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ABSTRACT: Polychlorinated biphenyls (PCBs) are associated with a broad spectrum of human health
problems and cause cancer in rodents. In addition, these compounds cause chromosomal aberrations in
humans and treated human cells. Although the underlying basis for the chromosomal damage induced by
PCBs is not understood, it is believed that these compounds act through a series of phenolic and quinone-
based metabolites. Recent studies indicate that several quinones that promote chromosomal damage also
act as topoisomerase |l poisons. Therefore, the effects of PCB quinone metabolites (including mono and
dichlorinated compounds angt and o-quinones) on the activity of human topoisomerase Were
examined. Results indicate that these compounds are potent topoisomenasisdhs in vitro and act by
adducting the enzyme. They also increase DNA cleavage by topoisomexaseclltured human cells.

In contrast, incubation of topoisomeraset With PCB metabolites in the absence of DNA leads to a

rapid loss of enzyme activity. On the basis of (1) the differential ability of quinone-treated enzyme to
bind circular and linear DNA molecules and (2) the generation of-sadtble noncovalent complexes
between topoisomerasenland circular plasmids in the presence of PCB quinones, it appears that these
compounds alter enzyme function (at least in part) by blocking\tierminal gate of the protein. Finally,
exposure to quinones generates a protein species with a molecular mass approximately twice that of a
monomeric topoisomerasenllprotomer. This finding suggests that PCB quinones block\#tterminal

gate by cross-linking the protomer subunits of topoisomerase |l

Polychlorinated biphenyls (PCBsrepresent a class of Due to human health concerns, most countries banned the
compounds with two aromatic six-member rings that contain production and use of PCBs in the 1970s 8). Three
from 1 to 10 chlorine atomsl( 2). These chemicals were decades later, these compounds remain persistent environ-
employed in a variety of large-scale industrial applications mental contaminantsl{ 3—5).

from the 1930s to the 19703 3). For example, PCBs were  Exposure to PCBs is associated with a broad spectrum of
used as organic diluents, lubricants, and cooling fluids and hyman health problems, including neurotoxicity, hepatotox-
were commonly utilized in the production of adhesives, gty hypothyroidism, and immunodeficiencyt, (3, 6—8).
paper, pesticides, and flame retardants. One of the propertie$cBs are complete carcinogens in rodents and display
that made PCBs so attractive for industrial purposes was theirgenotoxic activity in vitro and in vivog, 10). For example,
high stability and low biodegradabilityl( 3). As a result,  in |aboratory studies, these compounds induce chromosomal
however, these compounds accumulated in the environmentgperrations and sister chromatid exchanges in cultured human
lympocytes 11). Similar chromosomal abnormalities have
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(2CI-2,5pQ), 2-(2-chloro-phenyl)-[1,4]benzoquinone;'qB2,5pQ), lites (15—19). It has been proposed that the generation of
2-(3-chloro-phenyl)-[1,4]benzoquinone; ¢42,5pQ), 2-(4-chloro-phen-  reactive oxygen species by redox cycling, the depletion of

yD)-[1,4]benzoquinone; (FH'Cl-2,5pQ), 2-(3,5-dichloro-phenyl)-[1,4]- ; ; ; ;
benzoquinone; (€1-2,5HQ), 4-Chloro-biphenyl-2,5-diol; (£1-2,30Q), gIUtat.hlor.]e by adduction, or t.he generation of DNA lesions
3-(4-chloro-phenyl)-[1,2]benzoquinone’@4-3,40Q), 4-(4-chloro-phen- DY Oxidation may play a role in chromosome damabfe

yl)-[1,2]benzoquinone. 19). In addition, PCB quinone metabolites form protein
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adducts through cysteine residues in treated c&és The zoquinone (XI-2,5pQ), 2-(4-chloro-phenyl)-[1,4]benzo-
specific cellular proteins that are modified by these com- quinone (4ClI-2,5pQ), and 2-(3,5-dichloro-phenyl)-[1,4]benzo-
pounds are not well characterized. However, the genotoxic quinone (35CI-2,5pQ) were synthesized by coupling the
effects of PCBs are consistent with the actions of topo- appropriate chloroaniline with 1,4-benzoquinone as described
isomerase Il poisons, and a previous study found that theseby Amaro et al. 17). 4-Chloro-biphenyl-2,5-diol (4I-
compounds inhibited enzyme-catalyzed DNA decatenation 2,5HQ) was generated by reducin@#2,5pQ with sodium
(29). dithionite 65). 3-(4-Chloro-phenyl)-[1,2]benzoquinone G
Topoisomerase Il is an enzyme that removes knots and2,30Q) and 4-(4-chloro-phenyl)-[1,2]benzoquinon&{43, -
tangles from the genetic material by generating transient 40Q) were generated by oxidizing the corresponding diol
double-stranded breaks in the backbone of DI2&-27). PCB derivatives with silver(l) oxidel(, 56). The [1,2]-
To maintain genomic integrity during this cleavage event, benzoquinones were used within 48 h after their synthesis
the enzyme forms covalent bonds between active site tyrosylto minimize decomposition. In all cases, spectroscopic data
residues and the’ NA termini created by scission of the ~were in agreement with proposed structures. Furthermore,

double helix 28—30). These covalent topoisomerase II- the purity of all compounds was98% as determined by

cleaved DNA intermediates are known eleavage com-  gas chromatography ([1,4]benzoquinone) or gas chromatog-
plexes Under normal conditions, they are present at low raphy-mass spectrometry (diols). The only exception were
equilibrium levels and are tolerated by the céld,(21, 23, the two [1,2]benzoquinones, which were characterized with

24, 27). However, conditions that significantly increase the 'H nuclear magnetic resonance spectroscopy and used
concentration of these complexes generate permanent DNAwithout further purification. All PCB metabolites were
strand breaks that induce illegitimate recombination, chro- prepared as 20 mM solutions in 100% DMSO and stored at
mosomal aberrations, and sister chromatid excharnggs ( —20°C.
24, 27, 31-35). Plasmid DNA Cleaage DNA cleavage reactions were
A variety of important anticancer drugs, such as etoposide, carried out using the procedure described by Fortune and
kill cells by increasing cellular levels of topoisomerase IIl- Osheroff £7). Assay mixtures contained 135 nM topoi-
DNA cleavage complexe@{, 24, 27, 36-40). Because these ~ Somerase t and 10 nM negatively supercoiled pBR322
agents convert the type Il enzyme to a potent cellular toxin, DNA in a total of 20uL of cleavage buffer (10 mM Tris-
they are calledopoisomerase Il poison@1, 24, 27, 37, 39, HCI, pH 7.9, 100 mM KCI, 5 mM MgGl, 0.1 mM NaEDTA,
40). Most topoisomerase Il poisons are believed to function @nd 2.5% glycerol) that contained-@00 «M of the PCB
in the active site of the enzyme via noncovalent interactions Metabolites or etoposide. DNA cleavage was initiated by the
(21, 24, 27, 37, 39-41). However, recent studies indicate addition of enzyme, and mixtures were incubated for 6 min
that sulfhydryl-reactive quinones also have the potential to &t 37 °C to establish DNA cleavage-religation equilibria.
increase levels of topoisomerase |l-mediated DNA cleavage EnZyme-DNA cleavage intermediates were trapped by
(42-44). 1t is believed that these compounds act by adding 2ul of 5% SDS and IuL of 375 mM EDTA, pH
adducting amino acid residues that may lie outside the active8-0- Proteinase K was added 42 of 0.8 mg/mL), and
site of the enzyme4Q—44). reactions were incubated for 30 min at 4G to digest the
Humans encode two isoforms of topoisomeraselgnd ~ (OPoisomerase él. Samples were mixed with 2L of 60%

. : : in 10 mM Tris-HCI, pH 7.9, 0.5% bromophenol blue
8 (45—48). Topoisomerase di levels increase dramatically =~ SUCTOSE I ' ’ PDHET ’
during periods of cell growth, and this isoform appears to 2nd 0-5% xylene cyanol FF, he_ate%l for 15 min at*€3
be a major target for anticancer drugs in rapidly proliferating &"d subjected to electrophoresis in 1% agarose gels in a TAE

cells 22, 26, 49—51). Because the genotoxic events triggered buffer. (40 mM Tns-ace.ta.te, pH 83 and 2mM EDTA, that
by PCBs resemble those of topoisomerase Il poisons, thecontgmed 0.g/mL Eth'd'“”! bromide. DNA cleavage was

effects of quinone and hydroquinone PCB metabolites on momtqred bY the conversion of negatively superco'lled
human topoisomerasediwere examined. Results indicate plasm|ds_ to I|r_1ear molecules._ DNA _bands were visualized
that quinone metabolites are potent topoisomerase I1 poisond?Y Ultraviolet light and quantified using an Alpha Innotech

in vitro and in cultured cells. These findings suggest that digital imagiqg system. .
the type Il enzyme may contribute to PCB genotoxicity.  1© determine whether DNA cleavage by topoisomerase
Finally, in vitro studies indicate that the ability of PCB Ila was reversible, EDTA was added prior to treatment with

metabolites to alter the activity of topoisomerase. 5 SDS. To examine whether cleavage was protein-linked,
related to effects on thi-terminal clamp of the protein. proteinase K treatment was or_n!tted. In reactions that tested
whether PCB metabolite activity was affected by DTT,
EXPERIMENTAL PROCEDURES samples contained a final DTT concentration of a00that
was added either before or after cleavage complex formation
Enzymes and MaterialdHuman topoisomerasediwas and processed as above.
expressed inSaccharomyces cernsiae and purified as To analyze the effects of PCB metabolites on topo-
described previoushb@—54). Negatively supercoiled pBR322  jsomerase t. in the absence of DNA, a metabolite was
DNA was prepared using a Plasmid Mega Kit (Qiagen) as incubated with the enzyme for8 min at 37°C in 15ulL
described by the manufacturer. ICRF-193 (Biomol) and of cleavage buffer. Cleavage reactions were initiated by
etoposide (Sigma) were prepared as 20 mM stock solutionsadding negatively supercoiled pBR322 DNA in/& of
in 100% DMSO and stored at’€. All other chemicals were  cleavage buffer. The final concentrations of topoisomerase
of analytical reagent grade. lla, DNA, and PCB metabolite in the final reaction mixtures
Synthesis of PCB Metabolitex.(2-Chloro-phenyl)-[1,4]- were 135 nM, 10 nM, and 10@2M, respectively. Topo-
benzoquinone (£1-2,5pQ), 2-(3-chloro-phenyl)-[1,4]ben- isomerase b DNA cleavage-religation equilibria were
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established and processed as described above. tional). Radioactivity remaining on the membranes was
Site-Specific DNA Cleage Induced by PCB Metabolites. quantified using a Beckman LS 5000 TD Scintillation
DNA sites cleaved by human topoisomerase. Mvere Counter.
determined by a modificatiod{) of the procedure described Assays that monitored the binding of topoisomerase Il
by O'Reilly and Kreuzer %8). A linear 4330 bp fragment  to negatively supercoiled plasmid were carried out according
(Hindlll/EcoRI) of pBR322 plasmid DNA singly labeled to the procedure of Fortune et ablj. Reaction mixtures
with 32P on the 5terminus of the Hindlll site was used as contained 6-400 nM enzyme and 100M PCB metabolite
the cleavage substrate. Reaction mixtures contained 0.35 nMor etoposide) in 15 of binding buffer. Samples were
DNA substrate and 60 nM topoisomerase |h 50 uL of incubated for 5 min at 37C. Binding reactions were initiated
cleavage buffer. Assays were carried out in the absence ofby adding DNA in 5uL of binding buffer and incubated at
compound, or in the presence of 1261 etoposide or 25 37 °C for an additional 6 min. The concentrations of
uM PCB metabolite. Reactions were initiated by the addition topoisomerase &, DNA, and PCB metabolite in the final
of enzyme and were incubated for 10 min at°’87 Cleavage reaction mixtures were-8400 nM, 5 nM, and 10QuM,
intermediates were trapped by adding«b of 10% SDS respectively. Samples were loaded without further processing
followed by 5uL of 250 mM NaEDTA, pH 8.0. Topo- onto a 1% agarose gel and subjected to electrophoresis in
isomerase tk was digested with proteinase K (& of 0.8 100 mM Tris-borate, pH 8.3, and 2 mM EDTA. Gels were
mg/mL) for 30 min at 45°C. Reaction products were stained for 30 min with 0.%g/mL ethidium bromide, and
precipitated twice in ethanol, dried, and resuspended in 40%samples were analyzed as described above.
formamide, 8.4 mM EDTA, 0.02% bromophenol blue, and  Protein Clamp ClosingFilter binding assays were used
0.02% xylene cyanole FF. Samples were subjected toto analyze the salt-stable closed clamp of topoisomerase Il
electrophoresis in a 6% sequencing gel. The gel was then(62). Briefly, 5 nM human topoisomerasealland 2 nM
fixed in 10% methanol/10% acetic acid for 5 min, dried, pBR322 were incubated for 5 min at 3T in a total of 90
and DNA cleavage products were analyzed on a Bio-Rad uL of clamp-closing buffer (50 mM Tris-HCI, pH 8.0, 100
Molecular Imager FX. mM KCI, 1 mM EDTA, and 8 mM MgC}). No compound,
DNA Religation. DNA religation mediated by topo- 100uM 4'Cl-2,5pQ, 10QuM 4'CI-2,5HQ, or a combination
isomerase b was monitored according to the procedure of of 100uM ICRF-193+ 2 mM ATP was added in a total of
Byl et al. (59). Topoisomerasedl DNA cleavage-religation 10 uL of 10% DMSO. Mixtures were incubated for an
equilibria were established as described above in the absencadditional 5 min at 37C.
of compound, or in the presence of 108 PCB metabolite In some experiments,'@l-2,5pQ was incubated with
or 100uM etoposide. Religation was initiated by shifting topoisomerase & for 5 min in the absence of DNA.
reaction mixtures from 37 to OC, and reactions were Following the addition of DNA, samples were incubated for
stopped at time points up to 40 s by the addition efL.2of an additional 5 min at 37C.

5% SDS followed by IuL of 375 mM NaEDTA, pH 8.0. In all cases, binding mixtures were loaded onto glass fiber
Samples were processed and analyzed as described abowdters (Millipore) preincubated in clamp-closing buffer, and
for topoisomerase d plasmid DNA cleavage reactions. filtered in vacuo. Filters were washed three times with clamp-

DNA Binding.The binding of topoisomerasedllto linear closing buffer (low salt wash), followed by three washes with
DNA substrates was assessed using a nitrocellulose filter-clamp-closing buffer that contaidel M NaCl (high salt
binding assay. Either the linearized pBR322 DNA substrate wash), followed by three washes with 10 mM Tris-HCI, pH
described above or #P-labeled double-stranded 50-mer 8.0, 1 mM EDTA, and 0.5% SDS. DNA was precipitated
oligonucleotide that contained a single topoisomerase Il with 2-propanol and loaded onto a 1% agarose gel in TAE
cleavage site60) were employed. The oligonucleotide was buffer containing 0.5:g/mL ethidium bromide. DNA was
prepared on an Applied Biosystems DNA synthesizer. The visualized as described above.
sequences of the top and bottom strands weeT&GTA- Protein Cross-linking.The ability of quinones to cross-
TCTGCGCTCTGCTGAAGCEAGTTACCTTCGGAAAA- link the protomer subunits of human topoisomerasewbs
AGAGTTGGT-3 and 3-ACCAACTCTTTTTCCGAAG- assessed using SDS polyacrylamide gels. Cross-linking
GTIAACTGGCTTCAGCAGAGCGCAGATACCAA-3, re- mixtures contained 135 nM topoisomerase ih a total of
spectively. The arrows indicate cleavage sites by topo- 60 uL of cleavage buffer. The enzyme was incubated at 37
isomerase bk The enzyme was incubated for-6 min at °C for 0—2 min in the presence of 100M 4'CI-2,5pQ or
37 °C in 15uL of DNA binding buffer (10 mM Tris-HCI, for 6 min in the absence of compound or in the presence of
pH 7.9, 30 mM KCI, 0.1 mM NaEDTA, and 2.5% glycerol) 100 uM 4'CI-2,5pQ or 250uM plumbagin. In dilution
that contained no compound, PCB metabolite, or etoposide.experiments, 86800 nM topoisomerased!was incubated
Binding equilibria were initiated by the addition of DNA in  with 100 uM 4'Cl-2,5pQ for 1 min. In all cases, reactions
5 uL of binding buffer and followed by incubation for 6 were quenched by the addition ofu2 of 5 MM DTT and
min at 37°C. The final concentrations of topoisomerasg |l  were incubated at 37C for an additional 2 min. Samples
DNA, and PCB metabolite (or etoposide) in the final reaction were precipitated with TCA and resuspended inglOof
mixtures were 400 nM, 5 nM, and 1Q@M, respectively. H.O. Laemmli buffer (10uL, Bio-Rad) was added, and
Nitrocellulose membranes (0.456m HA, Millipore) were samples were subjected to electrophoresis in a 7.5% denatur-
prepared by incubation in DNA binding buffer for 10 min. ing acrylamide gel (Bio-Rad) at 200 v for 1 h. The protein
Samples were applied to the membranes and filtered inwas visualized by coumassie staining.
vacuo. Membranes were washed three times with 1 mL of Partial Proteolytic Mapping To identify peptides cross-
DNA binding buffer, dried, and submerged in 8 mL of linked by PCB metabolites, a modified Cleveland mapping
scintillation fluid (Econo-Safe, Research Products Interna- protocol was utilized. Briefly, 3:g of human topoisomerase
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Ila was treated with 10QM 4'CI-2,5pQ for 0-2 min in 10 c 0
uL of cleavage buffer. Reactions were quenched wigh_1
of 5 mM DTT. Proteolysis was initiated by the addition of
0.4 ug of V8 protease (Pierce), and the samples were 2 P d 2
incubated at 37C for 30 min. The protease reactions were 3C1-2,5pQ C
guenched with 3L of 10% SDS followed by the addition

of 15 uL of Laemmli buffer. The samples were subject to °© °
electrophoresis in a-420% denaturing acrylamide gel (Bio- zel25Q c
Rad) at 200 v for 1.5 h. Protein was visualized by silver ¢ o OH

staining (Bio-Rad). 4C1-2,30Q
DNA Cleaage Mediated by Topoisomerases in Cultured @ Q ¢ @ @
[o]
(o)

Human CEM Cells Human CEM acute lymphoblastic ¢ HG
leukemia cells (ATCC) were cultured under 5% £& 37 3',5'C1-2,5pQ C o 4Cl-2,5HQ
°C in an RPMI 1640 medium (Cellgro by Mediatech, Inc.)

containing 10% heat-inactivated fetal calf serum (Hyclone) £C1-3,40Q

and 2 mM glutamine (Cellgro by Mediatech, Inc.). The in
vivo complex of enzyme (ICE) bioassa§3 64) (as modified

on the TopoGEN, Inc., website) was employed to determine
the ability of PCB metabolites to induce topoisomerase |l
mediated DNA breaks in CEM cells. Exponentially growing
cultures were treated with 28V PCB metabolites for 6 h

or with 10 uM etoposide or camptothecin fad2 h for
comparison. The cells~5 x 10°) were harvested by
centrifugation and lysed by the immediate addition of 3 mL
of 1% sarkosyl. Following gentle dounce homogenization,
the cell lysates were layered ona 2 mLcushion of CsCl
(1.5 g/mL) and centrifuged in a Beckman NVT 90 rotor at
80 000 rpm {500 00@) for 5.5 h at 20°C. The DNA pellets °
were isolated, resuspended in 5 mM Tris-HCI, pH 8.0, and 0 50 100 150 200
0.5 mM EDTA, and blotted onto nitrocellulose membranes [Compound] (uM)
using a Schleicher and Schuell slot blot apparatus. Covalent

cleavage complexes formed between topoisomeraserll

topoisomerase | and chromosomal DNA were detected using Compound (100 M)

a polyclonal antibody directed against human topoisomeraselffrl;z'rfl %c:)nggmrg‘f;zzg:“l_eesv th;rgtf"gtﬁADc’\l'é \?;Zi\lsvge?en;i(gr?ttiﬁg dby
o (Kiamaya _Blochemlcal Co) ‘.’ﬂ a 1:1000 dIIUt,Ion ora ang expressed as a fold enhancement over reactions that were
polyclonal antibody directed against human topoisomerasecarried out in the absence of metabolites. Cleavage titrations are

4'C1-2,5pQ

2
X

Ficure 1: Stuctures of PCB metabolites.

Etoposide
-
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2'Cl
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4'C
4'C
4'C

3',5'Cl-2,5pQ
4'C

| (Biolegend) at a 1:2000 dilution. shown in the left panel. Reaction mixtures containee200 uM
4Cl-2,5pQ (), or 4Cl-2,5HQ @). A parallel titration with
RESULTS etoposide @) is shown as a control. Relative DNA cleavage

enhancement induced by 108 PCB metabolites is shown in the
PCB Metabolites Enhance DNA Clesge Mediated by  right panel. Error bars represent the standard deviation of at least
Human Topoisomerased! The underlying basis for the €€ independent experiments.

chromosomgl dar_nage induced by PCBs is not “”derStOOd-correSponding hydroquinone congeiCk2,5HQ, displayed
However, it is believed that these compounds act through a, e,y ittle activity against topoisomeraseliNo significant

series of phenolic and quinone-based metabolit&s-{9). increase in DNA scission was observed up to 2004'Cl-
Recent studies indicate that several qu_inones that pro_rnoteZ’SHQ (Figure 2, left panel). These results strongly suggest
chromosomal damage also act as topoisomerase Il poisongnat pCB quinones are potent topoisomerase |l poisons in
(42—44). Therefore, the effects of a variety of PCB ;iq hyt that PCB hydroquinones are far less active against
metabolites on DNA cleavage mediated by human topo- o enzyme.
isomerase t were examined. Because '€1-2,5pQ was the most active metabolite, it was
The PCB metabolites used in the present study are shownysed as the model quinone for control experiments designed
in Figure 1. The compounds were either mono or dichlori- to determine whether the enhanced DNA cleavage induced
nated and included a series piguinones and-quinones by PCB metabolites was mediated by topoisomerage II
as well as g-hydroquinone. (Figure 3). First, no linear DNA was observed in reactions
All of the quinone-based PCB metabolites increased DNA that contained 10Q«M 4'Cl-2,5pQ but lacked enzyme.
cleavage mediated by topoisomerasedteater than 4-fold  Second, the electrophoretic mobility of the cleaved DNA (i.e.,
(Figure 2). As seen in the left panel,G+-2,5pQ was the linear band) was dramatically reduced in the absence of

equipotent to etoposide and increased cleavagidold. On proteinase K treatment, indicating that all of the cleaved
the basis of titrations from 0 to 200M metabolites (not plasmid molecules were covalently attached to topoisomerase
shown), levels of cleavage enhancement plateaued.@0 [la.. Third, scission was reversed when EDTA was added to
uM for all of the quinones examined. In contrast t@Ch reaction mixtures before cleavage complexes were trapped

2,5pQ, which was the most active quinone metabolite, the by the addition of SDS. This reversibility is inconsistent with
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DTT did not significantly alter levels of DNA cleavage
mediated by topoisomeraselin the absence of the quinone
(Figure 4) or in the presence of the anticancer drug etoposide
(which does not form a covalent protein adduct; data not
shown) @9, 42, 43). These findings indicate that PCB
metabolites increase DNA strand breaks generated by to-
poisomerase & by forming covalent adducts with the
enzyme.

Quinones can undergo enzyme-dependent redox cycling
to generate free radicals that damage nucleic adig66).
FicURe 3. DNA cleavage induced by PCB metabolites is mediated |n addition, some biologically relevant quinones can form

by topoisomerase di. An ethidium bromide-stained agarose gel 5qqucts with DNA 15, 66—68). Because many DNA lesions
of DNA cleavage reactions is shown. DNA controls lacking enzyme ! '

4'Cl-2,5pQ + DNA
4'Cl-2,5pQ

Topo Il
-ProK
EDTA

<
=
=1

Fll
Flll

Fl

were in the absence (DNA) or presence ¢€142,5pQ (4Cl-2,- have be,er_] Show,n to poison human t0p0isomeras€é5w’ .
5pQ + DNA). DNA cleavage mediated by human topoisomerase 69—73), it is possible that the enhancement of DNA scission
lla in the absence (Topo Il) or presencéGi2,5pQ) of 100uM by the PCB metabolites is due to a modification of the

4’CI-2,5pQ_was examined. To determine whether t_he DNA cleavage plasmid substrate. To address this issue, ABD4'CI-2,-
observed in the presence ofcF2,5pQ was protein-linked, pro- 5,5 \yag incubated with negatively supercoiled pBR322 for
teinase K treatment was omitted (-Pro K). Reversibility of reactions . : . . i,
containing 4C1-2,5pQ was examined by adding EDTA prior to SDS  © Min but removed by gel filtration prior to the addition of
treatment (EDTA). The electrophoretic mobilities of negatively the enzyme. No enhancement of DNA cleavage was observed
supercoiled DNA (form I, FI), nicked circular plasmid (form Il,  under these conditions (data not shown). Thus, modification
FIl), and linear molecules (form IlI, FIll) are indicated. Data are of DNA does not appear to contribute to the effects of PCB
representative of two independent assays. metabolites on topoisomerasell
Topo Il + To determine the effects of PCB metabolites on the DNA

DNA Topo Il 4'Cl-2,5pQ cleavage site specificity of topoisomerase, l& singly end-
labeled fragment of pBR322 was used as the substrate. This
4330 bp linear DNA allows cleavage to be monitored at
specific sites. Four of the quinone metabolites were used
for cleavage mapping, including both mono and dichlorinated
p-quinones. All of them increased topoisomerase- I
mediated DNA scission at a number of distinct sequences
(Figure 5). As determined by visual inspection, the quinones

displayed DNA cleavage site specificities that were identical
Ficure 4: Effects of reducing agents on the ability 6C42,5pQ piay g P

to enhance DNA cleavage mediated by human topoisomerase I to One. another but differed §|gnlf|cantly from that of
A representative ethidium bromide-stained agarose gel is shown.€toposide. Furthermore, strong sites of cleavage enhancement

The DNA substrate is shown as a control in lane 1. Reactions were appeared to correspond to sites cut by topoisomerasia 1
carried out in the absence (lanes4) or presence of 100M 4'Cl- the absence of poisons. This finding suggests that PCB
2,5pQ (lanes 57). Reactions contained no reducing agent (-, 1anes ¢ inones may be acting distal to the active site of the enzyme,

1, 2 and 5), 50xM DTT that was added to reaction mixtures after _. S
topoisomerase HDNA cleavage complexes were established (post, since drugs that act at the scissile bonds generally alter

lanes 3 and 6), or 500M DTT that was incubated with'@l-2,- cleavage site utilization by topoisomerase/M), Consistent
5pQ prior to the addition of the quinone to cleavage reactions (pre, with the global DNA cleavage data;Gl-2,5HQ had little

lanes 4 anq 7). The mobilities of supercoiled (Fl), ni(.:ked. circular effect on enzyme-mediated DNA scission and yielded a
(FI1), and linear (FIll) DNA molecules are as those in Figure 3. ¢ja4yage pattern that was similar to that of the topoisomerase
Results are representative of four independent experiments. -
Ilow control (Figure 5).

a nonenzymatic reaction. Taken together, the above findings PCB Quinones Inhibit DNA Religation Mediated by
provide strong evidence that PCB quinones increase DNA Human Topoisomeraseadl Topoisomerase |l poisons in-
cleavage through an enzyme-mediated reaction. crease levels of enzyme-mediated DNA breaks by two

Previous studies suggest that quinones alter the activitynonmutually exclusive mechanisni&l( 24, 27, 40). Drugs
of topoisomerase & by covalently modifying the enzyme  such as etoposide act primarily by inhibiting the ability of
(19,42, 43). This is the primary reason quinones are believed topoisomerase &l to religate DNA breaks 75, 76). In
to be more active toward the enzyme than hydroquinonescontrast, drugs such as quinolones have little effect on strand
(19, 65). If protein adduction plays an important role in the rejoining and appear to act primarily by increasing the
actions of PCB metabolites, once a quinone has modified forward rate of DNA scission?(/, 78).
topoisomerase d, it should not be able to dissociate from To determine the mechanism by which PCB metabolites
the enzyme. Therefore, order-of-addition experiments were increase levels of topoisomerase Il-generated DNA strand
carried out to address the effects of the reducing agent DTT breaks, their effects on rates of religation mediated by human
on the actions of '€1-2,5pQ (Figure 4). As expected, no topoisomerase &l were assessed (Figure 6). All of the PCB
enhancement of enzyme-mediated DNA scission was ob-quinones examined strongly inhibited the ability of the
served when 10@M quinone was incubated with 5QM enzyme to reseal cleaved DNA molecules, suggesting that
DTT prior to its addition to the topoisomerasextDNA this inhibition is the primary mechanism by which these
complex. Conversely, once a cleavage complex was estab-compounds increase levels of topoisomeras®MA cleav-
lished in the presence of@-2,5pQ, DTT had no effect on  age complexes. Considerably less inhibition was seen for
the enhancement of DNA scission. In control experiments, 4'CIl-2,5HQ.
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FiGuRe 6: DNA religation mediated by human topoisomerase |l

is inhibited by PCB metabolites. Left panel: DNA religation was
examined in the absence of compound (n@eor in the presence

of 100 uM etoposide ©), 100 uM 4'CI-2,5pQ ), or 100uM
4'Cl-2,5HQ @). Right panel: Representative religation data for
PCB metabolites at 10 s. In all cases, samples were incubated at
37 °C to establish DNA cleavageeligation equilibria and were
then shifted to OC to initiate religation. Levels of DNA cleavage
observed at equilibrium were set to 100% at time zero. DNA
religation was quantified by the loss of linear cleaved molecules.
Error bars represent the standard deviation of at least three
independent experiments.
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Ficure 5: DNA cleavage site utilization by human topoisomerase Time (min) = ;i § 9§ 9y w
lla in the presence of PCB metabolites. An autoradiogram of a T 8888888
polyacrylamide gel is shown. DNA cleavage reactions contained o
no compound (Topo ), 12.5%M etoposide, or 25M of the Compound (30 s
indicated PCB. A DNA control is shown in the far left lane. Data  Figyre 7: PCB metabolites rapidly inactivate human topoisomerase
are representative of at least three independent experiments. || in the absence of DNA. PCB metabolites were incubated with

. ] ] the enzyme prior to the addition of DNA, and the effects of these
Exposure of Topoisomerasexlto PCB Quinones in the  compounds on enzyme activity were assessed by DNA cleavage

Absence of DNA Inhibits Enzyme Aitlj. Although quinones assays. Left panel: Time course for the incubation of topoisomerase

i ; ; i#+h 1o with no compound @), 100uM etoposide ©), 100uM 4'Cl-
act as topoisomerase Il poisons when incubated with ;oo 0% 100,m 4'CL2,5HG @), Right panel: Representative
enzyme- compiexes, several studies inaicate that they 415 for PCB metabolites at 30 s. Levels of DNA cleavage for

are potent inhibitors of enzyme activity when incubated with reactions in which metabolites and DNA were added simultaneously
human topoisomerasenlprior to the addition of DNA 42— (i.e., time zero) were set to 1.0. Error bars represent the standard
44). 1t is not known whether these two properties of quinones deviation of at least three independent experiments.

share a common basis for action.

To determine whether PCB metabolites also display stantially slower than that observed with the corresponding
inhibitory properties, these compounds were incubated with duinone. Taken together, these results indicate that PCB
topoisomerase d in the absence of DNA, and their effects Metabolites, like other quinone-based compourids 42,
on enzyme-mediated DNA cleavage were characterized. As43) and ICRF-193 (which acts by trapping theterminal
seen in Figure 7, exposure of topoisomerasetd PCB  Protein clamp of topoisomerase 1§, are mixed function
quinones prior to the addition of plasmid rapidly decreased inhibitors of topoisomerasedl When incubated with the
the ability of the enzyme to cleave DNA. Inhibition by all €nzyme-DNA complex, they act as topoisomerase I
of the quinones (at 100M) was nearly complete within 30~ POISONS; when incubated with the enzyme in the absence of
s. In contrast, no inhibition was observed follogia 3 min a nucleic acid substrate, they block topoisomerase Il function.
exposure to etoposide. While incubation wittC#2,5HQ Exposure of Topoisomeraseto PCB Quinones Prior
decreased DNA cleavage, the rate of inhibition was sub- to the Addition of DNA Inhibits the Binding of the Enzyme
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Ficure 8: Substrate-dependent effects of PCB metabolites on topoisomexadeNIA binding. Assays employed a negatively supercoiled
circular plasmid (top left panel), a linear plasmid (top center panel), or a duplex 50-mer oligonucleotide (top right panel) as the substrate.
For experiments that used the circular plasmig400 nM enzyme was incubated with no compound (none) M@toposide, or 10@¢M

PCB metabolite for 5 min prior to the addition of DNA. For assays that used linear substrates (linear plasmid or the 50-mer), 400 nM
enzyme was incubated with no compound, 100 etoposide, or 10&M PCB metabolite for 685 min prior to the addition of DNA. The

bottom summary panel is a representative graph including all three substrates in assays carried out under identical reaction conditions
(exposure of 400 nM enzyme to compounds for 5 min prior to the addition of DNA). Error bars represent the standard deviation of at least
three independent experiments.

to Circular Plasmid SubstratesAs a first step toward  and circular substrates, the effects of PCB metabolites on
defining the mechanism by which incubation of PCB the ability of topoisomerasedito bind short DNA fragments
quinones with topoisomerasenllin the absence of DNA  was examined. The substrate used for these experiments was
impairs enzyme activity, the effects of these compounds on a duplex 50-mer that contained a DNA cleavage site for the
enzyme-DNA binding was assessed. Initial experiments human enzyme6(0). As seen in Figure 8 (top right panel
utilized negatively supercoiled circular plasmids as substrates.and bottom summary panel), exposure of topoisomerase Il
Exposure of topoisomerasexto severap-quinones (at 100 to PCB quinones prior to the addition of DNA had no
uM) sharply decreased the formation of noncovalent enzyme substantial effect on the ability of the enzyme to bind the
DNA complexes (Figure 8, top left panel and bottom oligonucleotide.
summary panel). In contrast, equivalent concentrations of In summary, PCB quinones sharply impair the binding of
etoposide or €I-2,5HQ had no significant affect on binding. topoisomerase &l to circular DNA substrates, display a
Additional experiments examined the effects of PCB smaller effect on the binding to linear molecules, and have
metabolites on the binding of topoisomerase tb linear no effect on the binding to oligonucleotides. These findings
plasmids. Similar patterns were observed with the linear are not consistent with the idea that quinones adduct an
substrate; however, the decrease in binding was less dramatiamino acid residue in the active site of topoisomerage |l
(Figure 8, top center panel and bottom summary panel). In Rather, as discussed below, they suggest that the compounds

general, the inhibition observed with linear DNA wag/2 may alter enzyme function by affecting thieterminal gate
that seen with circular substrates. of topoisomerase II.
The linear plasmid substrates wer&300 bp in length. 4'CI-2,5pQ Blocks the N-Terminal Protein Gate of Human

To further investigate the differences seen between linear Topoisomerase &l. During the catalytic cycle of type Il
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topoisomerases, the T-helix (i.e., the DNA helix that is POST PRE

transported through the transient double-stranded break that (- @ [ o
the enzyme generates in a separate helix) enters the protein o o5 | R < c1-2.560] | 13 o
through a gate that is comprised of tReterminal domains S LS HS  SDS &h
of the two protomer subunits of the enzyn®4,(23, 24, 27, 8 i) -~
80). Upon ATP binding, topoisomerase Il undergoes a o 20 i 120 g..
conformational change that closes tRegerminal gate and = o
induces passage of the T-helix through the DNA bre ( Qs - 115 ®
23, 24, 27, 80—82). Formation of thidN-terminal clamp does % g
not allow the T-helix to exit the protein through the original 8 10 i 110 >
gate @1, 23, 24, 27, 80—84). Thus, it promotes a unidirec- b o
tional strand passage eveBP). In addition, clamp closure © g
does not allow a second T-helix to enter the enzyme through @ 2 i 1°5
the N-terminal gate until the strand passage event is &% I _._._ I o

completed and the first T-helix has exited topoisomerase |l

through aC-terminal gate 21, 23, 24, 27, 80, 82—84).
Closure of theN-terminal gate in the presence of DNA

results in the formation of a protein clamp that topologically

encircles the DNA, forming a noncovalent but saitable

complex with circular nucleic acids8{, 83). If the gate is

closgd prior to the addition of DNA, circular nucleic acids Compound (100 pM)

are prevented from entering the active site of topoisomeraseFiGure 9: 4CI-2,5pQ blocks theN-terminal gate of human

Il (83). Linear DNA molecules, however, are still able to topoisomerase . Filter binding assays were used to analyze t_he
access the active site by feeding directly through the central salt-stable °'3S(e,3 'Cla)m %&;,&) ‘20'505" S r%se ”'1|(?)(e)aCtll\;|mZ:ICgmamed
. no compoun one), 'Cl-2,5pQ or mM 4CI-2,-
annulet of the enzyme8(, 83). As discussed above, 5HQ in the absence of ATP, or 1004 ICRF-193+ 2 mM ATP.
treatment of topoisomerasenlith PCB quinones prior to DNA eluted from filters after sequential low salt (LS), high salt

the addition of DNA inhibits the binding of circular plasmid ~ (HS), or SDS (SDS) washes was subjected to electrophoresis in an

ioti i i ; agarose gel. Saltstable noncovalent enzym®NA complexes
but has a distinctly lesser effect with the linear plasmid or were quantified by the amount of plasmid that did not elute until

oligonucleotide substrates. Because this finding is consistenty,o spg wash relative to that of the total plasmid eluted in all three

]
c
o

=z

4Cl1-2,5pQ
4CI-2,5HQ
4Cl-2,5pQ

ICRF-193 + ATP

with an effect on theN-terminal clamp, the ability of ‘Cl- washes. Left panel: Compounds were incubated with topoisomerase
2,5pQ and 4CI-2,5HQ to induce clamp closure was exam- Il a. after the addition of plasmid (POST). Right panelCKl2,5pQ
ined. was incubated with enzyme prior to the addition of plasmid (PRE).

; ; sanhs i The error bars represent the standard deviation of four independent
To assess clamp closing, topoisomerasentas incubated experiments. A representative ethidium bromide-stained agarose gel

with negatively supercoiled plasmid, and the mixture was 5 shown in the inset in the left panel.
applied to a glass fiber filter. In the absence of a stable protein
clamp, circular DNA (which does not bind to glass fibers)  4'Cl-2,5pQ Cross-Links the Subunits of Topoisomerase
passes through the filter in the flow through, low salt (LS), Ilo. Data shown in Figure 4 indicate that PCB quinones alter
or high salt (HS) washes. Alternatively, DNA trapped by the activity of topoisomerasedlby covalently adducting
stable protein clamps is eluted from the filter only after the enzyme. Adduction results in the formation of a covalent
denaturation of the enzyme with SDS (Figure 9, inset). bond between the sulfhydryl (or other amino acid group such
Previously, stable clamps have been observed for wild- as an amine) and one of the hydrogenated carbons on the
type human topoisomerasenllonly in the presence of a quinone ring 85, 86).
nonhydrolyzable ATP analogue or in the presence of ICRF-  Quinone compounds are capable of cross-linking proteins
193 and ATP 81, 83, 84). Similar results were seen in the in the cell 85, 87, 88). Previous studies demonstrate that
present study (Figure 9, left panel). Less than 3% of the benzoquinone (and derivatives) as well as PCB quinones are
circular plasmid substrate formed a salt-stable complex with capable of adducting to more than one sulfhydryl gral (
the enzyme in the absence of an ATP analogue, whereas85). To this point, a single molecule of@-2,5pQ has been
~10% did so in the presence of 100 mM ICRF-193 and ATP. shown to adduct to three separate glutathione molecules, one
Remarkably, when 100M 4'CI-2,5pQ was incubated with  at each of the compounds’ electrophilic sit&8)((see Figure
a mixture of topoisomerasedland DNA, even in absence 11E). Thus, the PCB quinones shown in Figure 1 are able
of ATP, ~20% of the initial plasmid substrate formed a salt- to act as protein cross-linking agents.
stable noncovalent complex with the enzyme (left panel). Therefore, three possible mechanisms are consistent with
In a set of parallel experiments;8% of the plasmid formed  the actions of PCB quinones (Figure 10). First, covalent
a salt-stable complex following incubation with 1Q0M modification of topoisomerasedlby quinones may induce
4'Cl-2,5HQ. Finally, incubation of topoisomerase Wwith the N-terminal gate to close in a manner that is similar to
100 uM 4'Cl-2,5pQ prior to the addition of DNA reduced that observed in the presence of ATP (model A). While this
the formation of the salt-stable complex by nearly 10-fold model is formally possible, it should be noted that clamp
(right panel). closure in the absence of a nucleotide cofactor has not been
Taken together, the above results strongly suggest that thereported 81, 83, 84). Second, quinones may adduct residues
exposure of topoisomerasearlto PCB quinones blocks the  above the position where the T-segment normally rests prior
N-terminal protein gate even in the absence of a high-energyto strand passage and sterically block the entrance or exit of
cofactor. the helix (model B). However, since there are no reported
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did not decrease at lower protein concentrations. This finding
indicates that the dimer band most likely is formed by an
intramolecular cross-linking event. On the basis of these data,
we propose that PCB quinones block fit¢erminal gate of
topoisomerase dl, at least in part, by cross-linking the two
protomer subunits of the enzyme.

As a control, the effects of plumbagin on topoisomerase
Ila were examined (Figure 11E). Although similar in size
to the PCB metabolites, this compound has a quinone ring
that contains only a single reactive site (marked by the
asterisk in the figure). In comparisonC4-2,5pQ has three
potential sites of adduction (also marked by asterisks). Even

Ficure 10: Models for how PCB Quinones block theterminal though plumbagin covalently adducts to cysteine residues
gate of human topoisomerasell(A) PCB quinones induce natural on human. topmsomeraseqlI(determmed by mass spec-
clamp closure of the enzyme as seen with ATP (above). (B) PCB trometry), it displayed very little ability to enhance enzyme-
quinones adduct to positions above the T-segment that stericallymediated DNA cleavage4®) or to inhibit enzyme activity
block the entrance or exit of the helix. (C) PCB quinones cross- in the absence of nucleic acids (data not shown). Following
link the two protomers of human topoisomerase. Il a 6 min incubation with 25Q«M plumbagin, no protein
i ) ) dimers or high molecular weight species were observed.

structures of topoisomeraseallwith an intact but open  pence, as expected for a quinone that has only a single site
N-terminal gate, it is not known whether PCB metat_)ollte_s of adduction, plumbagin displays no ability to induce
or other quinones would have enough bulk to act in this pyotein-protein cross-links. These findings are not consistent
fashion. Third, PCB quinones may cross-link the two \yith models A or B, which require only a single site of
protomers of topoisomeraseol| thereby blocking the\- adduction per quinone molecule. Rather, they support the
terminal gate of the protein (model C). importance of protometprotomer cross-links, as postulated

To help distinguish between these three models, the ability in model C.
of 4Cl-2,5pQ to cross-link the two subunits of human PCB Metabolites Increase kels of DNA Cleaage
topoisomerase ¢l was assessed (Figure 11A and B). Mediated by Topoisomerasenlin Cultured Human Cells.
Following incubation with the PCB quinone, a distinct new Because PCB metabolites act as topoisomerase Il poisons
protein band appeared with an apparent molecular mass ofin vitro, the ICE bioassay was employed to determine
~330 kDa. This mass is approximately twice that of the hether these compounds increase DNA cleavage mediated
protomer molecular mass of topoisomerase (170 kDa),  py topoisomerasedl in human cells. In this assay, cultured
suggesting that two subunits of the protein were cross-linked CEM leukemia cells were lysed with an ionic detergent, and
in the presence of'@l-2,5pQ. Partial proteolytic mapping  proteins that were covalently attached to genomic DNA were
experiments demonstrated that specific topoisomerase Il separated from free proteins by sedimentation through a CsCl
peptides were cross-linked by the quinone (Figure 11C). cyshion. The pelleted DNA from cultures treated with no
These results favor model C. compound or 25:M PCB metabolites fo6 h was blotted

In addition to the dimer band, an apparent high molecular and probed with a polyclonal antibody directed against
weight protein species was observed at the origin at incuba-human topoisomeraseall Results for cells treated with 10
tion times of 1 min or longer (Figure 11A). Aftea 6 min uM etoposide fo 2 h are shown for comparison. In all cases,
exposure to 10uM 4'Cl-2,5pQ, most of the enzyme |ess than 10% cell death was observed over the course of
remained at the origin (Figure 11E). It is notable that this the experiment. As seen in Figure 12, levels of topoisomerase
protein species was soluble and did not precipitate uponlia that were covalently attached to DNA increased 3- to
centrifugation. Consequently, the protein at the origin does 4-fold following treatment of cells with PCB metabolites (as
not appear to be an insoluble aggregate and is believed tocompared to~7-fold with etoposide).
represent a high molecular species that is too large to The covalent topoisomerase-IDNA complexes moni-
effectively enter the gel. Thus, it appears that the quinone istored in the ICE bioassay are believed to represent cleavage
able to establish cross-links between different topoisomerasecomplexes. However, since some quinones can induce
Il homodimers (i.e., intermolecular cross-links). protein—-DNA cross-links, it is possible that a portion of the

If model C is correct, however,'@l-2,5pQ must be able  observed complexes may actually reflect cross-links rather
to cross-link the two promoter subunits of an individual than cleavage. We do not believe that this is the case for the
enzyme homodimer (i.e., intramolecular cross-link). There- following reasons. First, no proteirDNA cross-linking was
fore, dilution experiments (from 800 down to 80 nM observed in experiments with purified topoisomerase Il
topoisomerase &) were carried out to determine whether even under conditions that employed enzyme/base pair ratios
the 330 kDa band resulted from an inter or intramolecular (~1:325) that were>20 times higher than those estimated
cross-linking event. If the 330 kDa band arose from the cross- (~1:7500) for CEM cells §9) and quinone concentrations
linking of two separate topoisomerasexlimolecules, it (100 uM) that were 4 times higher than those used in the
should decrease proportionally as the concentration of thecellular studies (Figure 3). Second, treatment of CEM cells
protein decreases. Conversely, if the band arose from thewith 25 uM 4'CI-2,5pQ did not increase levels of covalent
cross-linking two protomers of an individual topoisomerase topoisomerase+tDNA complexes (Figure 12). It is notable
Il homodimer, its intensity should be independent of protein that 4CI-2,5pQ does not stimulate topoisomerase |-mediated
concentration. As seen in Figure 11D, the 330 kDa band DNA cleavage in vitro (data not shown). Because the type
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Ficure 11: 4CI-2,5pQ cross-links the protomer subunits of human topoisomeraseadhel A: Coumassie-stained denaturing polyacrylamide

gel in which 135 nM topoisomerasenliwas treated with 10@M 4'Cl-2,5pQ for 6-2 min. The mobility of a topoisomerasenlisubunit

monomer and dimer, as well as the origin of the gel, is indicated as well as the origin of the gel. The gel is representative of two independent
experiments. Panel B: The loss of the monomeric topoisomerassubunit over time as a result of cross-linking B KA2,5pQ. Data

were derived from the gel shown in Panel A and a parallel experiment. Error bars represent the standard error of the mean for these two
experiments. Panel C: Display of a partial proteolytic map of topoisomeradellbwing exposure to 10@M 4'Cl-2,5pQ over time. A
silver-stained polyacrylamide gel that is representative of four independent experiments is shown. Arrows indicate specific polypeptide
bands that diminished following exposure to the PCB quinone. Panel D: The formation of SDS-stable dimers-v@nrd@ topoisomerase

Ila was treated with 10@M 4'Cl-2,5pQ for 1 min. Error bars represent the standard deviation of four independent experiments. Panel E:
Coumassie stained denaturing polyacrylamide gel in which 135 nM topoisomesasasl treated with no compound (None), 1081
4'CI-2,5pQ, or 25Q:M plumbagin for 6 min. The structures of both compounds are shown with sites of potential protein adduction marked
by asterisks. The gel is representative of two independent experiments.

| enzyme is intimately associated with chromosomal DNA, previously with other bioreactive quinone®2(-44), incuba-
this latter finding argues againstC-2,5pQ acting as a  tion of topoisomerase ¢l with PCB metabolites in the
general proteinr DNA cross-linking reagent. On the basis absence of DNA leads to a rapid loss of enzyme activity.

of these two control experiments, we conclude that PCB  although quinones appear to act by covalently adducting
metabolites are topoisomerase Il poisons in cultured huma”topoisomerasedi (42—44), the mechanism by which these
cells. compounds alter enzyme activity is not understood. More-
Although 4CI-2,5HQ displayed minimal cleavage enhanc- gver, it is not known whether the same series of events is
ing activity in vitro, it induced topoisomerase |l-mediated responsible for both the enhancement of DNA cleavage and
DNA scission in CEM cells. However, since these leukemic the inhibition of enzyme activity. Results with PCB me-
cells display peroxidase activityQ), it is likely that the  tapolites suggest that these two opposing actions of quinones
hydroquinone was activated t6C1-2,5pQ within the cell.  may be linked, at least in part, to an effect on Myerminal
gate of topoisomerased! On the basis of the differential
DISCUSSION ability of the quinone-treated enzyme to bind circular and
Exposure to PCBs induces a Variety of chromosomal linear forms of DNA and the generation of salt-stable
aberrations in humans and treated human calls), but noncovalent complexes between topoisomerase dhd
the underlying basis for this genomic damage has yet to becircular plasmids in the presence 642,5pQ, it appears
defined. Multiple pathways are likely to be involved, such that PCB metabolites block tiéterminal gate of the protein.
as oxidative damage due to redox cycling, glutathione The effects of 4CI-2,5pQ on topoisomeraseadllare in
depletion, or the adduction of protein thiols5-19). many respects similar to those described for ICRF-193 and
Because the genotoxic effects of PCBs are consistent withrelated bisdioxopiperazines. These compounds alter enzyme
the actions of topoisomerase Il poisons and quinones havefunction by stabilizing the closed-clamp form of topo-
been shown to enhance DNA scission mediated by the typeisomerase I1&4, 91, 92). If the clamp is closed in the absence
Il enzyme @2—44), we examined the effects of several PCB of a nucleic acid substrate, DNA cleavage is inhibited

metabolites on the activity of human topoisomerase 1l  because DNA is unable to enter the active site of the enzyme
Results indicate that a variety of PCB quinones, including (84). Conversely, if the clamp closed after DNA binding,
mono and dichlorinated compounds and bgthand o- levels of cleavage rise modestly (2- to 3-fol@B). This latter

quinones, are potent topoisomerase pbisons in vitro and effect presumably is due to the increased concentration of
in cultured human cells. Furthermore, as demonstrated noncovalent enzymeDNA complexes. In this regard, cleav-
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Ficure 12: PCB metabolites increase topoisomeraaentlediated
DNA cleavage in human CEM cells. The ICE bioassay was used
to monitor the level of cleavage complexes in cells treated with
PCB metabolites. DNA (1Qug) from cultures treated with no
compound (None), 2&M of the indicated PCB metabolite for 6

h, or 10uM etoposide or 1@«tM camptothecin (CPT) fo2 h was
blotted onto a nitrocellulose membrane. Blots were probed with a
polyclonal antibody directed against human topoisomerasgdft)

or human topoisomerase | (right). Relative DNA cleavage was
calculated relative to levels of cleavage complexes observed in
untreated cells. Error bars represent the standard deviation of thre
independent experiments. Representative immunoblots are show
in the insets.

age enhancement by@-2,5pQ ¢-8-fold) was considerably
higher than that induced by ICRF-193. However, PCB
quinone also was more efficient at trapping a satable
complex between topoisomerase #nd supercoiled plasmid.
The above similarities notwithstanding, the mechanism by
which 4CI-2,5pQ traps the salt-stable complex is very
different than that seen with ICRF-103. While bisdioxo-
piperazines act in a strictly noncovalent manr@4)( the
quinones appear to require covalent adduction to the protein
(42—44). Furthermore, bisdioxopiperazines stabilize the
closedN-terminal protein clamp by inhibiting ATP hydrolysis
(79). In contrast, PCB quinones induce a salt-stable enzyme
DNA complex even in the absence of a nucleotide triphos-
phate cofactor and have only a modest effect on ATP
hydrolysis (data not shown). On the basis of protein cross-
linking experiments, we propose that PCB quinones block
the N-terminal gate of topoisomerasenlby cross-linking
the two protomer subunits of the enzyme (Figure 10, model
C). If this hypothesis is correct, then reactive amino acids
(most likely cysteines) on the two protomers must be in close
enough proximity in the absence of ATR§ A) to bond to
the same quinone molecule. Since tRderminal gate of
topoisomerase ¢ has to be at least 20 A across to

accommodate the T-segment, this proposal implies that the

N-terminal domain of topoisomeraseallmust be very
flexible and dynamic in the absence of ATP.

Two complicating points should be noted. First, while
exposure to €I-2,5pQ resulted in the preferential loss of
individual peptides, no specific higher molecular mass
peptide species were identified (Figure 11C). Rather, a high

molecular mass smear was observed. This finding suggests g

that the quinone cross-linking of the topoisomerase Il

Bender et al.

protomers may involve multiple sites of adduction rather than
unique amino acid residues. Second, under conditions that
paralleled those employed for DNA cleavage experiments,
high molecular mass topoisomeraset lmultimers were
observed following exposure to PCB quinones (Figure 11A
and E). This indicates that intermolecular proteprotein
cross-linking also is taking place. It is not known how (or
if) these intermolecular events contribute to either the
enhancement of enzyme-mediated DNA cleavage or the
inhibition of enzyme activity by quinones.

Finally, although the evidence indicates that blocking the
N-terminal protein gate plays an important role in the actions
of quinones against topoisomerase, dditional possibilities
cannot be excluded. To this point, the quinone-treated
enzyme binds oligonucleotide substrates, but the adducted
protein is not capable of cleaving the bound 50-mers (data
not shown). Furthermore, levels of clamp closing and protein
cross-linking are not as great as levels of enzyme inhibition
under similar conditions. Thus, in the absence of structural
data, alternative mechanisms must still be considered.

In conclusion, PCB metabolites are reactive chemicals that
are health hazards to humans and probable carcinogens. The
toxic and mutagenic effects of these compounds are complex
and most likely driven by a variety of pathways. Although
the ultimate relationship of our findings to the health effects
of PCBs is not known, the present work suggests that
topoisomerase &l may play a role in mediating at least some

;bf the chromosomal damage induced by these environmental

contaminants.
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