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ABSTRACT. Several quinone-based metabolites of drugs and environmental toxins are potent topoisomerase
Il poisons. These compounds act by adducting the protein and appear to increase levels of-@&idpme
cleavage complexes by at least two potentially independent mechanisms. Treatment of topoisomerase |l
with quinones inhibits DNA religation and blocks the N-terminal gate of the protein by cross-linking its
two protomer subunits. It is not known whether these two effects result from adduction of quinone to the
same amino acid residue(s) in topoisomerageiwhether they are mediated by modification of separate
residues. Therefore, this study identified amino acid residues in human topoisomethse dre modified

by quinones and determined their role in the actions of these compounds as topoisomerase Il poisons.
Four cysteine residues were identified by mass spectrometry as sites of quinone adduction: Cys170, Cys392,
Cys405, and Cys455. Mutations (CysAla) were individually generated at each position. Only mutations

at Cys392 or Cys405 reduced sensitivity50% resistance) to benzoquinone. Tog892A and
top20.C405A displayed faster rates-2-fold) of DNA religation than wild-type topoisomeraseclin the
presence of the quinone. In contrast, as determined by DNA binding, protein clamp closing, and protomer
cross-linking experiments, mutations at Cys392 and Cys405 did not affect the ability of benzoquinone to
block the N-terminal gate of topoisomerase.|These findings indicate that adduction of Cys392 and
Cys405 is important for the actions of quinones against the enzyme and increases levels of cleavage
complexes primarily by inhibiting DNA religation.

Topoisomerase & is an essential enzyme that plays Agents that increase levels of topoisomeraeenfiediated
important roles in a number of growth-related processes in DNA strand breaks are termed topoisomerase |l poisons to
human cells, including DNA replication and chromosome distinguish their mechanism of action from that of com-
segregation. The enzyme removes superhelical twists, knotspounds that act by inhibiting the overall catalytic activity of
and tangles from the genetic material by generating transientthe enzyme (i.e., catalytic inhibitors)4,( 15, 17—19).
double-stranded breaks in the backbone of DNAT). To.  Topoisomerase Il poisons play important roles in both the
maintain genomic integrity during this cleavage event, the yeatment and the development of human cancers. Ap-
enzyme forms covalent bonds between active site tyrosyl proximately one-half of all cancer chemotherapy regimens

(rjesu;resha?d the’fg N': Itehrmln;] crre]ated by scission of lthe contain drugs that target the type Il enzyme. Furthermore,
tou 'le Nelix 8(“ I). td%ﬁA t esel trans[ent clova ent  several topoisomerase Il poisons that are naturally found in
opoisomerase gi-cieaved complexes (ie., c €avage gits and vegetables, such as bioflavonoids, are believed to
complexes) are requisite intermediates in the catalytic cycle . .
. : . . have chemopreventative properti@®{23). Conversely, a
of the enzyme, their presence is potentially deleterious to . . .
small number of patients who receive therapy that includes

the cell. When a DNA tracking system, such as a replication , ! dd devel q leuk
fork, attempts to traverse a cleavage complex, the transienttopmsomerase -targeted drugs develop secondary leuke-

enzyme-bound DNA break often is converted to a permanentMias- These drug-related leukemias commonly feature aber-
strand break X—4, 7). Thus, conditions that significantly rations (deletions, duplications, or translocations) in the

increase the concentration of topoisomerase—DNA mixed-lineage leukemiaMLL) gene at chromosomal band
cleavage complexes trigger illegitimate recombination, chro- 11923 (.3, 14, 24—29). In addition, the same bioflavonoids
mosomal aberrations, and cell death pathwalysl{—16). that are beneficial for adult health, when ingested during

pregnancy, are believed to increase the risk of infant
leukemias that includ®ILL rearrangements30—34).
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and several polychlorinated biphenyl (PCBhetabolites monium bicarbonate, and resuspended iruR%f 25 mM
(39). Exposure to these compounds causes DNA strandammonium bicarbonate. DTT (2/8. of a 45 mM solution)
breaks and other chromosomal aberrations and has beenvas added, and the protein was incubated for 15 min at 50
linked to a variety of human health problems, including °C. lodoacetamide (2,5L of a 100 mM solution) was added,
cancer 40—44). To this point, the accumulation of benzo- and samples were incubated at room temperature in the
quinone in the bone marrow is believed to contribute to the absence of light for 15 min. Additional DTT (24L of a
leukemogenic properties of benzedd)( Moreover, genetic 45 mM solution) was added to quench the iodoacetamide,
deficiencies in NAD(P)H:quinone oxidoreductase 1, the and the protein was incubated for 15 min at’&d Samples
enzyme that reduces benzoquinone to the less reactivewere washed with 10% methanol in 25 mM ammonium
hydroquinone, are linked to the formation of leukemias with bicarbonate and resuspended in25f 25 mM ammonium
MLL rearrangementsip—49). bicarbonate. Trypsin (0.2g) was added, and samples were
The quinone-based topoisomerase Il poisons differ from incubated for 16 h at 37C to digest the protein. Alterna-
“classic” topoisomerase Il poisons (such as etoposide andtively, chymotrypsin (0.lug) was added, and samples were
bioflavonoids) in two ways. First, quinones are mixed- incubated fo6 h atroom temperature. Peptides were eluted
function inhibitors of the type Il enzyme: they increase DNA from the column, dried, and reconstituted in 0.1% formic
scission when added to a topoisomeraseDINA complex acid for mass spectral analysis.
but inhibit scission when incubated with the enzyme prior  Residues in topoisomerasexlithat were adducted by
to the addition of nucleic acid8¢—39, 50-54). Second, in  qyinone were identified by mass spectral analysis of the
contrast to compounds like etoposide (which interact with v nyiic or chymotryptic peptides. The LEMS/MS analyses
topoisomerase Il _in a noncovalent manner), quinones act by,yare performed on a ThermoFinnigan LTQ linear ion trap
covalently attaching to the proteiB%—39, 53). mass spectrometer equipped with a ThermoFinnigan Sur-
Because of the human health concerns of quinone-based,eyor LC pump and autosampler, NanoSpray source (Thermo
topoisomerase Il poisons and their unusual mode of actiong|ectron), and Xcalibur 1.4 instrument control and data
against the type Il enzyme, sites of quinone adduction on gnalysis software. HPLC separation of the tryptic peptides
human topoisomerasedliwere mapped by mass spectrom- \as conducted using a 10dm x 11 cm C-18 capillary
etry. Four cysteine residues were identified and mutated to column (Monitor C18, 5m, 100 A, Column Engineering)
alanine residues. Two of the mutant enzymes, ¢dE292A 4t 4 flow rate of 0.7L/min. Solvent A was HO with 0.1%
and top2C405A, exhibited decreased sensitivity to benzo- formic acid, and solvent B was acetonitrile containing 0.1%
quinone and the PCB quinonéCH2,5pQ. These findings  formic acid. The gradient program was as follows: linear
strongly suggest that adduction of cysteine residues 392 andyradient from 0 to 5% B from 0 to 3 min, 5% B from 3 to
405 plays a role in the actions of quinones against humans min, linear gradient to 50% B from 5 to 50 min, linear
topoisomerase d. gradient to 80% B from 50 to 52 min, linear gradient to 90%
B from 52 to 55 min, and 90% B in solvent A from 55 to 56
EXPERIMENTAL PROCEDURES min. MS/MS scans were acquired using an isolation width

Enzymes and Material+Human topoisomerasediwas ~ Of Mz 2, an activation time of 30 ms, an activati@hof
expressed inSaccharomyces cersiae and purified as ~ 0.250, and 30% normalized collision energy using one
described previously56—57). Mass spectrometry grade microscan and an ion time of 100 for each MS/MS scan.
trypsin and chymotrypsin were obtained from Fisher and The mass spectrometer was tuned prior to analysis using the
Princeton Separations, respectively. Negatively supercoiledsynthetic peptide TpepK (AVAGKAGAR). Some parameters
pBR322 DNA was prepared using a Plasmid Mega Kit may have varied slightly from experiment to experiment, but
(Qiagen) as described by the manufacturer. Benzoquinone typically, the tune parameters were as follows: spray voltage
plumbagin, and etoposide were obtained from Sigma, Of 2.0 kV, capillary temperature of 16C, capillary voltage
prepared as 20 mM stock solutions in 100% DMSO, and of 60 V, and tube lens of 130 V. Tandem MS analysis was
stored at 4°C. 4Cl-2,5pQ (the generous gift of H. J. performed using data-dependent scanning in which one full
Lehmler, University of lowa, lowa City, IA) was synthesized MS spectrum, using a full mass range of 4@D00 amu,
by coupling 4-chloroaniline with 1,4-benzoquinongg). The ~ was followed via three MS/MS spectra. Wild-type and
compound was prepared as a 20 mM stock in 100% DMSO modified peptides were identified using the SEQUEST
and stored at-20 °C. All other chemicals were analytical ~ algorithm §9) and the SEQUEST Browser software (Thermo

reagent grade. Electron, San Jose, CA) using the human subset of the NCBI
Adduction of Topoisomerasei by QuinonesTo identify database. In addition, lists of theoretical or SEQUEST-
sites of quinone adduction on human topoisomeraselB5 identified unmodified peptides were created, and each peptide

nM enzyme was incubated in a total of 30D of cleavage ~ Was run through P-Mod software to check for possible

buffer [10 mM Tris-HCI (pH 7.9), 100 mM KCI, 5 mM  chemical modifications€0). The candidate modifications

MgCl,, 0.1 mM NaEDTA, and 2.5% glycerol] in the found by th_e software were verified by visual inspection of

presence of 25uM plumbagin for 10 min at 37°C. corresponding spectra.

Reactions were quenched with 200 of 45 mM DTT. Generation of Mutant Human Topoisomerase Froteins

Samples were applied to 30 000 NMWL filter columns Mutations in the topoisomeraseallPCR substrate were

(Millipore), washed with 10% methanol in 25 mM am- generated by cloning a Sall-Kpnl fragment of YEpWoB®)(

that encoded the N-terminus of the human enzyme into
1 Abbreviations: PCB, polychlorinated biphenylC4-2,5pQ, 2-(4- pUC18. Site-directed mutagenesis was performed using the

chlorophenyl)[1,4]benzoquinone. QuickChange Il PCR system (Stratagene). The sequences
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of the forward and reverse primers used to generate theto linear molecules. DNA bands were visualized by ultra-

C170A mutation were GGAGCCAAATTGGCTAACATAT-
TCAGTACCAAATTTACTGTGG and GAATATGTTAGC-
CAATTTGGCTCCATAGCCATTTCGACCACC, respec-
tively. The sequences of the forward and reverse
primers used to generate the C392A mutation were
CTTTACAACCCAAGAGCTTTGGATCAACAGCCCA-
ATTGAGTG and GATAAATTTTTCACTCAATTGGGCT-
GTTGATCCAAAGCTCTTGG, respectively. The sequences

violet light and quantified using an Alpha Innotech digital
imaging system.

DNA Religation.The DNA religation reaction of human
topoisomerase ¢l was monitored according to the procedure
of Byl et al. 64). Topoisomerase & DNA cleavage-
religation equilibria were established using a plasmid sub-
strate as described in the preceding section in the absence
or presence of 10QuM benzoquinone. Religation was

of the forward and reverse primers used to generate thejpitiated by shifting reaction mixtures from 37 to°C, and

C405A mutation were CAAAGCTGCCATTGGCGCTGG-
TATTGTAGAAAGCATAC and CAGTTTAGTATGCTTTC-
TACAATACCAGCGCCAATGGCAGC, respectively. The

reactions were stopped by the addition gil2 of 5% SDS
followed by 1uL of 375 mM NaEDTA (pH 8.0). Samples
were processed and analyzed as described above for topoi-

mutagenized codons are underlined. To generate the C39255merase i cleavage reactions.

405A double mutation, sequential rounds of PCR were

performed using the primers to generate the C392A and
C405A mutations as described above. Mutations were

verified by sequencing, and SalKpnl fragments were
cloned back into YEpWob6. Mutant human topoisomerase
Ila. enzymes were purified as described above.
Site-Specific DNA Cleage.DNA sites cleaved by human
topoisomerase dl were identified as described by O’Reilly
and Kreuzer §2). A linear 4330 bp fragment (HindHt
EcoRlI) of pBR322 plasmid DNA singly labeled witfP on
the B-terminus of the Hindlll site was used as the cleavage
substrate. Reaction mixtures contained 0.35 nM DNA
substrate and 60 nM human topoisomeraseiril 50 uL of
cleavage buffer containing 1 mM ATP. Assays were carried
out in the absence of drug or in the presence of 1Ab
etoposide, 2xM benzoquinone, or 166500uM plumbagin.
Reaction mixtures were incubated for 10 min at 7.
Cleavage intermediates were trapped by addipts 5f 5%
SDS followed by 3uL of 375 mM NaEDTA (pH 8.0).
Topoisomerase dl was digested with proteinase K & of
a 0.8 mg/mL solution) for 30 min at 4%. Reaction products

were precipitated twice in ethanol, dried, and resuspended

in 40% formamide, 8.4 mM EDTA, 0.02% bromophenol

blue, and 0.02% xylene cyanol FF. Samples were subjected
to electrophoresis in a 6% sequencing gel. The gel was then

fixed in a 10% methanol/10% acetic acid mixture for 5 min

and dried, and DNA cleavage products were analyzed on a

Bio-Rad FX Molecular Imager.
Cleavage of Plasmid DNADNA cleavage reactions were
carried out using the procedure of Fortune and Oshe8jf (

DNA Binding Binding of topoisomerasedlto linear DNA
substrates was assessed using a nitrocellulose filter binding
assay. Either linearized pBR322 DNA (described above) or
a 50-mer oligonucleotide was used. The 50-mer oligonucle-
otide containing a single topoisomerase |l cleavage site and
its complementary strand were prepared on an Applied
Biosystems DNA synthesizer. The sequences of the top and
bottom strands were 'HTGGTATCTGCGCTCTG-
CTGAAGCCOAGTTACCTTCGGAAAAAGAGTTGGT-3
and 3-ACCAACTCTTTTTCCGAAGGTRAACTGGCTT-
CAGCAGAGCGCAGATACCAA-3, respectively. This sub-
strate contains a single topoisomerase |l cleavage &8e (
that is denoted by the arrows. Wild-type or mutant topoi-
somerase i was incubated with benzoquinone for 5 min
at 37°C in 15uL of DNA binding buffer [10 mM Tris-HCI
(pH 7.9), 30 mM KCI, 0.1 mM NaEDTA, and 2.5%
glycerol]. Binding was initiated by adding DNA in &L of
binding buffer, and samples were incubated ar@7or 6
min. The final concentrations of topoisomerase, IDNA,
and benzoquinone in the binding mixtures were 400 nM, 5
nM, and 100uM, respectively. Nitrocellulose membranes
(0.45 um HA, Millipore) were prepared by incubation in
DNA binding buffer for 10 min. Samples were applied to
the membranes and filtered in vacuo. Membranes were
washed three times with 1 mL of DNA binding buffer, dried,
and submerged in 8 mL of scintillation fluid (Econo-Safe,
Research Products International). The radioactivity remaining
on the membranes was quantified using a Beckman LS 5000
TD scintillation counter.

Unless stated otherwise, assay mixtures contained 135 nM Assays that monitored binding to a plasmid substrate were

wild-type or mutant topoisomerasedand 10 nM negatively
supercoiled pBR322 DNA in a total of 24L of cleavage
buffer that contained-©200uM benzoquinone, '€1-2,5pQ,

or etoposide. DNA cleavage was initiated by shifting
mixtures to 37°C, and samples were incubated for 6 min to
establish DNA cleavagereligation equilibria. Enzyme
DNA cleavage intermediates were trapped by addingd-2
of 5% SDS and LL of 375 mM EDTA (pH 8.0). Proteinase
K was added (2L of a 0.8 mg/mL solution), and reaction
mixtures were incubated for 30 min at 46 to digest the
topoisomerase dl. Samples were mixed with 2L of 60%

carried out according to the procedure of Fortune and
Osheroff 66). Reaction mixtures contained 400 nM enzyme
and 100uM benzoquinone in 1%L of binding buffer.
Samples were incubated for 5 min at 32. Binding was
initiated by adding DNA in 5uL of binding buffer, and
samples were incubated for 6 min at 37. The concentra-
tions of topoisomerased| DNA, and benzoquinone in the
final mixtures were 400 nM, 5 nM, and 1@, respectively.
Samples were loaded directly onto a 1% agarose gel and
subjected to electrophoresis in 100 mM Tris-borate (pH 8.3)
and 2 mM EDTA. Gels were stained for 30 min with 0.5

sucrose in 10 mM Tris-HCI (pH 7.9), 0.5% bromophenol ug/mL ethidium bromide, and samples were analyzed as

blue, and 0.5% xylene cyanol FF, heated for 15 min at 45

described above.

°C, and subjected to electrophoresis in 1% agarose gels in Protein Clamp ClosingFilter binding assays were used

40 mM Tris-acetate (pH 8.3) and 2 MM EDTA that contained
0.5ug/mL ethidium bromide. DNA cleavage was monitored
by the conversion of negatively supercoiled plasmid DNA

to analyze the salt-stable closed clamp of topoisomerase I
(39, 67). Briefly, 5 nM wild-type or mutant human topoi-
somerase & and 2 nM pBR322 were incubated for 4 min
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at 37°C in a total of 9QuL of clamp closing buffer [50 mM
Tris-HCI (pH 8.0), 100 mM KCI, 1 mM EDTA, and 8 mM
MgCl,]. Benzoquinone (1@L of a 1 mM solution in 10%
DMSO) or an equivalent amount of solvent was added, and
mixtures were incubated for an additional 6 min at°&%

Binding mixtures were loaded onto glass fiber filters
(Millipore) preincubated in clamp closing buffer and filtered
in vacuo. Filters were washed three times with clamp closing
buffer (low-salt wash), followed by three washes with clamp
closing buffer that contaimel M NaCl (high-salt wash),
and three washes with 10 mM Tris-HCI (pH 8.0), 1 mM
EDTA, and 0.5% SDS. DNA was precipitated with 2-pro-
panol and loaded onto a 1% agarose gel in 40 mM Tris-
acetate (pH 8.3) and 2 mM EDTA that contained pdJ
mL ethidium bromide. DNA was visualized as described
above.

Protein Cross-LinkingThe ability of quinones to cross-
link the protomer subunits of human topoisomerasenbs
assessed using Sb9olyacrylamide gels. Cross-linking
mixtures contained 135 nM wild-type or mutant topoi-
somerase t in a total of 60uL of cleavage buffer. The
enzyme was incubated for-@ min at 37°C in the presence
of 100uM benzoquinone. Reactions were quenched by the
addition of 6uL of 5 mM DTT followed by an additional 2
min incubation at 37°C. Samples were precipitated with
TCA and resuspended in 1 of H,O. Laemmli buffer (10

uL, Bio-Rad) was added, and samples were subjected to

electrophoresis in a 7.5% denaturing acrylamide gel (Bio-
Rad) at 200 V for 1 h. The protein was visualized by
Coomassie staining.

RESULTS

Identification of Cysteine Residues in Human Topoi-
somerase . that Are Adducted by Quinong3uinones are
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Ficure 1: Enhancement of DNA cleavage by human topoisomerase
Ilain the presence of plumbagin. The structures of plumbagin and
benzoquinone are shown. Reactive sites on the compounds are
denoted with asterisks. An autoradiogram of a polyacrylamide gel
of DNA cleavage reactions is shown. Assays contained no
compound (None), 12.6M etoposide, 25«M benzoquinone, or
100-500uM plumbagin. A DNA control is shown in the far left
lane. Data are representative of two independent experiments.

unique among topoisomerase |l poisons in that their actions Results of topoisomerase Il protein clamp closing assays are shown

require adduction to the enzyn@s(-39, 53). It is not known
how this covalent modification increases levels of cleavage

as a bar graph. The graph represents levels of salt-stable bound
DNA formed when topoisomeraseIDNA complexes were treated
with no drug (None), 25@M plumbagin, or 100«M benzoquinone.

complexes, and it is possible that quinones affect enzymeError bars represent the standard deviation of four independent

activity by more than one process. Religation experiments

experiments.

suggest that these compounds function at least in part by

impairing the ability of topoisomerase Il to rejoin cleaved
DNA termini (36—39). In addition, quinones block the
N-terminal gate of the protein, thereby increasing the
concentration of DNA associated with topoisomerase Il by
trapping the substrate in a noncovalent compl&9).(

addition, the compound does not effectively block the
N-terminal gate of the enzyme (Figure 1) and does not cross-
link the protomer subunits3@). These data support the
hypothesis that multiple processes contribute to the increase
in cleavage complexes by quinone-based topoisomerase Il

Molecular sizing experiments suggest that quinones block poisons.

the N-terminal gate by cross-linking the two protomer
subunits of topoisomerasenl|(39).
In an effort to further dissect the mechanistic basis for

As determined by LEMS/MS analysis of tryptic and
chymotryptic peptides derived from human topoisomerase
lla, four cysteine residues were adducted by plumbagin,

the actions of quinones as topoisomerase Il poisons, aminoCys170, Cys392, Cys405, and Cys#5Representative

acid residues in human topoisomerasethat are covalently
modified by these compounds were identified by mass

spectrometry. Initial attempts utilized benzoquinone as the

modification agent. Unfortunately, no individual amino acid

spectra are shown in Figure St® of the Supporting

2 Human topoisomerasedllcontains 13 cysteine residues. Two of
these residues, Cys300 and Cys862, were not covered by the digests

residues were identified in these experiments. This is mostused in this study. The N-terminal peptide also was not identified by

likely due to the ability of benzoquinone to cross-link
multiple residues in the proteirbg).

To overcome this technical difficulty, plumbagin, which
has only a single reactive site, was employed (Figure 1).
Plumbagin is a topoisomerase Il poison; however, it is at

mass spectral analysis. Adducted Cys170 and Cys392 were identified
in two independent tryptic digests of topoisomerase. Wdducted
Cys455 was identified in one of the tryptic digests and two independent
chymotryptic digests. Adducted Cys405 was identified in only one of
the chymotryptic digests. However, since this latter residue is known
to exist as a free sulfhydryl in the protein and is solvent accessible, the
decision was made to continue studies with this residue as a site of

least 10-fold less potent than benzoquinone (Figure 1). In quinone modification.



2860 Biochemistry, Vol. 46, No. 10, 2007 Bender et al.

B
L {75
o o
> o
g =
® <
@ (¢}
2 - {1 s
[§) O
<« =
S owr >
(=) O C170A o
N C392A {125 @
\O
° @ C405A 2
A C392/405A 2
©
[u 1 L 1 1 0
0 400 800 0 50 100 150 200

[Topo Il o] (nM) [Etoposide] (pM)

Ficure 2: Plumbagin adducts to cysteine residues in human
topoisomerase &l. Residues adducted by quinones were identified
by mass spectrometry. A composite of the crystal structures of the
yeast catalytic core and N-terminal domain is shown, and the
locations of the homologous cysteine residues adducted in human
topoisomerase & are denoted with dark gray circles. These residues
were mutated to alanines using mutagenesis PCR to evaluate their
role in quinone action. This figure was adapted from &8sand

69.

Information. Modeling studies based on the structure of yeast
topoisomerase Il place Cys170, Cys392, Cys405 in the
N-terminal domain and Cys455 in thé Bubdomain of the
catalytic core of the enzyme68, 69) (Figure 2). As 0 50 100 150 200 0 50 100 150 200
determined in a previous study, all of these residues exist in [Benzoquinone] (uM)  [4'CI-2,5pQ] (M)

the protein as free sulfhydryls (i.e., not part of a disulfide Ficure 3: DNA cleavage activity of mutant human topoisomerase

bridge) with the exception of Cys455, which is free only Ilaenzymes. (A) Cleavage activity was assessed usirg00 nM
10-15% of the time 70). topoisomerase & in the absence of quinones. Assay mixtures

DNA Cleaage Mediated by Mutant I—!umgn Topoi- %:)r:tgggiicvzl(l)%gp@e)’eor:z%r;)wﬁ,stgzp;%%{gf ((g)) ‘Sﬁﬁzégg\?gg‘e
somerase b EnzymesTo assess the contributions of the reactions were carried out in the presence-200uM etoposide.
four cysteine residues listed above to the actions of quinones(C) DNA cleavage reactions were carried out in the presence of
as topoisomerase Il poisons, each of the residues was0—200xM benzoquinone. (D) DNA cleavage reactions were carried
individually mutated to an alanine residue, and the resulting ?h”; I:tg:%grrgsdeer:/(i:gt%fﬁ?oa/:I\l/(!—,‘gsgt:ltﬁtjgg?ri dEerrthd)gLSt ':Xprgﬁ;”;ms
mutant enzymes (topZ-170A, top2C392A, top2C405A, P P '
and top2(C455A, respectively) were purified and character-  The finding that mutation of Cys392 or Cys405 causes
ized. With the exception of topZC455A, all of the mutant  partial resistance toward quinones can be explained by two
enzymes exhibited wild-type DNA cleavage activity in the possibilities. For example, one residue may be involved in
absence of topoisomerase Il poisons (Figure 3A). the inhibition of DNA religation, while the other may be
Top20.C455A exhibited a cleavage activity that was§0% involved in blocking the N-terminal gate. If this were the
higher than that of the wild type (hot shown). Since the basal case, an enzyme that carries alanine residues at both positions
properties of this mutant enzyme were altered, it was not (top20C392/405A) should display enhanced resistance over
utilized further in this study. It should be noted, however, either singly mutated enzyme.
that top2xC455A exhibited no resistance toward quinones  Alternatively, adduction of these residues by quinones may
(not shown). enhance topoisomerasedmediated DNA cleavage by the

To further analyze the properties of tap2l170A, same mechanism (religation or the N-terminal gate). How-
top20C392A, and top@C405A, the sensitivity of these ever, it is necessary to modify both residues to observe an
mutant enzymes to topoisomerase Il poisons was determinedeffect. If this were the case, the doubly mutated enzyme
Etoposide, a classic topoisomerase |l poison, and benzo-should display a sensitivity to quinones that is similar to that
quinone and the PCB metabolitéC4-2,5pQ, two quinone-  of either singly mutated enzyme.
based topoisomerase Il poisons, were utilized for these To address this mechanistic issue, t@@392/405A was
experiments. As shown in Figure 3B, all displayed wild- generated and isolated. Like tap2392A and top@C405A,
type sensitivity to the anticancer drug etoposide. In contrast,the doubly mutated enzyme exhibited wild-type DNA

Relative DNA Cleavage
-
abeaes|) YNQ aAneeH

two of the mutant enzymes, top€392A and top@C405A, cleavage activity in the absence (Figure 3A) or presence
were less responsive to benzoquinone (Figure 3C) &id 4  (Figure 3B) of etoposide but displayed approximately one-
2,5pQ (Figure 3D) than was wild-type topoisomerase Il half of the sensitivity to either benzoquinone (Figure 3C) or

The decreased sensitivity did not appear to be due to a4'Cl-2,5pQ (Figure 3D). These findings suggest that quinone
reduced affinity for quinone, because at saturating levels of adduction of Cys392 and Cys405 enhances topoisomerase
benzoquinone or'€l-2,5pQ, levels of DNA cleaved by the Illa-mediated DNA cleavage as part of the same process.
mutant enzymes were only one-half of those observed with  Finally, two additional cysteine residues, Cys216 and
the parental enzyme. Cys300, have been shown to exist in the protein as free
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FiGURe 4: Quinone-resistant mutant human topoisomerase |l
enzymes display higher rates of DNA religation in the presence of Ficure 5: Substrate-dependent effects of benzoquinone on mutant
benzoquinone. (A) DNA religation reactions were carried out in topoisomerase d—DNA binding. Assays employed a negatively
the presence of 100M benzoquinone. Assay mixtures contained supercoiled circular plasmid (gray bars), a linear plasmid (white
wild-type enzyme @), top2xC170A ©), top2xC392A @), bars), or a duplex 50-mer oligonucleotide (black bars) as the
top2nC405A @), or topC392/405A (). Samples were incubated  substrate. Enzymes were incubated with Z80benzoquinone for
at 37°C to establish DNA cleavageeligation equilibria. Reaction 5 min prior to the addition of DNA. DNA binding in the absence
mixtures were shifted to €C to initiate religation. DNA religation of benzoquinone was set to 100%. Error bars represent the standard
was quantified by the loss of linear cleaved molecules. (B) deviation of at least three independent experiments.
Representative DNA religation data at 10 s. DNA cleavage
religation equilibria were established in the presence (black bars) ; ; linki i
or absence (white bars) of benzoquinone. Error bars represent theDrOtem clamp closing, and protomer cross-linking experi
standard deviation of at least three independent experiments. ~ Ments were performed.

Initial studies examined the ability of quinone-treated

sulfhydryls (70). Even though they were not identified as enzymes to bind circular and linear forms of DNA. As seen
sites of quinone adduction in our work, tap2216A and  in Figure 5, treatment of wild-type topoisomerase With
top20C300A were generated and analyzed. Neither enzymebenzoquinone prior to the addition of DNA differentially
exhibited any resistance to benzoquinone'@-2,5pQ (not  affects the ability of the enzyme to bind these DNA

shown). substrates. By blocking the N-terminal gate of topoisomerase
Effects of Benzoquinone on DNA Religation Mediated by !, quinones impair the ability of circular DNA to diffuse
Mutant Human TopoisomeraseollEnzymes.To further into the active site in the central annulus of the protein. This

examine the role of Cys392 and Cys405 in facilitating the action decreased levels of circular DNA binding-+30%
actions of quinones against human topoisomerasethe of the levels observed in the absence of quinone. In contrast,
abilities of the wild-type enzyme, topZ170A, top2C392A, linear forms of DNA, especially short oligonucleotides
top20.C405A, and top@C392/405A to religate cleaved DNA  (double-stranded 50-mer), are able to enter the “closed
in the absence or presence of benzoquinone were determine§lamp” form of the enzyme and bind to the active sit€30
(Figure 4). In the absence of the quinone, all of the enzymesand 100% binding, respectively, as compared to parallel “no
religated DNA to a similar extent~50% ligation was  duinone” controls). DNA binding results for quinone-treated
observed in 10 s). However, in the presence of benzoquinone [op20.C170A, top2xC392A, top21C405A, and top@C392/
top2nC392A, top2C405A, and top@C392/405A exhibited 405A were nearly identical to those observed for the wild-
faster rates of religation~40% ligation in 10 s) compared type enzyme (Figure 5).
to either wild-type topoisomerasexbr top2xC170A (~20% The second set of experiments utilized a “clamp closing”
ligation in 10 s). These findings support the conclusions of assay. In these experiments, the enzyme was incubated with
the preceding section and strongly suggest that adduction ofcircular DNA substrates prior to the addition of benzo-
Cys392 and Cys405 by quinones increases levels of DNA quinone. Blocking the N-terminal gate traps the circular
cleavage complexes by inhibiting the ability of the enzyme substrate in the central annulus of topoisomerase |l
to religate cleaved nucleic acid substrates. generating a noncovalent proteiDNA complex that is
Ability of Benzoquinone To Block the N-Terminal Gate of stable h 1 M NaCl 7). Benzoquinone treatment increased
Mutant Human TopoisomerasenlEnzymesAs discussed  the concentration of salt-stable proteDNA complexes~4-
above, quinones that are strong topoisomerase Il poisonsgfold (from ~4.5 to ~17% of the total DNA) when wild-
contain multiple electrophilic carbons (i.e., sites of adduction) type topoisomerase dl was employed (Figure 6). Once
and block the N-terminal gate of human topoisomerase Il again, similar results were observed for all of mutant
by cross-linking the two protomers of the enzyn38,(53). enzymes. Levels of salt-stable complexes formed with
This action has no direct effect on the DNA cleavage top2nC392A, top2C405A, and top@C392/405A were
religation equilibrium of the enzyme. However, since it traps slightly lower (~13—14% of the total DNA) than that seen
the non-covalent proteirlDNA complex, it increases the  Wwith the wild-type enzyme in the presence of benzoquinone.
proportion of topoisomerase Il molecules that contain DNA However, levels of salt-stable protein complexes formed with
in their active sites. Therefore, to determine whether any of these enzymes also were lower3.2-3.6% of the total
the cysteine residues identified by mass spectrometry as site®NA) in the absence of quinone (Figure 6).
of quinone adduction in topoisomerase. lre involved in The third set of experiments examined the ability of
blocking the N-terminal gate of the enzyme, DNA binding, benzoquinone to cross-link the two protomer subunits of



2862 Biochemistry, Vol. 46, No. 10, 2007 Bender et al.

examined. To address the possibility that all three cysteine
residues (Cysl170, Cys392, and Cys405) are involved in
cross-linking with only one being required at any given time,
a triple mutant of topoisomerasexl(top20.C170/392/405A)
was generated. The half-life for protomer cross-linking of
this enzyme was similar to that of double mutant @392/
405A (data not shown).

Taken together, the experiments described above provide
strong evidence that Cys170, Cys392, and Cys405 are not
required for quinones to block the N-terminus of topoi-
somerase i or cross-link the two protomer subunits of the
protein. Thus, the adduction of Cys392 and Cys405 by
benzoquinone appears to enhance DNA scission mediated
by topoisomerase dl primarily by inhibiting the ability of
the enzyme to religate cleaved nucleic acid molecules.

D None

. Benzoquinone
20

15

10

% Salt Stable Bound DNA

C170A
C392A
C405A

C392/405A

Enzyme

Ficure 6: Benzoquinone blocks the N-terminal gate of mutant
human topoisomerasedlenzymes. Filter binding assays were used
to analyze the salt-stable closed clamp of topoisomerase II. - _ !
Enzyme-DNA complexes were established and further incubated metabolites are potent topoisomerase Il poisons. These
in the absence (left bars) or presence (right bars) of ABD compounds act by adducting the protein, and previous studies
benzo;qtilr:joge. Samplt;z_slwerehapplleld to glﬁ‘sﬁ_f'ﬁer ];Itlters(;j V% suggest that they increase levels of enzyiD8IA cleavage

was eluted by sequential washes in low salt, high salt, an , . :

and eluted samples were subjected to electrophoresis in an agarosgf)mplexeS by at .Ieast two pgtentlally independent mecha-
gel. Salt-stable noncovalent enzyr®NA complexes were quanti- ~ Nisms 86—39). Quinones act directly on the DNA cleavage
fied by the amount of plasmid that did not elute until the SDS wash religation equilibrium of topoisomerase Il by inhibiting rates
relative to the total plasmid eluted in all three washes. Error bars of religation. Alternatively, they block the N-terminal gate
represent the standard deviation of at least three independentyf ihe protein by cross-linking its two protomer subunits and

experiments. .
P thereby increase the levels of cleavage complexes by

DISCUSSION

A variety of drug-related and environmental quinone-based

15 increasing the local concentration of DNA in the active site
of the enzyme. It is not known whether these two effects
aowrt . B . .
O c170a result from adduction of quinone to the same amino acid
0.8 W C392A : ; ; i
o Ca05A residue(s) in topoisomerasedlbr whether they are mediated
A C392/405A apr . .
0.6 by modification of separate residues.

Although anticancer drugs and other classic topoisomerase
Il poisons function at the active site of the enzyre 15,
17—-19, 77), sites at which quinone-based poisons adduct
the protein are not known. Therefore, the present study
identified amino acid residues that are modified by quinones
and determined their role in the actions of these compounds
as topoisomerase |l poisons. Four cysteine residues were
identified by mass spectrometry as sites of quinone adduc-
tion: Cys170, Cys392, Cys405, and Cys455. Mutations (Cys
— Ala) were individually generated at each of these
positions. Only mutations at Cys392 or Cys405 resulted in
enzymes with reduced sensitivity to benzoquinone'®i-4

0.4

Rel. 170 kDa Protomer

0.2

0

0 50 100 150 200 250

Time (s)

FiGurRe 7: Benzoquinone cross-links the protomer subunits of
mutant human topoisomerase.lenzymes. Assay mixtures con-
tained 135 nM wild-type enzymé&lj, top2xC170A ©), top2xC392A
(m), top2xC405A @), or top2rC392/405A @) that was treated

with 100uM benzoquinone for 84 min. Samples were subjected 2,5pQ. Top2iC392A, top2:C405A, and double mutant
to electrophoresis in a polyacrylamide gel, and protein was ' PY. P » top !

visualized by Coomassie staining. The level of 170 kDa enzyme [OP21C392/405A all displayed~50% resistance to these
protomer that was present in the absence of benzoquinone was seompounds. Furthermore, tap2392/405A (the only mutant
to 1. Error bars represent the standard deviation of at least threeenzyme tested) was2—4-fold resistant to plumbagin (data
independent experiments. not shown). Results of DNA religation and binding studies,
together with protein clamp closing and cross-linking experi-

human topoisomerasedll Exposure of the enzyme to

quinones efficiently cross-links the two protomer subunits
of the protein homodimer3@). This event is monitored by
gel electrophoresis under denaturing conditions and
characterized by the loss of thel70 kDa protomer and the
subsequent generation of a new protein species with
apparent molecular masse330 kDa. As seen in Figure 7,
treatment of wild-type topoisomerasenllas well as the

ments, strongly suggest that adduction of Cys392 and Cys405
increases levels of topoisomerase-tediated DNA cleav-
age primarily by inhibiting the ability of the enzyme to reseal

is hucleic acid breaks.

Studies with top@C392A, top2xC405A, and double

anmutant top2C392/405A indicate that Cys392 and Cys405

both are required for inhibition of DNA religation by
qguinones. Given the proximity of these two residues (Figure

mutant enzymes with benzoquinone resulted in a rapid loss?2), an intriguing possibility is that quinones such as benzo-
of protein monomer. The half-life for protomer cross-linking quinone act by forming an intraprotomer cross-link between
(~15 s) was similar for all of the enzymes that were Cys392 and Cys405. This could help explain why monoad-
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ducting quinones, such as plumbagin, are weak topoi- 11

somerase Il poisons. Future structural studies will be required

to explore this issue.

None of the cysteine residues identified in this study appear

to be involved in quinone blocking of the N-terminal gate
or protomer cross-linking. This finding implies that the effect
described above and the inhibition of DNA religation by
quinones are mediated by adduction to separate amino acid 14. Felix, C. A. (1998) Secondary leukemias induced by topoi-

residues. As monitored by mass spectrometry, 11 of the 13

cysteine residues in human topoisomerasenéere covered
by the tryptic digests that were employed. Of the two that

were not covered, Cys300 and Cys862, only the former is 16.
in the N-terminal domain, and mutagenesis studies indicated

that elimination of Cys300 had no effect on quinone
sensitivity. It is notable that the N-terminal peptide of
topoisomerase él was not covered in our mass spectrometry
study. In light of the fact that N-terminal amines often exhibit
high reactivity, it is possible that this residue is involved in
cross-linking the protomer subunits of the enzyme. High-

resolution mass spectrometry studies currently are underway

to address this possibility.

In conclusion, quinones are topoisomerase |l poisons that
act by adducting the enzyme. Results of this study indicate 21.

that adduction of Cys392 and Cys405 is important for the
actions of quinones and increases levels of enzyDi"A
cleavage complexes primarily by inhibiting DNA religation.
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