions of these compounds. ef‘feqts of a reducing agent on the actions of genistein against
topoisomerase é and 1|3, 0.5 mM DTT was incubated with

EXPERIMENTAL PROCEDURES 50 uM genistein for~5 min prior to initiation of the cleavage
reaction.
Enzymes and Materialdlecombinant wild-type human To assess the effects of genistein on human topoisomerase

topoisomerase dl, 115, and htop2G474A were expressed lla and II5 in the absence of DNA, 50M genistein was

in Saccharomyces cersiae and purified as described incubated with the enzyme for5 min at 37°C in 15uL of
previously 75—77). Negatively supercoiled pBR322 DNA DNA cleavage buffer. Cleavage was initiated by adding 10
was prepared fronkscherichia coliusing a Plasmid Mega nM negatively supercoiled pBR322 DNA to the reaction
Kit (Qiagen) as described by the manufacturer. Genistein mixture. The final concentrations of topoisomerase Il and
was purchased from ICN. Chrysin, fisetin, galangin, and plasmid molecules were 220 and 10 nM, respectively.
etoposide were purchased from Sigma. Luteolin, apigenin, To determine the ability of daidzein, biochanin A, and
diosmetin, myricetin, quercetin, kaempferol, isorhamnetin, chrysin to compete with genistein, DNA cleavage reactions
daidzein, and biochanin A were obtained from LKT Labo- with human topoisomerasedllor 115 were performed in the
ratories. -3?P]JATP (~6000 Ci/mmol) and }'C]genistein presence of 5«tM genistein and 6500 uM competing
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bioflavonoid. Competition was quantified by the loss of radioactive genistein remaining on the filter in the absence

genistein-induced linear DNA molecules. of enzyme was subtracted prior to binding calculations.

DNA Cleavage Site UtilizationDNA cleavage sites were Formation of Topoisomerase +DNA Cleaiage Com-
mapped using a modification of the procedure of O'Reilly plexes in Cultured Human Cellsuman CEM leukemia cells
and Kreuzer §0). A linear 4330 bp fragmentHindlll — were cultured under 5% GQ@t 37°C in RPMI 1640 medium

EccRl) of pBR322 plasmid DNA singly labeled withP on  (Cellgro by Mediatch, Inc.), containing 10% heat-inactivated
the B-terminus of theHindlll site was used as the cleavage fetal calf serum (Hyclone) and 2 mM glutamine (Cellgro by
substrate. The pBR322 DNA substrate was linearized by Mediatech, Inc.). The in vivo complex of enzyme (ICE)
treatment withHindlll. Terminal S-phosphates were re-  bioassay (as modified on the TopoGen, Inc., websBg) (
moved by treatment with calf intestinal alkaline phosphatase 84) was utilized to determine the ability of selected biofla-
and replaced with3fP]phosphate using T4 polynucleotide vonoids to increase levels of topoisomeraseDNA cleav-
kinase and-*2P]JATP. The DNA was treated witEcoRl, age complexes in treated cells. Exponentially growing
and the 4330 bp singly end labeled fragment was purified cultures were treated with 56M bioflavonoid or etoposide
from the smalEcaRI—Hindlll fragment by passage through  for 1 h. Cells (-5 x 10°) were harvested by centrifugation

a CHROMA SPINFTE-100 column (Clontech). Reaction and lysed by the immediate addition of 3 mL of 1% Sarkosyl.
mixtures contained 0.7 nM labeled pBR322 DNA substrate Following gentle homogenization in a Dounce homogenizer,
and 90 nM human topoisomeraser lor 115 in 50 uL of cell lysates were layered anta 2 mLcushion of CsClI (1.5
DNA cleavage buffer. Assays were carried out in the absenceg/mL) and centrifuged at 45000 rpm for 15 h at’Z0 DNA

of compound or in the presence of 2M etoposide or 50  pellets were isolated, resuspended in 5 mM Tris-HCI, pH
uM bioflavonoid. Reactions were initiated by the addition 8.0, and 0.5 mM EDTA, normalized for the amount of DNA
of the enzyme and were incubated for 6 min (topoisomerasepresent, and blotted onto nitrocellulose membranes using a
lla) or 0.5 min (topoisomerasef) at 37 °C. Cleavage  Schleicher and Schuell slot blot apparatus. Covalent com-
intermediates were trapped by addingub of 5% SDS plexes formed between human topoisomeragetlll3 and
followed by 3.75uL of 250 mM EDTA, pH 8.0. Topoi-  DNA were detected using a polyclonal antibody directed
somerase |l was digested with proteinase Ku(50f a 0.8 against either human topoisomerase dr human topoi-
mg/mL solution) for 30 min at 43C. DNA products were  somerase i (Abcam), respectively, at a 1:2000 dilution.
precipitated twice in 100% ethanol, washed in 70% ethanol, |CE pioassays were used to assess the effects of biochanin
dried, and resuspended inu@ of 40% formamide, 10 MM A and daizein on the ability of genistein to increase levels
NaOH, 0.02% xylene cyanol FF, and 0.02% bromophenol of topoisomerase #DNA cleavage complexes in human
blue. Samples were subjected to electrophoresis in a denaturcgpm cells. Cultures were treated with 25 or & genistein

ing 6% polyacrylamide sequencing gel, 100 mM ¥Fris  in the presence of 250 or 5Q0M biochanin A or daidzein,

borate, pH 8.3, and 2 mM EDTA. The gel was fixed in @ respectively. Competition was quantified by the reduction
10% methanol/10% acetic acid mixture for 2 min and dried. of genjstein-induced topoisomerase DNA cleavage com-

DNA cleavage products were analyzed on a Bio-Rad plexes.
Molecular Imager FX.
Ligation of Cleaied Plasmid DNA by Human Topoi- RESULTS AND DISCUSSION

somerase |I.DNA ligation mediated by human topoi- ) ] )
somerase & or I3 was monitored according to the  Bioflavonoids Enhance DNA Cleage Mediated by Hu-

procedure of Byl et al. §1). DNA cleavage-ligation man Topoisomerase dl and 1I5. Bioflavonoids increase
equilibria were established for 6 min at 3C as described ~ evels of DNA cleavage mediated by purified calf thymus
above in the presence of 5M bioflavonoid or 50xM and Drosophila topoisomerase 1l and by human nuclear

etoposide. Ligation was initiated by shifting samples from €xtracts supplemented with human topoisomerasks|32,

37 to 0°C. Reactions were stopped at time points up to 20 85-87). [The calf thymus and human topoisomerase Il used
s by the addition of iL of 5% SDS followed by 1uL of for these studies were not isoform specific. These enzymes
375 mM EDTA, pH 8.0. Samples were processed and Were isolated from natural sources, presumably as a mixture

analyzed as above. Ligation was monitored by the loss of Of the a and 3 isoforms.Drosophilaencodes only a single
linear DNA. type Il topoisomerase4().] Furthermore, treatment of

Nitrocellulose Filter Binding Topoisomerase #biofla- cultured human cells with flavones, flavonols, or isoflavones
vonoid competition binding studies were performed using has been shown to generate DNA strand breaks and induce

the procedure of Kingma and Osherd8. Nitrocellulose cleavage within the breakpoint cluster region of tieL
membranes (0.48m HA; Millipore) were soaked in binding ~ 9ene (6, 88, 89).

buffer [L0 mM Tris-HCI, pH 7.9, 0.1 mM EDTA, and 2.5% It should be noted that the sensitivity of topoisomerase Il
(v/v) glycerol] for 10 min. Reaction mixtures contained 25 to bioflavonoids is species specific. Although genistein is
uM [*C]genistein, 1.6:M enzyme, and 8250uM daidzein, the most active bioflavonoid against the type Il enzymes
biochanin A, or chrysin in a total of 6L of binding buffer. listed above, yeast topoisomerase Il is refractory to the
Samples were incubated for 6 min at 32 and applied to ~ compound.

the nitrocellulose membranes in vacuo. Filters were im-  Despite the impact of bioflavonoids on human health, the
mediately washed three times with 1 mL of ice-cold binding effects of these compounds on the individual isoforms of
buffer, dried, and submerged in 8 mL of scintillation fluid human topoisomerase Il and the mechanistic basis for their
(Econo-Safe; Research Products International). Radioactivityactions have not been characterized. As a first step toward
remaining on the membranes was quantified using a Beck-this end, the ability of several flavones, flavonols, and
man LS 5000 TD scintillation counter. The amount of isoflavones to enhance DNA cleavage mediated by human
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Flavones 5 3’ 4’ 5’
Luteolin OH OH OH H
Apigenin OH H OH H
Diosmetin H OH OCH; H
Chrysin OH H H H
Flavonols 5 3’ 4’ 5’
Myricetin OH OH OH OH
Quercetin OH OH OH H
Kaempferol OH H OH H
Fisetin H OH OH H
Isorhamnetin  OH OCH; OH H
Galangin OH H H H
Isoflavones 5 3 4’ 5
Genistein OH H OH H
Daidzein H H OH H
Biochanin A OH H OCH, H

Isoflavone 5

Ficure 1: Structures of selected bioflavonoids. Flavones, flavonols,
and isoflavones are shown.
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Ficure 2: Genistein-induced DNA cleavage is mediated by human
topoisomerase &l (hTlla) and 15 (hTlIS). 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 (tEDTA,; 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
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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 5Q:M bioflavonoid is shown. This concentra-
tion represented the maximum level of cleavage for most of
the compounds tested. The only major exception was
genistein, which plateaued at100—200 uM.

Whereas some compounds such as galangin had virtually
no effect on DNA scission, others such as luteolin, kaemp-
ferol, quercetin, myricetin, and genistein enhanced cleavage
severalfold. 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 topoisomerasesithan they did on topoi-
somerase t. In these cases, enhancement of cleavage was
~1.5—-2-fold higher with the3 isoform. Second, as proposed
previously with mixed populations of mammalian type I
topoisomeraseslg, 32, 87), the presence of a hydroxyl
moiety at the 5- or 4position greatly contributes to the
enhancement of enzyme-mediated DNA cleavage. For ex-
ample, 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 thepbsition) 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 3-positions enhances bioflavonoid activity,
especially against topoisomerasg. |l

The ability of selected bioflavonoids to enhance topoi-
somerase |I-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 dis-
played activity with negatively supercoiled plasmid (compare
with Figure 3). In contrast, no appreciable cleavage was seen

the absence of genistein (none; lanes 2 and 7), or reaction mixtured/Vith daidzein, which displayed little activity with negatively

treated with SDS prior to EDTA (genistein; lanes 3 and 8). The
mobility of negatively supercoiled DNA (form I, FI), nicked circular
plasmid (form Il, FIl), and linear molecules (form IIl, FIIl) is

indicated. Data are representative of at five least independent

experiments.

topoisomerase d and |3 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 #nd I|3. Scission was

reversed when EDTA was added to reaction mixtures before
cleavage complexes were trapped by SDS. This reversibility

is inconsistent with a nonenzymatic 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 cleaved
plasmid molecules were covalently attached to either topoi-
somerase t. or topoisomerase ffl Taken together, these
findings provide strong evidence that bioflavonoids increase
DNA cleavage through an enzyme-mediated reaction.

supercoiled molecules. Equivalent cleavage maps were
observed for the flavones and flavonols with both topoi-
somerase H and topoisomerase/] 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 dru@his further
suggests that these bioflavonoids do not significantly alter
the specificity of either topoisomerasetlbr topoisomerase
[15. 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.

1 Products 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 break9@). As a result, the total level of cleavage

Several of the bioflavonoids tested enhanced DNA scission products generated in the presence of etoposide is greater than that

mediated by both human topoisomerase Il isoforms (Figure
3). None of the bioflavonoids cleaved DNA in the absence

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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ternary complex as compared to the other classes of
bioflavonoids.

Role of the 5-OH and '4dOH Groups in Mediating
Isoflavone Actbity. 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
4 topoisomerase Il, 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
0 lacks the 5-OH) and biochanin A (which contains a 4
methoxy! in place of the hydroxyl) to inhibit DNA cleavage
induced by 50uM genistein was assessed. Similar results
were found for both human topoisomerase Il isoforms (Figure
5). Even at a concentration of 5@d/, daidzein showed no
Flavones Flavonols Isoflavones significant ability to inhibit the actions of genistein. This
[Compound] (50puM) finding indicates that the 5-OH moiety plays an important

Ficure 3: Effects of bioflavonoids on double-stranded DNA breaks role in |5(?flav0n§ bmdlr,]g within the terna\'ry comple?(.
generated by human topoisomerase #nd 1|3. Data for topoi- The ability of biochanin A to compete with genistein was

somerase #- (hTllo; open bars) and B (hTIIg; closed bars) somewhat improved as compared to daidzein. Substitution
mediated DNA cleavage in the presence of &0 flavones, of a methoxyl group for the'4OH was not as debilitating
flavonols, isoflavones, or etoposide are shown in the bar graph. as the absence of the 5-OH. Unfortunately, it was not possible

The inset shows a titration for DNA cleavage mediated by isoff lacki h for thi
topoisomerase @l (open circles) and Ai (closed circles) in the (0 use an isoflavone lacking the@H for this study, as none
presence of 8200 uM genistein. Error bars represent standard Wwas available. However, to explore the role of tHeOH

deviations for three independent experiments. more fully, a parallel competition study was performed using
chrysin. This compound is the flavone equivalent of genistein
but lacks the 40H moiety.

Chrysin inhibited genistein-induced DNA cleavage slightly
better than did either isoflavone (Figure 5). The fact that
alterations at the'40H 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'-©OH plays a role in mediating biofla-
vonoid 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 fd€]-
genistein binding to human topoisomerase Was deter-
mined (Figure 6). Consistent with the DNA cleavage
competition studies, chrysin competed the best followed by
biochanin A and then daidzein. These findings indicate that
the 5-OH plays a more important role than tHeOH in
mediating genistein binding to topoisomerase Il and implies
that the 4OH plays a significant functional role beyond any
contribution to genisteinenzyme binding.

It is notable that two other potent topoisomerase Il poisons,
etoposide and the quinolone CP-115,953, both contain
pendant rings that featuré-@H moieties. Furthermore, in

' ' both cases, the'4OH groups are essential for drug action
hTllo. hTHB (91, 92). Thus, this group may play equivalent roles across
FiGure 4: Effects of bioflavonoids on DNA cleavage site utilization ~a spectrum of topoisomerase |l poisons.
by human topoisomerasex(hTlla) and 1i5 (hTIIf3). Autoradio- Mechanistic Basis for Biofteonoid-Induced Enhancement

rams of polyacrylamide gels are shown. DNA cleavage reactions . . .
gclontainedp ng coympoundg(none), 20M etoposide, orQSQuM of DNA Clea/ag_e Mediated by Topoisomerase Tiopoi- .
bioflavonoid. A DNA control is shown in the far left lane of each Somerase Il poisons act by two nonmutually exclusive

autoradiogram (DNA). Data are representative of two independent mechanisms. Agents such as etoposide act primarily by
experiments. inhibiting the ability of the enzyme to ligate cleaved nucleic
acids @7, 63, 66, 93). Conversely, topoisomerase Il poisons
This finding implies that there may be subtle but important such as quinolones and abasic sites have little or no effect
differences in the spatial geometry of isoflavones within the on rates of ligation. Thus, they are presumed to act primarily
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Ficure 5: Contributions of the 5-OH and-©H moieties to the activity of genistein. Effects of daidzein (lacking 5-OH; closed circles),
biochanin A (containing a'4methoxy group in place of the'OH; open circles), and chrysin (a flavone that lacks th©HM; closed

squares) on the ability of genistein to enhance DNA cleavage mediated by human topoisonee(a3édl) and I3 (hTlIj3) are shown.

DNA cleavage reactions were carried out in the presence ef\6@enistein and 6500 uM 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.
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FiIGURE 6: Contributions of the 5-OH and4OH moieties to the 40r a0
binding of genistein to topoisomerasenll Effects of daidzein
(lacking 5-OH; closed circles), biochanin A (containing & 4 20F o 20
methoxy group in place of the'4DH; open circles), chrysin (a hTiIR
flavone that lacks the '40H; closed squares), and unlabeled % 5 10 15 2 ecepscccel
genistein (open squares) on the ability #J]genistein to bind to . é 592882 32
human topoisomeraseollare shown. Nitrocellulose filter binding Time (s) 258855 8
assays were carried out in the presence of«Rb[1“C]genistein < g0 =oq
and 0-250u4M competing bioflavonoid. Competition was quanti-
fied by the loss of enzyme-bounéC]genistein. Enzyme binding Time (20 s)
was set to 100% in the absence of competitor. Error bars represent. . . o .
e ; ; IGURE 7: Effects of bioflavonoids on DNA ligation mediated b
standard deviations for three independent experiments. human topoisomeraseal (hTllc, top panels% and i (hTIIR y

bottom panels). Left panels: DNA ligation was examined in the

by stimulating the forward rate of enzyme-mediated DNA absence of compounds (closed circles) or in the presence of 50
uM genistein (open squares) or etoposide (closed squares). Samples

scission 3.7’ 40, 63, 66, 9.4 98). . . were incubated at 37C to establish DNA cleavage/ligation
A previous study usingDrosophila topoisomerase Il gqilibria and were shifted to €C to initiate the ligation reaction.

suggested that genistein acted primarily by increasing ratesthe amount of DNA cleavage observed at equilibrium was set to

of DNA cleavage 99). However, as discussed above, the 100% at time zero. Ligation was quantified by the loss of linear

effects of bioflavonoids on topoisomerase Il are species ;:Ieavedtmoleculets._R_ight panels: Re%"?g;“é@“}}fe DNAOIIigatigg data
r : . : or reactions containing no compound, &Nl bioflavonoia, or
specific. Therefore, DNA ligation assays were carried out M etoposide at 20 s after shifting samples t6@ are Shown.

with topoisomerase &l and 1|5 to characterize the mecha-  ‘Error bars represent standard deviations for three independent
nism by which bioflavonoids poison the human type Il experiments.
enzyme (Figure 7).

In contrast to results with thBrosophilaenzyme 99), somerase i and Il to ligate cleaved plasmid molecules.
genistein strongly inhibited the ability of human topoi- Results were comparable to those seen with etoposide. Other
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Ficure 8: Dithiothreitol does not impair the ability of genisteinto  stained agarose gels of DNA cleavage reactions are shown.
enhance DNA cleavage mediated by human topoisomerase Il Enzymes were incubated simultaneously with plasmid DNA and
(hTle) or 113 (hTIIB). Ethidium bromide-stained agarose gels are 50 uM genistein (post; lane 3) or with 50M genistein for 5 min
shown. The positions of supercoiled (FI), nicked circular (FII), and prior to the addition of DNA (pre; lane 4). A DNA standard (DNA;
linear (FIIl) DNA molecules are labeled as in Figure 2. The gels lane 1) and reactions mediated by topoisomeras®tlilj in the
show reactions in which 5@M genistein was incubated without  absence of genistein (hTll; lane 2) are shown. The positions of
dithiothreitol (—DTT; lane 4) or with 50QuM dithiothreitol prior supercoiled (FI), nicked circular (FIl), and linear (FIIl) DNA are

to its addition to cleavage reactionsTT; lane 5). Parallel control labeled as in Figure 2. Results are representative of three indepen-
reactions mediated by topoisomerase dr |15 in the absence of  dent experiments.
genistein are shown in lanes 2 and 3. A DNA standard is shown in

lane 1. Results are representative of three independent experiments.

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 & and |15 primarily by impairing the ability

of these enzymes to ligate cleaved DNA molecules.

There is precedence for topoisomerase Il 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 ()} 50 100 150 200
only a modest effect on the ligation activity of eukaryotic L.
type Il enzymes %4, 100). [Genistein] (M)

Bioflavonoids contain multiple hydroxyl moieties and are FicUrRe 10: htop2.G474A displays decreased sensitivity to genistein.

. : Levels of DNA cleavage for the wild-type human enzyme (Tl
capable of undergoing redox cycling, @, 4, 7, 8). Recent closed circles) and htopZ474A (G474A, open circles) were

studies demonstrated that a number of quinones, includingquantified and expressed as the relative increase in linear molecules

N-acetylp-benzoquinone imine (the toxic metabolite of in the presence of-8200uM genistein. DNA cleavage for yeast

acetaminophen), 1,4-benzoquinone (a reactive metabolitetopoisomerase Il (yTlI, closed squares) is shown for comparison.

of benzene), and several polychlorinated biphenyl (PCB) Error bars represent standard deviations for three independent
. . . . experiments.

quinone metabolites, poison human topoisomeraséyl a

mechanism that involves protein adducti@01—104). Thus,

it is possible that bioflavonoids poison topoisomerase Il 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 Il 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 Il topoisomeras@3 (L04).

In contrast, reducing agents do not alter the efficacy o o . .
“traditional” topoisomerase Il poisons such as etoposioa ( .genlst.em was added to reaction mixtures before or after the
104). Therefore, the effect of dithiothreitol on the activity nclusion of DNA.

of genistein was determined. As seen in Figure 8, treatment Taken together, these data demonstrate that the potential
of the isoflavone with dithiothreitol prior to the addition to to undergo redox cycling does not contribute to the ability
DNA cleavage reactions had no effect on genistein-induced of genistein to increase topoisomerase Il-mediated DNA
enhancement of DNA scission by topoisomerasedi 115. cleavage. Thus, we conclude that bioflavonoids act as

Relative DNA Cleavage

0 1 ! 1 1

The second set of experiments took advantage of the
finding that incubation of human topoisomerase With
quinones prior to the addition of DNA inactivates the enzyme
(101, 103 104). This inactivation results at least in part from
a cross-linking of the N-terminal gate of the protein by the
qguinone (04). Once again, this enzyme inactivation is not
observed with etoposide or other “traditional” topoisomerase
Il poisons. As seen in Figure 9, levels of DNA cleavage
f generated by topoisomerase. lbr 113 were identical when
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hilla: ‘hTlIA 1.5 Table 1: Walker B Consensus ATP Binding Site in Topoisomerase
None CIhTile 9 Il
<
Etoposide [af] EhTIp s aa sequence
3 species position sequence
Genistein == c—— 110 ';, consensus G-X-G-X-X-G
2 human topoisomerase| 472-477 G-L-G-V-V-G
Kaempferol [Sss= (S 3 human topoisomerase3ll 488-493 G-L-G-I-V-G
. m Drosophilatopoisomerase Il 452457 G-L-G-V-I-G
Luteolin (S HEN. {05 E S. cereisiaetopoiomerase | 456461 G-LA-V-V-G
Quercetin = o %
5 sequencel(06-109. The Walker B site, at residues 472
syrestn g 00 = 477, contains the G-X-G-X-X-G consensus (TablelD&

None H

8 s g = £ $ 109. The sequence at residues 1566 is the site that

§ 28 & £ 2 actually is utilized for ATP binding in the eukaryotic type

£85-§¢% Il enzyme (10). The second motif has no known function
B in topoisomerase |I.

[Compound] (50pM)

_ _ _ Genistein and other bioflavonoids are competitive inhibi-
Ficure 11: Bioflavonoids enhance DNA cleavage mediated by tors of ATP in a number of tyrosine kinases that utilize the
topoisomerase dl and 1} in cultured human CEM cells. The ICE 5 y 5_x_X-G consensus for ATP bindingl8—23, 111).

bioassay was used to monitor levels of cleavage complexes in ceIIsTh. - he intrioui ibili hat biofl id
treated with selected bioflavonoids. DNA £8) from cell cultures IS raises the Intriguing possibility that bioflavonoids

treated fo 1 h in theabsence of compound (none) or in the presence interact with the nonfunctional consensus (residues—472
of 50 uM bioflavonoid or 50uM etoposide was blotted onto a  477) on topoisomerase Il. Two lines of circumstantial
nitrocellulose membrane. Immunoblots were probed with a poly- eyidence support this possibility. First, this sequence is

clonal antibody directed against either human topoisomerase Il : . C e
or human topoisomerasesllrespectively. A representative immu- located in the TOPRIM region of the enzyme, which is in

noblot is shown. The bar graph shows quantified data for topoi- C/0S€ proximity to the site of DNA cleavage and ligation
somerase tt (hTllo; open bars) or  (hTIIS; closed bars). Levels  (52). Second, genistein is a potent poison of human topoi-
of covalently bound topoisomerase Il (expressed in nanograms) aresomerase . and 1|5 andDrosophilatopoisomerase Il, each

based on standards of purified human type Il topoisomerases. Errorgf \which contains the consensus G-X-G-X-X-G motif. In
bmaerﬁtrsepresent the standard deviation for three independent eXpe”'contrast, yeast topoisomerase II, which carries the sequence
' G-X-A-X-X-G at this site (and thus lacks the ATP binding

traditional topoisomerase Il poisons rather than quinone- motif) (52), is refractory to genistein (see Figure 10). As

based compounds. seen in Table 1, the positions denoted by the “X’s are
Mutation of Gly474 to Alanine in Human Topoisomerase identical or highly conserved among these species.
Ila. Reduces Sensitty to GenisteinMany eukaryotic type To determine if the ATP binding motif at residues 472

Il topoisomerases contain two Walker consensus ATP bindng477 contributes to the actions of genistein against topoi-
motifs (105, Walker A and B 106-108). The Walker A somerase Il, Gly474 in human topoisomerase as

site spans residues 16166 (numbering is from human mutated to Ala (htop@G474A). This substitution converts
topoisomerase &) and is comprised of the G-X-X-G-X-G  the consensus sequence of the human enzyme to the

hTllee  hTHR
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Ficure 12: Contribution of the 5-OH and’4©H moieties to the ability of genistein to enhance DNA cleavage mediated by human
topoisomerase &l or I3 in cultured human CEM cells. The ICE bioassay was used to monitor the level of cleavage complexes in CEM
cells treated with 25 or 5@M genistein (Gen) in the absence or presence of 280biochanin A (BA) or 500uM daidzein (Daid),
respectively. DNA (3:g) from cells treated fiol h were blotted onto a nitrocellulose membrane. Immunoblots were probed with a polyclonal
antibody directed against either human topoisomeraserlhuman topoisomeraseslirespectively. A representative immunoblot is shown.

The bar graph shows quantified data for topoisomerasgHTllc; open bars) or B (hTlIj3; closed bars). Levels of covalently bound
topoisomerase |l (expressed in nhanograms) are based on standards of purified human type Il topoisomerases. Error bars represent the
standard deviation of three independent experiments.
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nonconsensus sequence of yeast topoisomerase Il. Althougleellular activities of bioflovanoids and sets the stage for

the intrinsic DNA cleavage activity of htopZ474A was
similar to that of wild-type topoisomerasenl(not shown),

future physiological studies.

the sensitivity to genistein was reduced (Figure 10). Both ACKNOWLEDGMENT
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lower than that of the wild-type enzyme. While this finding  yitical reading of the manuscript.

the potency and efficacy of htop®474A were~2-fold

does not completely explain the lack of sensitivity of yeast

topoisomerase Il to genistein, it strongly suggests that the REFERENCES

nonfunctional ATP binding motif at residues 47277
contributes to the actions of the isoflavone against human
topoisomerase |I.

Bioflavonoids Increase Leels of DNA Cleaage Com-
plexes Generated by Topoisomeragedhd 113 in Cultured
Human Cells.Since bioflavonoids act as topoisomerase |l
poisons in vitro, it has been assumed that the DNA breaks
generated by these compounds in cells are mediated by the
type Il enzyme(s) 16, 88, 89). However, the physiological
effects of these compounds on topoisomerase Il have never
been confirmed. Therefore, the ICE bioassay was employed
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cells. In this assay, cultured CEM leukemia cells were lysed
with an ionic detergent, and proteins that were covalently
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As seen in Figure 11, bioflavonoids enhance DNA
cleavage mediated by topoisomerasedhd I3 in cultured
human cells. Results reflect those obtained in vitro, but
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were more efficacious against purified topoisomeragen|
vitro (see Figure 3), similar levels of cleavage were observed
with both enzyme isoforms in treated human cells. Since an
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