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ABSTRACT

Recent studies have suggested that 3,4-dihydro-2,2-dimethyl-2H-naph
tho[1,2-bjpyran-5,6-dione(Ã˜-lapachone)inhibitsDNA topoisomeraseI by
a mechanismdistinctfromthatof camptothecin.To studythemechanism
of actionof @3-lapachone,a seriesof fi-lapachoneandrelatednaphthoqui
nones were synthesized,and their activity against drug-sensitive and
-resistant celllines and purified human DNA topoisomerases as evaluated.
Consistent with the previous report, fi-lapachone does not induce topoi
someraseI-mediated DNA breaks. However, @3-lapachoneand related
naphthoquinones, like menadione, induce protein-linked DNA breaks in
the presenceof purified human DNA topoisomeraseIIa. Poisoningof
topoisomerase Ha by @3-lapachoneand related naphthoquinones is hide
pendentof ATP and involves the formation of reversible cleavablecom
plexes. The structural similarity between menadione, a para-quinone, and
fi-lapachone, an ortho-quinone, together with their similar activity in
poisoning topoisomerase IIa, suggests a common mechanism of action
Involvingchemicalreactivityof thesequinones.Indeed,both quinones
form adducts with mercaptoethanol, and @-lapachoneis 10-fold more
reactive. There is an apparent correlation between the rates of the adduct
formation with thiols and of the topoisomerase Il-poisoning activity of the
aforementioned quinones. In preliminary studies, @-lapachoneand re
lated naphthoquinones are found to be cytotoxic against a panel of drug
sensitive and drug-resistant tumor cell lines, including MDR1-overex
pressing cell lines, camptothecin-resistant cell lines, and the atypical
multidrug-resistant CEM/V-1 cell line.

INTRODUCTION

@3-Lapachone3is a naturally occurring quinone obtained from the
lapacho tree (Tabebuia avellanedae) native to South America (1).

f3-Lapachoneexhibits a number of pharmacological actions including
antibacterial, antifungal, and antitrypanocidal activities (2â€”4).In ad
dition, it inhibits the reverse transcriptase activity of both avian
myeloblastosis and Rauschermurine leukemia viruses (5) and tran
scription from the HIV-l long terminal repeat (6). More recent studies
have shown that j3-lapachone induces apoptosis in human prostate
cancer cells in vitro (7). Studies in HL-60 cells have indicated that
J3-lapachone-inducedapoptosis is independent of p53 expression and
ectopic overexpression of bcl-2 (8). Its trypanocidal activity has been
studiedextensively andthoughtto be due to the formationof reactive
oxygen species, which can damage DNA (9â€”I1). Similarly, its anti

bacterial and cytotoxic activities have also been linked to the forma

tion of reactive oxygen species (12, 13). Indeed, like many DNA
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damaging agents, f3-lapachone induces high frequencies of
chromosomal aberrations and sister chromatid exchanges (14). Inter
estingly, cells exposed to f3-lapachoneduring the G2 phaseof the cell
cycle can induce sister chromatid exchanges, suggesting a critical
target of (3-lapachonein G2 (14).

Despite the broad spectrum of biological activities noted for a-la
pachone, its mechanism(s) of action remains unclear. Studies initially
suggestedthat f3-lapachone is a activator of mammalian DNA topoi
somerase I (15). However, subsequently, it was found that j3-lapa
chone, when incubated or preincubated with topoisomerase I, inhibits
enzyme activity (16). The suggestion was made that (3-lapachone,
unlike camptothecin, acts as an inhibitor of topoisomerase I catalytic
activity, without inducing topoisomerase 1-cleavable complexes (16).
Because13-lapachoneis known to be a potent inhibitor of DNA repair
(15, 17, 18), it was thought that DNA topoisomerase I may be
involved in DNA repair (16).

We have shownrecentlythatmenadione,a quinonewith antitumor
activity (19â€”23),can also inhibit DNA topoisomerases upon prein
cubation of the enzymes with the drug (24). We hypothesized that
enzyme inactivation may be related to chemical modification of the
enzymes by menadione (24, 25). Menadione can also damageDNA in
the presence of purified DNA topoisomerase II (24). Preliminary
studies suggest that menadione can induce a different form of topoi
somerase Il-cleavable complexes (described below) that may be re
sponsible, in part, for the DNA-damaging effect of menadione in cells
(24, 26â€”28).Because both f3-lapachone and menadione are redox
cycling naphthoquinones, we studied the inhibitory effect of @-lapa
chone on human DNA topoisomerases.We found that incubation with
j3-lapachone neither poisons (i.e., causes the formation of DNA
cleavable complexes) nor inhibits human DNA topoisomerase I. How
ever, preincubation of @3-1apachoneand related naphthoquinones with
topoisomerases prior to exposure to DNA inactivates topoisomerase
activities. Interestingly, (3-lapachonepoisons DNA topoisomerase II
by producing cleavable complexes similar to those produced by
menadione. These complexes are characterized by ATP-independent

formation and by a site specificity similar to those of background
cleavable complexes (24). Para-naphthoquinones, such as a-lapa
chone and menadione, which are much less cytotoxic and much

weaker redox cyclers, are also much less potent inducers of topoi

somerase Il-mediated DNA-cleavable complexes. Therefore, DNA
topoisomerase II poisoning by @3-lapachoneand other naphthoquino
nes may be related either to their strength as redox cyclers or to the
chemical modifications that they induce in the DNA-bound topoi
someraseII.

MATERIALS AND METHODS

Natural and syntheticquinones. (Fig. 1)(3-Lapachone1,a-lapachone10,
and dehydro-a-lapachone12 are quinonespresentin minor amountsin the
heartwoodof theSouthAmericanlapachotree(Tabebuiaavellanedae;Ref. 1).
For this study,(3-lapachone1 waspreparedby synthesis(8) usinglapacholas
thestartingmaterial.The compoundwasfreeof thehighermolecularweight
contaminant found in samples used previously (8). a-Norlapachone 11 is a
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Fig. 1. The chemical structures of (3-lapachones,a-lapachones, and
l,2-naphthoquinones.
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syntheticquinone(29). Dunnione9 hasbeenisolatedfrom the leavesof the
ornamental herb Streptocarpus dunnii (the Cape primrose) (30), and it and its
3-noranalogue8 weresynthesizedfor this study.3-Hydroxy-j3-lapachone2 is
a syntheticquinone,which was preparedfrom lapachol.3-Acetoxy-13-lapa
chone3 wasobtainedfrom 2 by esterificationwith aceticacid in thepresence
of carbonyldiimidazoleand l,8-diaza-bicyclo[5.4.0]undec-7-ene.3-[Alany
loxyJ-@3-lapachonehydrobromideS waspreparedby esterification(carbonyl
diimidazole and l,8-diazabicyclo-[5.4.0]undec-7-ene) of 2 with N-t-BOC-@
alanine, followed by cleavageof the protecting group with hydrogen
bromide. 3-[Malonyloxy]-@3-lapachone6 was preparedby acylation of 2
with mono-t-butyl malonate,followed by cleavageof the t-butyl residue
with trifluoroacetic acid.4-Pentoxy-1,2-naphthoquinone7 wasobtainedby
alkylation of the silver salt of 2-hydroxy-1,4-naphthoquinonefollowing a
standard procedure (31). Menadione was purchased from Aldrich Chemical

Co.VM-26 wasa gift fromtheBristol-MyersCo.All drugsweredissolved
in DMSO (SigmaChemicalCo.) at 10mg/mI andkept frozen in aliquotsat
â€”20Â°C.Except for fetal bovine sera, which were obtained from Inovar
Biologicals (Gaithersburg,MD), mediaandotherreagentsfor tissueculture
work were purchasedfrom Life Technologies,Inc. (Grand Island, New
York). [a-32P]dCTP (6000 Cilmmol) was purchased from Amersham Corp.

Cell Lines. The humanepidermoidcarcinomaKB3â€”lcell line and its
MDR1-overexpressingsubline,KBV-l, wereobtainedfrom Dr. Michael M.
Gottesman(NationalCancerInstitute,Bethesda,MD; Ref. 32). KBH-3 is an
MDR1-overexpressing subline of KB3â€”l,selected for resistance to Ho33342.4
Human acute lymphoblasticleukemiaCEM cells and its VM-26-resistant
CEMIV-1 sublinewereobtainedfrom Dr. William Beck (St. JudeHospital,
Memphis,TN; Ref. 33). RPMI 8401and its camptothecin-resistantCVF-K5
sublinewereobtainedfrom Dr. ToshiwaAndoh(Departmentof Neurosurgery,
GifuSchoolofMedicine,Nogoya,Japan;Ref.34).U937anditscamptothecin
resistantsublineU937/CRwereobtainedfrom Dr. Eric Rubin (RobertWood
JohnsonMedicalSchool,Piscataway,NJ;Ref.35).Thesecellsweregrownas
monolayerculturesat 37Â°Cin 5% CO2andmaintainedby regularpassagein

DMEM supplemented with 10% heat-inactivated fetal bovine serum, 2 mM
L-glutamine,100units/mlpenicillin, and 100 @g/mlstreptomycin.

Enzymesand Nucleic Acids. RecombinanthumanDNA topoisomeraseI
was purified using a publishedprocedurewith slight modification (36).
Briefly, Escherichiacoli BL21(DE3) harboringhumantopoisomeraseI cx
pressionvector pET1B was inducedto expresshumantopoisomeraseI by
exposure to 0.4 mM isopropyl-l-thio-f3-r-galactopyranoside for 1 h during
logarithmic growth. Cells were lysed by repeatedsonic bursts.The sonic
extract was prepared in I M NaCI and 6% polyethylene glycol (PEG 8000) to
removenucleicacids.The polyethyleneglycol supematantwas diluted and
thenchromatographedfirst on a BioRex7Ocolumnandthenon a hydroxyap
atite column.The elutedenzymewasdialyzedagainst50% glycerol, 30 m@i
potassium phosphate (pH 7.0), 1 mM Dli', and 0.1 mI@iEDTA and stored at

â€”20Â°C.RecombinanthumanDNA topoisomeraseI waspurified from E. coli
BL21 harboringthehumanDNA topoisomeraseI expressionplasmid.Recom
binanthumantopoisomeraselIeswaspurifiedfrom theprotease-deficientyeast
strain BCY123 harboringa humantopoisomeraseLIe expressionplasmid,
YEpWob6, following a publishedprocedure(37). YEpG, a derivative of
YEp24, was purified using alkaline lysis and CsCl/ethidium isopyknic centrif
ugation.

Preparation of End-labeled DNA Fragments. Briefly, 10 @gof YEpG
DNA werefirst digestedwith BamHIandthendephosphorylatedwith alkaline
phosphatase.LinearizedYEpG DNA wasthenlabeledat its 3' endswith the
largefragmentof E. coli DNA polymeraseI and [AtrO@}a-32P]dCTP.Unin
corporated triphosphates were removed by two cycles of ethanol precipitation
in the presence of 2.5 M ammomum acetate.

TopoisomeraseCleavageAssays.The reaction mixtures (20 @leach)
containing 40 mM Tris, pH 7.5, 100 mM KC1, 10 mM MgCI2, 1.0 mM AlP (for
someof thetopoisomeraseII reactionsonly), 0.5suMD'VF,0.5mMEDTA, 30
@tg/mlBSA,20ngof 3' end-labeledYEpGDNA, 10ngofrecombinanthuman

DNA topoisomeraseI or Ha (or calf thymustopoisomeraseII whereindicat
ed),andvariousdrugswereincubatedat 37Â°Cfor 30 mm.Thereactionswere
terminated by the addition of 2 @lof 5% SDS and further treated with 150

ig/ml proteinase K for 1 h at 37Â°C.Following the addition of sucrose (final4 A. Liu and L. F. Liu, unpublished results.
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concentration,5%) andof bmmphenolblue(fmalconcentration,0.05 @tg/ml),
DNA sampleswereeitheralkali denatured(for topoisomeraseI reactions;Ref.
36)or loadeddirectly (for topoisomeraseII reactions)ontoa 1.0%agarosegel
in Tris-phosphate-EDTAbuffer. After electrophoresis,gels were dried onto
Whatman3 MM chromatographicpaperandautoradiographedat â€”80Â°Cusing
KOdak XAR-5 film.

Plasmid RelaxationAssay. Reactionmixtures(20 @leach)containing50
mM Tris-HC1, pH 7.5, 100 mr@iKC1, 10 mM MgCI2, 0.5 mM DU, 0.5 nmi
EDTA, 30 @g/mlacetylatedBSA,0.4 @gof supercoiledYEpGDNA, anddrug
(as indicated)were incubatedat 37Â°Cfor 10mm. Oneunit (titratedprior to
use)of recombinanthumanDNA topoisomeraseI was then addedto each
reaction,followedby furtherincubationat 37Â°Cfor 15mm.SDSandprotein
aseK (1% and 200 @g/ml,respectivefinal concentrations)were addedto
terminatethereactions,andincubationcontinuedfor 1h at37Â°C.Thereaction
mixtures were then analyzed by electrophoresis in a 1.0% agarose gel at room
temperature.

Cytotoxicity Assay. The IC50s of the drugs tested were determined by a

MTT-microtiter plate tetrazolinium cytotoxicity assay. Cells were exposed
continuouslyto differentdrugconcentrationsfor 4 daysandassayedat theend
of thefourthday.Eachconcentrationandthenodrugcontrolwererepeatedat
leasttwice in six replicawells. The resultswereplotted,andthe IC50swere
determined.

Yeast Cytotoxicity Assay. The topoisomerase I-specific in vivo cytotox
icity assay was adapted from Knab et al. (38). In this system, various topoi

someraseI genesclonedinto thesinglecopyyeastplasmidvector,YCpGAL1
(38), areexpressedunderthe control of the GALl promoterin the JN2â€”134
strainof Saccharomycescerevisiae(MATa,rad52::LEU2,trpl, ade2â€”l,his7,
ura3â€”52,isel, toplâ€”1,leu2; Refs. 39 and 40). The topoisomerase I constructs
in the vector were, respectively, the wild-type yeast topo I (YCpGAL-Sc

TOP1) (41), a nonfunctional yeast topoisomerase I where the active site
tyrosine-727is mutatedto a phenylalanine(YCpGAL1-SctoplY727F;Ref.
38),andthewild-typehumantopoisomeraseI (YCpGAL-hTOP1;Ref.39).To

w/o Preincubation w/ Preincubation

Fig.3. @-LapachonedoesnotinducetopoisomeraseI-mediatedDNAcleavage.DNA
cleavageassayusingrecombinanthumanDNA topoisomeraseI wasperformedas
describedin â€œMaterialsandMethods.â€•

qualitativelytestthecytotoxicity andthe topo I specificityof thedrugs,yeast
cells containingthe specificplasmidweregrown in dropoutmediumsupple
mentedwith uracil, 2% galactose,and the drug being tested.It has been
establishedthatyeastcansurvivewhentopoisomeraseI functionis obliterated
(40) and that topoisomeraseI poisonsonly kill cells having a functional
topoisomerase I (38). Thus, comparison of the relative extent of growth of each
of the teststrainsin the presenceof variousdrugswith control platesminus
drug shows: (a) whether the drug has any cytotoxic effects on yeast; (b)
whether the cytotoxicity is topoisomerase I specific;and (c) whether there is
anydifferentialspecificityof thedrug for yeastcomparedwith humantopoi
somerase I.

RESULTS

Inactivation of Human DNA TopoisomeraseI by fi-Lapachone
and Menadione. Previous studies have suggested that @3-1apachoneis
a novel DNA topoisomerase I inhibitor (16). Becauseof the chemical
similarity between f3-lapachoneand menadione, we investigated their
respective inhibitory activity against recombinant human DNA topoi
somerase I. As shown in Fig. 2 (left panel, w/o Preincubation),

f3-lapachoneand menadionedid not inhibit the catalytic activity of
human DNA topoisomerase I. This is at variance with the moderate
inhibitory effect on topoisomerase I reported previously for @3-1apa
chone (16). On the other hand, camptothecin, a well-defined topoi
someraseI poisoning inhibitor, inhibits the catalytic activity of human
DNA topoisomerase I in a concentration-dependent manner. How
ever, preincubationof topoisomeraseI with (3-lapachonefor 5 mm at
37Â°C,priortotheadditionofDNA,ledtoinactivationoftopoisomer
ase I catalytic activity (Fig. 2, right panel). This result is consistent
with the previous report that preincubationwith topoisomeraseI
inhibits the enzyme (16). Using this preincubation protocol, menadi

one also inhibited the catalytic activity of topoisomerase I.
The inhibition of the catalyticactivity of topoisomerasesby naph

thoquinones can be independent of their ability to induce topoisomer
ase-mediated DNA cleavage (poisoning of the enzymes). We, there

ii

II 11

â€” â€” â€” â€”

II

â€” â€”

Fig. 2. Preincubation of enzyme with f3-lapachone or menadione inactivates topoi
somerase I. In A, the plasmid relaxation assay was performed as described in â€œMaterials
andMethods.â€•Concentrationsof variousdrugsareasindicatedin thefigure.B, reactions
wereperformedasdescribedin A, exceptthat humanDNA topoisomeraseI wasprein
cubatedwith variousdrugsat 37'C for 5 mm prior to the additionof DNA.
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TOPOI5OMERA5EIt-MEDIATED DNA CLEAVAGEBY 1,2@NAPHTHOQUIN0NES

of topoisomerase I from episomal plasmids were used to evaluate the

role of topoisomerase I in the cytotoxic activity of f3-lapachones.As
shown in Fig. 4, (3-lapachone1 is cytotoxic to yeast cells (compare A

a and C). However, the cytotoxicity of f3-lapachone is independent of
topoisomeraseI expression;yeast strains expressingS. cerevisiae

b wild-typetopoisomeraseI (ScTOP1,seethesecondrowlabeledb in
Fig. 4), yeast topoisomerase I with the active site tyrosine mutated to

C phenylalanine (SctoplY727F, see the top row labeled a in Fig. 4), or
human DNA topoisomerase I (hTOP1, seethe bottom row labeled c in
Fig. 4) were equally sensitive to /3-lapachone.This is in sharp contrast
to the cytotoxic effect of camptothecin.As shown in Fig. 4B, yeast
cells expressing either wild-type yeast topoisomerase I (ScTOPI) or
human topoisomerase I (hTOPI) were killed by camptothecin (com
pareA and B). The yeast cells expressing mutant yeast topoisomerase
I (SctoplY727F) were resistantto camptothecincytotoxicity(seeFig.
4B,rowa).Theseresultsclearlyindicatethattheantiyeastactivityof

a (3â€”lapachoneis independentof yeast topoisomeraseI activity or of
human DNA topoisomerase I activity, when human topoisomerase I is

b theonlyactivetopoisomeraseI in thecell.Interestingly,onlythree
(3-lapachonederivatives (1, 7, and 8) show antiyeast activity in this

C assay (Table I).

(3-Lapachone Induces Topoisomerase11-mediated DNA Cleav
age. The yeastcytotoxicityresultssuggestthat the cytotoxictargetof
(3-lapachonemay not be DNA topoisomerase I. Previous studies have
demonstrated that menadione can poison human DNA topoisomerase
lIa (24). To explore the possibility that DNA topoisomerase lies may

nec

00cc
@@ Iâ€”Il-Lapachone -@r@ Lapachone â€”@

.@ a VM-26 Menadione 1 8 10 1 1

li b@ 2@ 22@@ 2@@ 2@ 22

Fig. 5. fJ-Lapachoneinducestopoisomeraseli-mediated DNA cleavage. The DNA
cleavage assay, using recombinant human DNA topoisomerase lb. was performed as
describedin â€œMaterialsandMethods.â€•Onemsi AlP waspresentin all reactions.
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Fig. 4. EI@t@of naphthoquinones against yeast is independent of DNA topoi
somerase I Rj:@i:@ Cytotoxicity assays for naphthoquinones 1â€”8were conducted in

yeast@ -@5:z:@mutant (a, SctoplY727F), yeast wild-type (b, ScYOP1), or human
(c, @1t@@f@'i@@ ::@j@ :@I as describedin â€œMaterialsand Methods.â€•Growth of the
dilutionE:@:l@iin the absenceof drug(A) is comparedwith growthin 0.2 @sg/ml

@ (@i@ in 2.5 @g/ml @3-lapachone 1 (C), and in 2.5 @.tg/ml @3-lapachone 2 (D).

The results @j@ scoringarepresentedin Table I.

@@ 1CytotoxicityoffJ-lapachoneanditsanaloguestoyeast
ThetableÃ§@ @C@]thequalitativescoringof theresults(seeFig. 4) with eachdrug,with

each+ @Â±:ffL@::@ completekilling of onespotin thedilution seriesand0 indicatingno

0.2pg/mICPT
D
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@ti:2.@i@the effect of j3-lapachone and menadione on
â€˜@-@I-mediated DNA cleavage (Fig. 3). In contrast to

a potent inducer of topoisomerase I-mediated DNA
cleavage@ 3, CPT lanes), @-lapachone,compound 8, and mena
dione had@ @.effect on topoisomerase I-mediated DNA cleavage (Fig.

3, see@@ labeled lanes). a-Lapachones 10 and 11, which
are@@ isomers of 3-lapachone (see Fig. 1 for structures),
were also@1@J.@@and showed no activity (Fig. 3, right lanes).

@iE@:@ preincubation of topoisomerase I with either (3-lapa

chone or@@ abolished camptothecin-induced DNA cleavage
(data not@

@ PoisoningIsUnrelatedtotheAntiyeastActiv
ity of@ The rather unusual topoisomerase I inhibitory
effect of@@@ @r-@prompted us to examine the role of topoisomer
ase I in â€˜ii:@)x@i@activity of f3-lapachone.Yeast strains that have
their@ TOP] gene deleted and that express various forms
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that of menadione and to that of background topoisomerase il-medi
ated DNA cleavage (Fig. 5). Becauseof the redox cycling potential of
(3-lapachone,we further investigated the nature of the DNA breaks.
As shown in Fig. 6, f3-lapachone-induced double-strand breaks were
abolished by subsequentincubation either at 65Â°Cfor 15 mm or with
0.5MNaClat37Â°Cfor 15mm.Theapparentreversibilityofthestrand
breaks is the hallmark of topoisomerase-cleavable complexes. We
conclude that (3-lapachone, like all other topoisomerase H poisons,
induces topoisomerase Il-DNA cleavable complexes.

Previous studies demonstrated that the generation of menadione
induced topoisomerase II cleavable complexes is completely ATP
independent (24). As shown in Fig. 7, f3-lapachone induced similar
amounts of topoisomerase il-cleavable complexes in the presence or

absenceof AlP, as did menadione. The lack of an AlP effect is in
sharp contrast with most other topoisomerase II poisons, such as
doxorubicin, mitoxantrone, etoposide, and m-AMSA (42). The pos
sibility that /3-lapachone by itself could cause chemical damage to
DNA has already been ruled out by previous work (16), which
reported that f3-lapachoneitself does not lead to DNA cleavage, does
not unwind DNA, and doesnot intercalateinto DNA. This work is
consistent with our finding that when DNA was incubated with
(3-lapachoneor related naphthoquinones in the absenceof topoisomer
ase II for periods of from 5 to 30 mm, after which the quinones are
dialyzed away and the mixture incubated with enzyme, no enhance
ment of the topoisomerase 11-mediatedcleavage was observed (data
not shown).
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65 0C,
15mm.

O.5MNaCI,
15 mm.

.,@@ @3-Lapachone
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A

Fig. 6. Topoisomerase Il-mediated DNA cleavage induced by f3-lapachoneis due to the
formationof reversiblecleavablecomplexes.Topoisomerasen-mediatedDNA cleavage
reactions in the presenceof I mi@iATP and calf thymus topoisomerase II were performed
as described in â€œMaterialsand Methodsâ€•with the following modifications. After 15 mm
of incubation at 37'C, the reactions were either heated to 65'C for another 15 rain (as
markedon top of the lanes)or treatedwith 0.5 NINaCIfor another15mm (asmarkedon
top of the lanes). The concentrations of 4'-dimethyl-epipodophyllotoxin (VM-26) and

@-lapachoneusedin this experimentwere 1 and 10 @g/ml,respectively.

S.
â€¢1

Fig. 7. Poisoning of topoisomerase II by @3-lapachoneis AlP independent. Topoi
somerase 11-mediated DNA cleavage was performed as described in â€œMaterialsand
Methods.â€•Onems@AlP waspresentin reactionsasmarkedon topof thelanes(w/ATP).
@3-Lapachoneand menadmonewere serially diluted as marked on top of the lanes. Calf
thymustopoisomeraseII wasusedin thesereactions.
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be a target of (3-lapachone, we performed a DNA cleavage assay using
purified recombinant human DNA topoisomerase Ha (Fig. 5). Indeed,
as for menadione, all (3-lapachone derivatives can stimulate DNA
double-strand breaks in the presence of DNA topoisomerase ha (Fig.

5, Menadione and /3-Lapachone lanes). (3-Lapachone appears to be

about 10-fold more potent than menadione in this assay.Interestingly,
a-lapachones 10 and 11, which were previously shown to be much
less effective in redox cycling (4), are at least 100-fold less potent in
poisoning topoisomerase II than f3-lapachone(Fig. 5, compare (3-La
pachone and a-Lapachone lanes). All of the derivatives listed in Fig.
1 have been evaluated in this DNA cleavage assay. All naphthoqui
none derivatives showed similar potency in inducing topoisomerase
Il-mediated DNA cleavage. a-Lapachone 12 was as inactive as were
10and11(datanotshown).

The DNA cleavage pattern induced by (3-lapachoneis identical to

wI ATP w/o ATP

a
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Table 2Cytotoxicity of @-lapachoneagainstCPT-resistant celllinesCompounds

RPM18402â€• Cvr-K5â€•Relative resistances'U937â€• U937/CRâ€• Relative resistanceb

20100000.0010.282800.091.50.040.030.75

Table3 Cytotoxicityof naphthoquinonesin atypical multidrug-resistantCEMN-1cellsCompounds

CEMa CEM/V-lâ€• Relativeresistances'VM-26

0.007 1.6230Menadione
0.52 0.691.3o-Naphthoquinone

1 0.09 0.33.32
0.3 0.313

0.3 0.314
0.2 0.31.55
0.4 0.416
2.5 3.51.47
0.25 0.351.48
0.2 0.31.59
0.04 0.37.5p-Naphthoquinone

10 2.5 31.211
2.5 2.5112
1.5 32a

IC@ (@&Wml)was measured by the MU assay as described in â€œMaterialsand
Methods.â€•

b Relative resistance is defined as the ratio of the IC50 of the drug-resistant line versus

the IC50 of the drug-sensitive line.

TOPOISOMERASE lI-MEDIATED DNA CLEAVAGE BY 1,2-NAPHTHOQUINONE5

CPT 0.002

f3-Lapachone 1 _@6

a IC50 (,@,/mi) was measured by the MU assay as described in â€œMaterials and Methods.â€•

b Relative resistance is defined as the ratio of the IC50 of the drug-resistant line versus the IC50 of the drug-sensitive line.

activity of mammalian DNA topoisomerase I (16). We found that
inhibition of the catalytic activity of topoisomeraseI requiredprein
cubation of topoisomerase I with (3-lapachone prior to exposure to
DNA. It was suggested that /3-lapachone may have to first bind to
topoisomerase I to form an inhibitory enzyme-drug complex (16). Our
results show that menadione, a structurally different naphthoquinone,
also inhibits the catalytic activity of topoisomerase I in a reaction
requiring enzyme/drug preincubation. Previous studies suggest that
menadione predominantly inactivates enzymes through either electro
philic addition or one electron reduction (25â€”28).In contrast, it seems
likely that f3-lapachone can inactivate topoisomerase I through a
chemical reaction. However, this reaction may not be specific, be
cause many enzymes (e.g., reverse transcriptaseand DNA polymer
ase) are known to be inactivatedby /3-lapachone(5). It seems ques
tionable whether topoisomerase I is a specific target of /3-lapachone.
Our yeast cytotoxicity studies clearly indicate that, at least in the yeast
system, topoisomerase I is not a key target of /3-lapachone.

We have demonstrated that /3-lapachone, like many topoisomerase
Il-targeting antitumor drugs, can poison human DNA topoisomerase
Ha. Such poisoningproducesreversibletopoisomeraseIl-cleavable
complexes. However, poisoning of topoisomerase 1hzby (3-lapachone
and related naphthoquinones is characteristically different from the
poisoning of most other commonly known topoisomerase II poisons,
such as doxorubicin, etoposide, m-AMSA, and mitoxantrone: (a) in
contrast to other topoisomerase II poisons, (3-lapachone appears to
inactivate topoisomerase II upon drug/enzyme preincubation;6(b)
topoisomerase II cleavable complex formation induced by J3-lapa
chone and related naphthoquinones is independent of AlP; and (c) the
cleavage pattern induced by naphthoquinones is similar if not identi
cal to that of the background cleavage. This type of topoisomerase H
poisoning is highly reminiscent of topoisomerase II poisoning by
menadione. The possibility that the naphthoquinones damage topoi
somerase II prior to its binding to DNA is inconsistent with the
finding that preincubation of the naphthoquinones with topoisomerase
II causedreduction,insteadof stimulation,of topoisomeraseIl-linked
DNA breaks. It, therefore, seems more likely that trapping of the
â€œtopoisomeraseII cleavable complexâ€•by the naphthoquinones may
require a DNA-bound topoisomerase II. It is conceivable that binding
of topoisomerase H to DNA is associated with a change in the

conformationof the enzyme and hence of the accessibility of certain
functional groups to alkylation by the naphthoquinones. The possibil
ity that the naphthoquinones act by a chemical modification of the
DNA-bound topoisomerase II is strengthened by the finding that
NEM, a well-known alkylating agent of thiols, is able to stimulate
topoisomerase Il-mediated DNA cleavage. As for the naphthoquino
nes, the cleavage pattern induced by MEM is similar to that of
background (no drug) cleavage, and the cleavage reaction is AlP
independent.6 This chemical modification of the DNA-bound topoi
somerase II may lead to the trapping of the cleavable complexes.
NEM does not damageDNA directly. In addition, data show that two
tetrasubstituted quinones, 2,3,5,6-tetramethyl l,4-benzoquinone and
2-methyl 3-phythyl-1,4-naphthoquinone, which can undergo redox
cycling but are not capable of undergoing Michael-type addition

Formation of Adducts of 2-Mercaptoethanol with (3-Lapachone
1 and Menadione. The possibility that (3-lapachoneor menadione
may chemically react with topoisomerase H by alkylating a thiol
residue(s) of the protein was explored in vitro using 2-mercaptoeth
anol as an artificial reactant. The addition of 2-mercaptoethanol to
substrates was used previously to mimic the action of the thiol
containing enzyme biliverdin reductaseand was found to be a helpful
model in mapping the active center and in establishing the reaction
mechanism of the enzyme (43â€”45).(3-Lapachone and menadione
react with 2-mercaptoethanol in benzene at very different rates; /3-la
pachonewas 10-fold more reactive. Both 1,2- and 1,4-Michael ad
ducts were formed.5

(3-Lapachone Is Cytotoxic against a Panel of Drug-resistant
Cell Lines. We also measured the IC50sof /3-lapachoneagainst a
variety of drug-resistant cell lines. As shown in Table 2, f3-lapachone
is about equally cytotoxic to both the wild-type cell lines and their
camptothecin-resistant sublines (CPT-K5 and U937/CR; Ref. 35).
Similarly, the atypical multidrug resistant line, CEMIV-l, which is
known to be cross-resistant to a number of topoisomerase II drugs,
such as doxorubicin, m-AMSA, mitoxantrone, and etoposide, is only
marginally cross-resistant to (3-lapachone (about 3-fold cross-resis
tance; see Table 3). Except for dunnione 9 (7.5-fold relative resist
ance), most other (3-lapachoneand a-lapachone derivatives exhibited
equal cytotoxicity against the wild-type (CEM) and CEMIV-1 cells
(Table 3). The ability of (3-lapachone to be unaffected by MDR1-
mediated resistance was also evaluated in two MDR1-overexpressing
cell lines, KB V-i and KBH-C3. Except for 1,2-naphthoquinones 5
and 6 and a-lapachone 11, all other lapachones are unaffected by
MDR1-mediated resistance (Table 4).

DISCUSSION

/3-Lapachone exhibits many biological and pharmacological activ
ities (2â€”8). Previous studies suggest that (3-lapachone inhibits the

5 B. Frydman, K. Neder, L. J. Marton, and L. F. Liu, Reaction of j3-lapachone and

relatednaphthoquinoneswith 2-mercaptoethanol,manuscriptin preparation. 6 A. Y. Chen, C. Yu, B. Gatto, W-H. Lee, and L. F. Liu, unpublished results.
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CompoundsKB3-lâ€•KBV-lâ€•KBH-lâ€•RRV'@,RRHCHo333420.020.85143,

50Menadione0.680.450.451,
1o-Naphthoquinone10.30.50.351,

120.3ND0.5ND,
I33ND3.5ND,l42ND2ND,l50.35ND5.5ND,

1563ND30ND,l070.3ND0.15ND,

180.35ND0.35ND,
190.250.30.05ND,

1p-Naphthoquinone103.5541,1113.5441,1122.532.51,1

and

TOPOISOMERASE 11-MEDIATED DNA CLEAVAGE BY 1,2-NAPHTHOQUINONES

resistance in our experiments. However, two of the /3-lapachone
derivatives, S and 6, appear to be MDR1 substrates (15- and
10-fold relative resistance, respectively) based on the cytotoxicity
data using two pairs of MDRI -overexpressing cell lines. Interest
ingly, naphthoquinones 5 and 6 are the only charged derivatives
among the lapachone compounds used in this study. Naphthoqui
none S is positively charged, whereas naphthoquinone 6 is nega

lively charged at neutral pH. The situation is reminiscent of the
MDR1 effect on topotecanbut not on other nonchargedderivatives
of camptothecin. One possible explanation is that the rate of
passive diffusion for the charged molecules is significantly slower;
hence; the unidirectional pump of MDR1 becomes the dominant
factor controlling the rate and extent of drug accumulation in cells.
Alternatively, only charged molecules, whether positively or neg
atively charged, are specifically recognized by the MDR1 pump. It
is unclear at present which explanation is correct. These /3-lapa
chone derivatives may serve as useful tools for studying drug
MDR1 recognition.

REFERENCES

1. Burnett, A. R, and Thomson, R. H. Naturally occuring quinones. Part X. The
quinonoidconstituentsof Tabebuiaavellanedae(Bignonaceae).J. Chem. Soc. Sect.
C, 2100â€”2104,1967.

2. Guiraud,P.,Steiman,R.,Campos-Takaki,G. M., Seigle-Murandi,F.,andSimeonde
Buochberg,M. Comparisonof antibacterialandantifungalactivitiesof lapacholand
j3-lapachone.Plants Med., 60: 373â€”374,1994.

3. Lopes, J. N., Cruz, F. S., Docampo, R., Vasconcellos, M. E., Sampaio, M. C., Pinto,
A. V., and Gilbert, B. In vitro and in vivo evaluation of the toxicity of 1,4-
naphthoquinone and l,2-naphthoquinone derivatives against Trypanosoma cruzi.
Ann. Trop. Med. Parasitol.,72: 523â€”531,1978.

4. Goijman, S. G., and Stoppani, A. 0. Effects of (3-lapachone, a peroxide-generating
quinone,on macromoleculesynthesisand degradationin Trypanosomacruzi. Arch.
Biochem.Biophys.,240: 273â€”280,1985.

5. Schuerch, A. R., and Wehrli, W. @3-Lapachone,an inhibitor of oncornavirus reverse
transcriptaseandeukaryoticDNA polymerase-a:inhibitory effect, thiol dependence
and specificity. Eur. J. Biochem., 84: 197â€”205, 1978.

6. Li, C. J.,Zhang,L J.,Dezube,B. J.,Cnimpacker,C. S.,andPardee,A. B. Three
inhibitors of type 1 human immunodeficiency vinis long terminal repeat-directedgene
expressionandvirusreplication.Proc.Nail. Acad.Sci.USA, 90: 1839â€”1842,1993.

7. Li, C. J., Wang, C., and Pardee,A. B. Inductionof apoptosisby f3-lapachonein
humanprostatecancercells.CancerRes.,55: 3712â€”3715,1995.

8. Planchon, S. M., Wuerzberger, S., Frydman, B., Witiak, D. T., Hutson, P., Church,
D. R., Wilding, 0., andBoothman,D. A. @-Lapachone-mediatedapoptosisin human
promyelocyticleukemia(HL-60) andhumanprostatecancercells:a p53-independent
response. Cancer Res., 55: 3706â€”3711,1995.

9. Docampo, R., Cruz, F. S., Boveris, A., Mumz, R. P., and Esquivel, D. M. Lipid
peroxidation and the generation of free radicals, superoxide anion, and hydrogen
peroxide in (3-lapachone-treated Trypanosoma cruzi epimastigotes. Arch. Biochem.
Biophys.,186:292â€”297,1978.

10. Boveris, A., Docampo, R., Turrens, J. F., and Stoppani, A. 0. Effect of @-lapachone
on superoxideanion and hydrogenperoxide production in Trypanosomacruzi.
Biochem. J., 175: 431â€”439,1978.

11. Cruz, F. S., Docampo, R., and de Sousa, W. Effect of (3-lapachone on hydrogen
peroxideproductionin Trypanosomacruzi. Acts Trop., 35: 35â€”40,1978.

12. Crux, F. S., Docampo,R., and Boveris, A. Generationof superoxideanionsand
hydrogenperoxidefrom 3-lapachonein bacteria.Antimicrob. AgentsChemother.,
14: 630â€”633,1978.

13. Docampo, R., Cruz, F. S., Boveris, A., Muniz, R. P., and Esquivel, D. M., (3-Lapa
choneenhancementof lipid peroxidationand superoxideanion and hydrogenperox
ide formationby sarcoma180ascitestumor cells. Biochem.Pharmacol.,28: 723â€”
728, 1979.

14. Degrassi, F., De Salvia, R., and Berghella, L. The production of chromosomal
alterationsby (3-lapachone,anactivatorof topoisomeraseI. Mutat.Res.,288:263â€”
267, 1993.

15. Boothman, D. A., Trask, D. K., and Pardee,A. B. Inhibition ofpotentially lethal DNA
damage repair in human tumor cells by (3-lapachone,an activator of topoisomerase I.
CancerRes.,49: 605â€”612,1989.

16. Li, C. J., Averboukh, L., and Pardee,A. B. (3-Lapachone:a novel DNA topoisomerase
I inhibitor with a mode of action different from camptothecin. J. Biol. Chem.. 268:
22463â€”22468,1993.

17. Boorstein,R. J., andPardee,A. B. (3-LapachonegreatlyenhancesMMS lethality to
humanfibroblasts.Biochem.Biophys.Res.Commun.,118: 828â€”834,1984.

18. Boothman, D. A., Greer, S., and Pardee,A. B. Potentiation of halogenated pyrimidine
radiosensitizers in human carcinoma cells by (3-lapachone(3,4-dihydro-2,2-dimethyl
211-naphtho[l,2-blpyran-5,6-dione), a novel DNA repair inhibitor. Cancer Res., 47:
5361â€”5366,1987.

19. Powis, G. Metabolism and reactions of quinoid anticancer agents. Pharmacol. Ther.,
35:57â€”162,1987.

Table 4 Cytotoxicitv of naphthoquinones in MDRI-overexpressing cell lines

a IC50 (@g/ml) was measured by the MU assay as described in â€œMaterials
Methods.â€•

b RRV is the relative resistance defined as the ratio of IC50 of KBV-l versus IC50 of

KB3-l.
C RRH is the relative resistance defined as the ratio of IC50 of KBH-l versus IC,0 of

KB3-l . ND. not determined.

reactions with thiol groups, are unable to stimulate topoisomerase
Il-mediated DNA cleavage. The fact that the cleavage reaction is
independent of AlP suggeststhat the above-mentioned topoisomerase
II conformational change is not the conformational modification as
sociated with the ATP-dependent protein clamp (46).

The suggestion that topoisomerase II poisoning by naphthoquino
nesmay involve chemical modifications of the topoisomerase Il-DNA
complex brings up the question as to the nature of these chemical
modifications. Although we cannot rule out the possibility that free
radical formation is involved in the proposed chemical modification
of the topoisomerase Il-DNA complex (4), in the present study we
found that naphthoquinones can also react with thiols in a reaction
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/3-lapachone may explain the higher potency of (3-lapachone over
menadione in poisoning topoisomerase Ha. It is also interesting that
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whether topoisomerase lies is indeed a key target of f3-lapachone in
cultured cells, the increased cytotoxicity of f3-lapachone, when
compared to menadione and a-lapachones, appears to parallel its
higher potency in poisoning topoisomerase II. The fact that atyp
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Menadione and /3-lapachone are unaffected by MDR 1-mediated

7 H-M. Wang, C. Yu, and L. F. Liu. unpublished results.
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