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ABSTRACT. DMP 840 (R,R)-2,2-[1,2-ethanediylbis[imino(1-methyl-2,1-ethanediyl)]-bis(5-nitid-benz-
[ddisoquinoline-1,3(#)-dione] dimethanesulfonate) is a novel bis(naphthalimide) that has shown promising
antitumor activity in a variety of preclinical model systems. The compound binds to DNA with high
affinity and intercalates, but the mechanism of cell killing has not been elucidated. We have used yeast
strains to test whether DMP-840 is active against either topoisomerase | or Il. We found that temperature-
sensitivetop2 mutants resistant to etoposide or amsacrine also confer resistance to DMP-840. In addition,
cells overexpressing yeast topoisomerase |l were hypersensitive to the drug. By ctopifedéletions
rendered cells hypersensitive to the drug. These results strongly suggest that DMP-840 acts against
eukaryotic topoisomerase Il and kills cells by converting the enzyme into a cellular poison. We verified
that DMP-840 is active against eukaryotic topoisomerase |l by demonstrating that the drug stimulates
formation of a cleavage complex with purified yeast topoisomerase Il in vitro. We also demonstrated
that the drug is active against human topoisomerase Il by showing that expression of human topoisomerase
Il restored sensitivity of resistant yeast cells to DMP-840. We have also directly demonstrated that DMP-
840 acts as a poison against purified human topoisomerase Tlaken together, these results indicate

that DMP-840 acts like other intercalating topoisomerase |l poisons; it kills eukaryotic cells by stabilizing
the cleavage complex of topoisomerase Il with DNA.

DNA topoisomerases are the target of a wide range of Q
antitumor agents. Drugs that are active against topo- ©u CH, H O
isomerase |, topoisomerase Il, or both enzymes have been Q b
identified (L—3). Most of the characterized agents that are
active against topoisomerase | are derivatives of the plant O
alkaloid camptothecin, while a range of structurally diverse NO,
compounds are active against eukaryotic topoisomerase Il. ON
Potent intercalating agents such as doxorubicin, mitox- Ficure 1: Structure of DMP-840. The structure of the bis-
antrone, and amsacrind<8) as well as nonintercalating  (naphthalimide) DMP-840 is shown.
agents such as epipodophyllotoxi®$ &nd fluoroquinolones
(10, 1 are active against eukaryotic topoisomerase Il.  intercalating agentsl1g), and which have high antitumor
Among the intercalating topoisomerase Il agents tested in 2Ctivity in preclinical model systemd§, 19, 20. The bis-
clinical trials are naphthalimides, which include amonafide (n@phthalimides) have stimulated special interest since they
and mitonafide {2—15). Recently, related bis-intercalating have activity against tumors in model systems that are
agents have been synthesiz#6,(17, which are more potent ~ réfractory to many other antitumor ageni$( 19. DMP-
840, a bis(naphthalimide) has been the focus of several
- - preclinical and clinical investigations. The structure of this
T Supported by grants from the National Institutes of Health CA52814
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to DMP-840, although in other topotecan-resistant cell lines, of the Kt/SDS methodZ8, 29. Briefly, pUC18 DNA was
cross-resistance to DMP-840 was not observed).( In linearized with the restriction endonucledssoR| and end-
addition, Kirshenbaum and colleagues failed to observe crossdabeled by filling in with jo-32P]dATP using the Klenow
resistance to DMP-840 in a CHO cell line selected for high fragment ofE. coli DNA polymerase I. The specific activity
levels of resistance to camptothecRi). of the labeled DNA was (&3) x 10° cpmjzg DNA.

Studies inEscherichia colihave suggested that an action Approximately 5-10 x 10° cpm (350 ng) of labeled DNA
of DMP 840 may be inhibition of some enzymes involved substrate was added per reaction. The cleavage reactions
in DNA metabolism and DNA repair2@). While E. coli were performed in triplicate, and results are repoftSEM.
mutants defective in DNA ligase or therA gene product ~ The cleavage reaction was carried out in TOP2 buffer (20
(a subunit of the excision endonuclease) have wild-type MM Tris-HCI, pH 8.0, 10 mM Mg{, 1 mM EDTA, 150
sensitivity to DMP 840, mutants lacking both exolll and MM KCI, 30 ug/mL acetylated bovine serum albumin, 0.5
endolV (which both have apurinic endonuclease activity) are MM ATP) in a total volume of 5QL, with 10 units (500
very hypersensitive to the drugtd). This result might  ng) of purified yeast topoisomerase IBQ) or human
suggest that DMP 840 forms a DNA adduct that is repairable topoisomerase It (31) prepared as previously described.
by these enzymes. A more recent study examiBedoli The reaction was incubated for 30 min and then stopped with
proteins whose overexpression leads to DMP-840 resistancel mL of stop buffer (1.25% SDS, 5 mM EDTA, pH 8.0, 0.4
One class of plasmids carried the region that inclyss€ mg/mL salmon sperm DNA). Then 23 of 325 mM KCl
and parE, the subunits ofE. coli topoisomerase 1V2A73). was added, and the reaction was incubated £t®%r 10
Topoisomerase IV is a type Il topoisomerase that is required min. The reaction mixtures were placed on ice for 10 min,
for normal chromosome segregatia?d) (for review, see  followed by centrifugation in a microcentrifuge at 15@00
ref 25). The resistance to DMP-840 appears to be mediatedfor 10 min. The supernatant was removed, and the samples
by a gene that maps betweearC and parE, rather than were resuspended by adding 1 mL of wash buffer (10 mM
due to increased expression of the subunits of topoisomerasd ris-HCI, pH 8.0, 100 mM KCI, 1 mM EDTA, 1 mg/mL
IV (23). salmon sperm DNA) at 65C. Samples were further

To more clearly define the in vivo targets of DMP-840, incubated at 65C for 10 min, placed on ice for 10 min,
we have taken advantage of a yeast system that allows us t@nd sedimented as above. The wash procedure was carried
dissect the mechanism of action of agents that are activeOUt @ total of three times. After the final wash, samples were
against topoisomerase | or topoisomerase Il. We demonstratd&suspended in 40 of water at 65°C. A volume of 100
here that DMP-840 is able to stabilize cleavage by purified 4L 0f sample was removed and added to 4 mL of scintillation
yeast topoisomerase Il in vitro, and that replacement of wild- fluid (Aquasol); total radioactivity was determined by
type topoisomerase Il with a drug-resistant allele is sufficient Scintillation counting. _
to abolish the cytotoxicity of DMP-840 in yeast. By contrast, _ Détermination of Patterns of Drug-Induced Clege with
topl mutants retain drug sensitivity. We also show that Purified DNA TopoisomerasesSamples for determination
expression of human topoisomeraseaulin yeast confers  Of cleavage patterns were treated as described for quantitation
sensitivity to DMP-840. Taken together, our results indicate Of drug-stabilized topoisomerase—IDNA covalent com-
that topoisomerase Il is the major target for the cytotoxic Pléxes, except that topoisomerase reactions containegl 1

action of DMP-840 in eukaryotic cells. of purified topoisomerase protein (either yeast or human
topoisomerase k). The substrate DNA was digested with
EXPERIMENTAL PROCEDURES BanHl after labeling so that the substrate for the drug-

induced cleavage pattern experiments was uniquely end
Plasmids and Yeast StrainsPlasmid pMJ1, which  |apeled. After all the washes, the pellet was resuspended in
expresses human topoisomerase. lirom the yeasiTOP1 400uL of 10 mM Tris-HCI pH 7.6, 1 mM CaGl 1.6 units
promoter, has been described previous§)( The yeast  proteinase K (Sigma) and was incubated overnight &5
strains JN394, JN394t1, JN39412, and JN394t25 have  After proteinase K digestion, the samples were extracted
all been previously describe®?, 2§. The strains are  twice with phenol:chloroform:isoamyl alcohol (25:24:1) and
isogenic and carry théSE2 mutation (to increase drug precipitated with ethanol. The pellet was resuspended in 400
permeability) and a disruption of thad52gene (to increase | H,0, and an aliquot was removed for scintillation
sensitivity to anti-topoisomerase drugs). JN394tl carries acounting. A 20 uL portion was loaded onto an 8%
deletion of the yeasTOP1 gene, while JN394t24 and  polyacrylamide gel and subjected to electrophoresis at 220

JN394t2-5 carry thetop2—4 andtop2-5 alleles of topo- v for 3.5-4 h. The gel was dried and exposed to film at
isomerase I, respectively, in place of wild-typ©P2 (27, —80 °C overnight.

28).
Determination of in Viilo Drug Sensitiity. Drug sensitiv- RESULTS
ity studies in yeast cells were carried out as previously  Sensitiity of Yeast Cells to DMP-840We first examined
describedZ7, 2§. Briefly, a logarithmically growing culture  the sensitivity of DMP-840 in JN394, a strain carrying wild-
of yeast cells was diluted to2 10° cells/mL, and adrug or  type topoisomerase | and II. Strain JN394 carries|8&2
DMSO was added. Aliquots were removed, diluted, and mutation for enhanced drug permeability and a disruption
plated to YPDA agar. Survival is expressed relative to the of theRAD52gene, which confers hypersensitivity to a wide
number of viable colonies at the time of drug addition. range of DNA damaging agentsad52 mutants are hyper-
Quantitation of Drug-Stabilized Topoisomerase DNA sensitive to drugs that stabilize cleavage by either topo-
Covalent Complexes.Levels of DNA covalent complexes isomerase | or topoisomerase B 42). JN394 cells were
were determined using a previously described modification incubated in YPDA medium with various concentrations of
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FiGUrRE 2: Survival of IN394 cells treated with DMP-840. JN394

(TOPI" TOP2) cells were treated with different concentrations  gaq" 3N394 cells were transformed with pDED1TOP2, a plasmid
of DMP-840. Aliquots were removed at the indicated times, diluted, y,a¢ oyerexpresses yeast topoisomerase I, and sensitivity to DMP-
and plated to YPDA agar. Survival is expressed relative to the time g, ya5 determined as in Figure 2. The conditions were: no drug
of drug addition. The conditions were: no drug (open squares), 30 (open squares), 3@/mL (down triangles), 6@g/mL (up triangles),
ug/mL (down triangles), 6@g/mL (up triangles), 9@g/mL (half- and 90xg/mL (half-filled squares).

filled squares), and 120g/mL (plus squares).

Ficure 3: Survival of IN394 pDEDTOP2 cells treated with DMP-

10000

DMP-840. After incubation for 4, 8, and 24 h, aliquots were
removed, diluted, and plated to YPDA plates to determine
viable counts. Results of a representative experiment are
shown in Figure 2. DMP-840 concentrations of ggymL

or higher were cytotoxic to JN394 cells, while lower drug
concentrations reduce the growth rate but did not reduce the

1000+

Relative survival (%)

viability of the cells below the value at the start of the 10045 e No drug

experlment ===V==- 60 ug/ml DMP-840
Since JN394 cells were sensitive to DMP-840, we o o

examined the sensitivity of isogenic derivatives of JN394

that carry mutations in topoisomerase genes. We first by

examined JN394t1 cells, which carry a deletion of the yeast

TOP1gene. The deletion of tHEOP1gene renders the cells

totally resistant to topoisomerase | inhibitors such as camp- b T - - " !

tothecin B2, 33 and confers hypersensitivity to anti- )
topoisomerase Il agentsopl™ cells are hypersensitive to Time (Hrs)
anti-topoisomerase |l agents because the topoisomerase IFIGURE 4: Survival of JIN394t25 cells treated with DMP-840.
must perorm all of the functons during repliaton and N34S (TOPL o2 ) cels wer Veated i DUP 540
transcription that normally utilize topois_qmerasézs( 39. drugg(open squares), 62g/mL (dOngn tria{ngles), 90ug/mL. (up '
JN394t1 Ce||S haVe enhanced SenSItIVIty to DMP'840, t|’iang|es)7 and 12@g/m|_ (ha|f-f|||ed Squares)_
compared to JN394 cells. A drug concentration ofi2f
mL almost completely inhibits growth, and 20/mL reduces  without topoisomerase Il overexpression are able to grow at
viability to <20% after 24 h incubation with drug. Higher areduced rate when exposed ta@@mL DMP-840 (Figure
drug concentrations lead to greater reductions in viability 2), hence overexpression of topoisomerase |l sensitizes cells
(data not shown). The pattern of hypersensitivitytapl to DMP-840. Hypersensitivity to DMP-840 when topo-
mutants is the opposite of what is observed with drugs thatisomerase Il is overexpressed is consistent with the hypoth-
stabilize covalent complexes with topoisomerase I, indicating esis that the agent is able to stabilize topoisomeraseNA
that DMP-840 does not stabilize covalent complexes formed covalent complexe<2{).
with the type | enzyme. As a further test of the hypothesis that DMP-840 stabilizes
Yeast cells overexpressing topoisomerase Il are hyper-topoisomerase HDNA covalent complexes, we determined
sensitive to topoisomerase Il inhibitors that stabilize cleavage, the specificity of DMP-840 action against yeast topo-
such as amsacrine and etoposide. We therefore examinedsomerase Il by examining drug sensitivity in a yeast strain
the effect of topoisomerase Il overexpression on the sensitiv-carrying a drug-resistant topoisomerase Il. We have shown
ity of yeast cells to DMP-840. JN394t2 cells carrying previously that yeast strains carrying ttog2—5 mutation
pDED1TOP2 27) were exposed to DMP-840. The results were highly resistant to amsacrine, etoposide, mitoxantrone,
are shown in Figure 3. Cells overexpressing topoisomeraseand other topoisomerase Il inhibitoi28 35, 39. Figure 4
Il had reduced viability at 3pg/mL DMP-840, with higher shows that JIN394t25 cells were highly resistant to DMP-
drug concentrations leading to greater cytotoxicity. Cells 840, compared to strains carrying a wild-type topoisomerase
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Table 1: Relative Cleavage by DMP-840 with Purified Yeast
Topoisomerase |l

Table 2: Relative Cleavage by Mitoxantrone with Purified Yeast
Topoisomerase |l

DMP-840 relative mitoxantrone
concentrationgg/mL) cleavagegg/mL) SEM concentrationgg/mL) relative cleavage SEM
0 1 0.020 0 1 0.030
0.5 2.2 0.28 0.02 2.9 0.097
2 4.7 0.074 0.1 6.0 0.060
5 0.68 0.050 0.5 5.8 0.22
10 0.39 0.039 2.0 0.22 0.0097
II. Cells carrying thetop2—5 mutation were able to grow s
in the presence of various concentrations of drug up to 120
ug/mL DMP-840, although the growth rate is reduced. The 4
substitution of a drug-resistant allele for a drug-sensitive g
allele of topoisomerase Il is sufficient to confer resistance g
to DMP-840; therefore, it appears that topoisomerase Il is a 2
major target for cell killing by this drug. o
We previously showed that introduction of a wild-type .E
topoisomerase Il gene into JN39412 restores sensitivity E
to amsacrine and etoposide, indicating that this allele confers
recessive resistance to these drug®).( We carried out a
o T T T T T

similar analysis with DMP-840. As was observed with
etoposide and amsacrine, introduction of a wild-type yeast
TOP2 gene into JIN394t2%5 completely restores sensitivity
to DMP-840 (data not shown). This result is consistent wit
DMP-840 stabi!izing topoisomt_erqse_Il_covalent cqmplexes, (open squares) or presence (open circles) pfAnL. DMP-840.
Irlather than acting as a catalytic inhibitor of topoisomerase Cleavage was expressed relative to samples lacking drug.

Action of DMP-840 against Purified Yeast Topoisomerase covalent complex formation with topoisomerase Il by the
II. The results with the different topoisomerase mutant presence of etoposide (Figure 5). This result further shows
strains suggest that DNA topoisomerase |l is the principal that DMP-840 acts similarly to other intercalating topo-
cytotoxic target of DMP-840 in eukaryotic cells. To further isomerase Il inhibitors.
demonstrate that the target of DMP-840 is topoisomerase We next compared the effect of DMP-840 with amonafide,
II, we examined the sensitivity of purified yeast topo- a mono-intercalating isoquinoline that is chemically similar
isomerase |l to this agent. ASDS cleavage assay was to DMP-840. We examined the patterns of cleavage using
used with purified yeast topoisomerase |l to determine the uniquely end-labeled pUC18 DNA. Figure 6A shows the
levels of topoisomerase+DNA covalent complexes formed  patterns of drug-induced cleavage with yeast topoisomerase
in the absence and presence of DMP-840. Table 1 showsll and either DMP-840 or amonafide. DMP-840 shows a
the level of precipitated DNA when the™®SDS assay is  distinct cleavage pattern (Figure 6A, lanes4) compared
carried out in the presence of different concentrations of to either amonafide (Figure 6A, lanes-8) or etoposide
DMP-840. A drug concentration of Oig/mL increasesthe  (Figure 6A, lane 10). There are several strong cleavage sites
amount of precipitated DNA by approximately 2-fold, with present in the amonafide-treated samples that are absent in
the maximum level of complex formation ag@/mL DMP- samples treated with DMP-840, while several cleavage sites
840. As shown previously for other strong intercalating observed with DMP-840 are absent in both the amonafide-
agents §), higher drug concentrations reduce the level of and etoposide-treated samples. Amonafide has been previ-
covalent complex formed with topoisomerase II. ously characterized as having distinct sequence preferences

We compared the reduction in covalent complex observed for cleavage, favoring C at thel position, disfavoring G
with DMP-840 with another strong intercalating drug, or T at this position, and favoring A at thel position (L3).

5
Etoposide conc. (ug/mi)

h FIGURE5: Suppression of etoposide-mediated cleavage by DMP-
840. Etoposide-mediated cleavage of pUC18 DNA in the absence

mitoxantrone. Similar to what we observed with DMP-840,
incubation of purified topoisomerase Il with mitoxantrone
causes an increased level of topoisomeras®NA covalent
complexes, with a fairly sharp maximum. Mitoxantrone
concentrations greater than about @gBmL reduce the level

By contrast, DMP-840 preferentially binds in runs of G/C
base pairsX8). Figure 6B shows the quantitative levels of
cleavage of the samples shown in Figure 6A. While DMP-
840 shows a sharp maximum level of cleavage at slightly
less than «M drug and strong inhibition of cleavage at 10

of covalent complexes below the level seen in the absenceuM DMP-840, amonafide requires much greater concentra-
of drug (Table 2). Hence, DMP-840 shows a dose/responsetions to inhibit cleavage, with inhibition seen only at the

pattern similar to that of other known intercalating topo-
isomerase Il agents.

We also tested the ability of DMP-840 to inhibit covalent
complex formation by etoposide. Strong intercalating agents
have been shown to block covalent complex formation by
both intercalating and nonintercalating topoisomerase |l
inhibitors. DMP-840 at 5ug/mL blocks stimulation of

highest concentration tested (3a®, 100 ug/mL). This
result is consistent with the strong intercalation seen with
DMP-840 and the potent inhibition of etoposide-mediated
cleavage by DMP-840 shown in Figure 6.

DMP-840 Is Actie against Human Topoisomerased|
Expressed in YeastExpression of human topoisomerase |
o in yeast cells can complement lethal mutations in the yeast
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Ficure 7: DMP-840 is active against yeast cells expressing human
topoisomerase k.. IN394t2-4 cells were transformed with pMJ1,

a plasmid expressing human topoisomerase from the yeast
TOP1 promoter. Drug sensitivity was determined at 3. The
conditions were the following: no drug (open squares)ugonL
(down triangles), 6Qug/mL (up triangles), and 9@g/mL (half-
filled squares).

TOP2 geneZ6, 31). Furthermore, expression of wild-type
human topoisomerase |l restores drug sensitivity to yeast cells
that carry a drug-insensitive topoisomerase Il all2@.(We
examined the sensitivity of human topoisomerase: o
B 4 DMP-840 using strain JN394t24 carrying the plasmid
pMJ1. The strain carries thep2—4 allele of yeast topo-
e isomerase Il, which is nonfunctional at 3¢. The plasmid
pMJ1 has the entire human topoisomerase gene under
—o— DMP-840 the control of the yeasTOP1 promoter. This plasmid
o Amonatide complements theop2—4 mutation and allows growth at 34
°C. Drug sensitivity at 34C is due solely to the human
1 topoisomerase ll. As shown in Figure 7, yeast cells
expressing human topoisomerase lvere killed by 6Qug/
o mL DMP-840, with higher concentrations causing greater
e on 1 o 100 1000 cytotoxicity. This result suggests that DMP-840 is also an
effective inhibitor of human topoisomerasedl!

DMP-840 Is Actie against Purified Human Topo-

Ficure 6: Comparison of DMP-840 and amonafide-stabilized jsomerase llo. We confirmed the result suggested by the
cleavage with yeast topoisomerase Il. Reactions containing yeast : P . .
topoiosmerase Il were performed using end-labeled pUC18 DNA EXPEriment shown in Figure 8 by examining cleavage using

in the presence of either DMP-840 or amonafide. Figure 6A shows Purified human topoisomerasedl Human topoisomerase

a representative gel with cleavage reactions containing DMP-840 Il o. was purified by overexpression of the protein in yeast
or amonafide. An aliquot of each reaction mixture was counted (31). The effect of DMP-840 was assessed both by
using scintillation counting, and the results are shown in Figure ayamination of the cleavage pattern with human topo-

6B. Note that the samples loaded on the gel were precipitated using. o .
the K*/SDS method, S0 only DNA that was protein linked will be _iSomerase and quantitation of cleavage (Figures 8A and B).

visible. Samples were treated with proteinase K prior to electro- The pattern of drug-stabilized cleavage was similar between
phoresis as described in Experimental Procedures. The samples iryeast and human topoisomerase Il. Similar to the results
6A were as follows: M, molecular weight markers; S, substrate gbtained with yeast topoisomerase Il, the human enzyme

alone (no added protein); lane 1, topoisomerase Il only; land€9?2 ; ~ .
topoisomerase Il plus (lane 2) Qub/mL (0.122uM) DMP-840, shows a sharp maximum at aboutug/mL DMP-840,

(lane 3) 0.5ug/mL (0.613uM) DMP-840, (lane 4) Jug/mL (1.22 however, the human enzyme is somewhat less sensitive to
uM) DMP-840, (lane 5) 1Q:g/mL (12.2uM) DMP-840, (lane 6) inhibition by this drug. Taken with the results shown in

1 ug/mL (3.53 uM) amonafide, (lane 7) ug/mL (17.7 uM) Figure 7, these experiments demonstrate that DMP-840 is
amonafide, (lane 8) 10g/mL (35.3uM) amonafide, (lane 9) 100 g gpecific inhibitor of human topoisomerase II.

ug/mL (353 uM) amonafide, and (lane 10) 18g/mL etoposide.

The molecular weights of the markers (in bp) are indicated to the DISCUSSION

left of the figure. Figure 6B shows the quantitation of the DMP-

840-treated samples (open circles) and amonafide-treated samples In thi K h lied t fi t ¢
(open squares) relative to samples treated in the absence of drug. ' IS WOIK, we have applied a yeast genetc system 1o

A logarithmic scale is shown to facilitate comparison between the determine how DMP-840 kills eukaryotic cells. Our results
two agents. clearly demonstrate that DMP-840 is highly specific for

Relative cleavage
n
h

Drug concentration (LM)
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A topoisomerase Il. Previous work had shown that this agent
M S 1 E 3 4 5 E ? is a strong intercalating agent, and topoisomerase II-

independent reduction of cell growth is likely due to the
inhibition of other enzymes that act on DNA. However, the
major mechanism of cell killing, and therefore the antitumor
activity of this agent, is likely to be due to stabilization of
topoisomerase #DNA covalent complexes.

The yeast strains we have constructed yield a unique
pattern of drug sensitivity, depending on the enzyme inhibited
and the mechanism of action of the drug. The yeast cells
with wild-type topoisomerase | and topoisomerase Il (strain
JN394) are sensitive to DMP840, indicating that the drug
enters the cells and that yeast cells are sensitive to the action
of the drug. For a complex stabilizing topoisomerase I
inhibitor, it is expected that overexpression of topoisomerase
I would increase cell killing, and as shown in Figure 3, that
is what was observed. If DMP-840 was a catalytic inhibitor,
such as ICRF-193, the opposite pattern would have been
observed, i.e., overexpression of topoisomerase Il would lead
to drug resistance. The observed drug hypersensitivity
observed when topoisomerase Il is overexpressed favors
topoisomerase |l poisoning a cell killing mechanism. If the
drug were a complex stabilizing topoisomerase | inhibitor
like camptothecin, then a strain completely lackingP1
would be resistant to the drug. Strains deleted TQP1
shows the opposite resulttopl” mutants are DMP-840
hypersensitive (data not shown). We have previously
observed thatAtopl mutants are hypersensitive to drugs
targeting topoisomerase 1Il. The sensitivity to DMP-840
observed imtoplmutants indicated that this drug does not
stabilize covalent complexes between topoisomerase | and
DNA. Finally, the replacement of wild-type topoisomerase
Il with a drug-resistant allelépp2—5, completely abolished
cytotoxicity, although the growth rate was reduced in the

B ° presence of DMP-840. These results indicate that the major
. cytotoxic target of DMP-840 in yeast is topoisomerase |II.

It is important to demonstrate that a topoisomerase-
s targeting drug has the same effect in vitro with purified

—o— DMP-840 cleavage enzyme as it has in vivo. The'SDS assay clearly showed

) that DMP-840 can stimulate covalent complex formation

; with either yeast topoisomerase Il or human topoisomerase
; Il o.. The maximal level of cleavage observed with DMP-
840 was very similar to the maximal level observed with

| . : : : mitoxantrone, another intercalating topoisomerase Il inhibi-

0 25 5 7.5 10

125 tor. Like mitoxantrone, DMP-840 can stabilize covalent
DMP-840 concentration (ug/ml) complexes with topoisomerase Il over a fairly narrow range

Ficure 8: DMP-840 is active against purified human topoisomerase of ConC(_antratlo.ns._ By Contlrast, the monomtercalgtlng drug
Il o.. Recombinant human topoisomerase |l was used to examine@monafide, which is a relatively weaker intercalating agent,
whether DMP-840 could stabilize cleavage with this enzyme. Figure is active over a much broader range of concentrations. Our
8A shows an autoradiogram of a polyacrylamide gel with cleavage results with mitoxantrone and DMP-840 underline the

reactions containing DMP-840. An aliquot of each reaction was ; ., : ; ik
counted by scintillation counting, and the results are shown in Figure importance of examining putative topoisomerase inhibitors,

8B. Conditions are as in Figure 6, except human topoisomerase Il €specially strong DNA binding agents, over a wide range of
was substituted for yeast topoisomerase II. The samples in 8A wereconcentrations.
as follows: M, molecular weight markers; S, substrate alone (no A unique tool available in yeast is the ectopic expression

added protein); lane 1, human topoisomerase Il only; lan€g, 2 ; ; ;
human topoisomerase Il plus (lane 2) 0@§mL (0.0613uM) of human topoisomerase2q, 31, 3§. Plasmids expressing

DMP-840, (lane 3) 0.kg/mL (0.122M) DMP-840, (lane 4) 0.5 human topoisomerase |, topoisomerase, lbr topoisomerase
ug/mL (0.613uM) DMP-840, (lane 5) lug/mL (1.22uM) DMP- Il B have been described. We have utilized a topoisomerase
840, (lane 6) 1Qug/mL (12.2 M) DMP-840, and (lane 7) 100 |l a-expressing plasmid to demonstrate that DMP-840 is also
ug/mL (122uM) DMP-840. The molecular weights of the markers  5ctive against human topoisomeraseall In a previous

(in bp) are indicated to the left of the figure shows the quantitation o
of the samples, relative to the sample without DMP-840. For clarity, publication, we demonstrated that IN394&cells, express-

the 100ug/mL sample is not shown in Figure 8B. The relative NG topoisomerase ki from the yeasfTOP1promoter, are
cleavage of the 10@g/mL sample was 0.82. about as sensitive to etoposide as yeast cells expressing wild-

ra-

Relative cleavage
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type levels of yeast topoisomerase Il. These results sug-

gested that human topoisomerasetlis about as sensitive

to DMP-840 as yeast topoisomerase I, a result confirmed

by the in vitro sensitivity of human topoisomerasenlito
DMP-840.

Interestingly, human topoisomerasexlivas less sensitive
to inhibition of cleavage by DMP-840, compared to yeast

Nitiss et al.

7. Pommier, Y., Zwelling, L. A., Kao-Shan, C. S., Whang-Peng,
J., and Bradley, M. O. (1985} ancer Res. 453143-3149.

8. Minford, J., Pommier, Y., Filipski, J., Kohn, K. W., Kerrigan,
D., Mattern, M., Michaels, S., Schwartz, R., and Zwelling, L.
A. (1986) Biochemistry 259—16.

9. Chen, G. L, Yang, L., Rowe, T. C., Halligan, B. D., Tewey,
K. M., and Liu, L. F. (1984)J. Biol. Chem 259, 13566~
13566.

human topoisomerase Il. We have previously observed that 10- Robinson, M. J., Martin, B. A,, Gootz, T. D., McGuirk, P. R.,

yeast topoisomerase Il is less sensitive to the intercalating
agent amsacrine than human topoisomerase Il (unpublished ;4
results). Given the high homology between human topo-

isomerase llo. and yeast topoisomerase I, it will be

interesting to determine the structural features of these two

enzymes that account for this difference in sensitivity.
We have also compared the effect of DMP-840 with a
chemically similar mono-intercalating agent amonafide.

and Osheroff, N. (1992Antimicrob. Agents Chemother. 36

751-756.

Elsea, S. H., Osheroff, N., and Nitiss, J. L. (1992)Biol.

Chem. 26713150-13153.

Hsiang, Y. H., Jiang, J. B., and Liu, L. F. (198™ol.

Pharmacol. 36 371-376.

De Isabella, P., Zunino, F., and Capranico, G. (198K)leic

Acids Res. 23223-229.

14. Diaz-Rubio, E., Martin, M., Lopez-Vega, J. M., Casado, A.,
and Benavides, A. (1994hvest. New Drugs 12277—281.

12.

13.

There are several clear differences in the cleavage patterns 15. Costanza, M. E., Berry, D., Henderson, I. C., Ratain, M. J.,

between amonafide and DMP-840 treated samples. Amona-
fide has a distinct sequence preference for cleavage by

topoisomerase I, favoring C at thel position, disfavoring
G or T at this position, and favoring A at thel position
(13). This pattern of cleavage presumably reflects the
binding specificity of amonafide, since the patterns of drug-

induced cleavage by topoisomerase Il with other intercalating
agents is dictated by the sequence preference for drug binding

(38—40). By contrast DMP-840 preferentially binds in runs
of G/C base pairsi), which will lead to a distinct pattern

of drug binding compared to amonafide. Some cleavage sites

may be influenced by drugprotein interactions or drug

Wu, K., Shapiro, C., Duggan, D., Kalra, J., Berkowitz, I., and
Lyss, A. P. (1995 lin. Cancer Res. ,1699-704.
16. Cobb, P. W., Degen, D. R., Clark, G. M., Chen, S. F., Kuhn,
J. G., Gross, J. L., Kirshenbaum, M. R., Sun, J. H., Burris, H.
A. r., and Von Hoff, D. D. (1994)). Natl. Cancer Inst. 86
1462-1465.
17. Papp, L. M., Kirshenbaum, M. R., Chen, S. F., Stafford, M.
M., Fredericks, J. R., Behrens, D. L., Behrens, C. H., Sun, J.
H., and Gross, J. L. (1993Froc. Annu. Meet. Am. Assoc.
Cancer Res. 34A2288.
Stafford, M. M., Kirshenbaum, M. R., Elliott, K. J., Chen, S.
F., Perrella, F., Sun, T., Trainor, G. L., Papp, L. M., Fredericks,
J. R, Sun, J. H., et al. (1998roc. Annu. Meet. Am. Assoc.
Cancer Res. 34A2292.

18.

DNA—protein interactions and may be present regardless of 19. Houghton, P. J., Cheshire, P. J., Hallman, J. C. r., Gross, J.

the drug class4l).
The results described in this paper indicate that DMP-

L., McRipley, R. J., Sun, J. H., Behrens, C. H., Dexter, D. L.,
and Houghton, J. A. (1994Cancer Chemother Pharmacol
33, 265-272.

840 is a topoisomerase Il poison, and that the drug does not 20, czemiak, P., McRipley, R., Behrens, C. H., Burns-Horwitz,

poison topoisomerase |. Our results do not directly address

whether DMP-840 also inhibits DNA repair, as was previ-
ously suggested@). Since this work demonstrates that the
major target of DMP-840 is topoisomerase I, the inhibition
of DNA repair by this drug does not play a major role in
cytotoxicity of the agent to eukaryotic cells. Since excision

P., Dexter, D. L., Diamond, M., Diamond, R., Miller, J., Page,
R. J., Sun, J. H., et al. (1998roc. Annu. Meet. Am. Assoc.
Cancer Res. 34A2289.

21. Kirshenbaum, M. R., Chen, S. F., Behrens, C. H., Papp, L.
M., Stafford, M. M., Sun, J. H., Behrens, D. L., Fredericks, J.
R., Polkus, S. T., Sipple, P., et al. (199@ancer Res. 54
2199-2206.

repair genes do not sensitize cells to topoisomerase poisons22. Grafstrom, R. H., Sun, T., and Doleniak, D. (1995)Cell.

(42), any repair inhibitory activity is unlikely to be a major
determinant in the antitumor properties of this agent.

ACKNOWLEDGMENT

This paper is dedicated to the memory of Dr. Nat
Sternberg, DuPont Merck Pharmaceuticals.

REFERENCES

1. Beck, W. T., Kim, R., and Chen, M. (199@ancer Chemo-
ther. Pharmacol. 34Suppl.), S1418.

2. Pommier, Y., Leteurtre, F., Fesen, M. R., Fujimori, A.,
Bertrand, R., Solary, E., Kohlhagen, G., and Kohn, K. W.
(1994) Cancer Invest. 12 530-542.

3. Nitiss, J. L., and Beck, W. T. (199&ur. J. Cancer 32A958—
966.

4. Tewey, K. M., Rowe, T. C., Yang, L., Halligan, B. D., and
Liu, L. F. (1984)Science 226466—468.

5. Tewey, K. M., Chen, G. L., Nelson, E. M., and Liu, L. F.
(1984)J. Biol. Chem. 2599182-9187.

6. Pommier, Y., Minford, J. K., Schwartz, R. E., Zwelling, L.
A., and Kohn, K. W. (1985Biochemistry 246410-6416.

Biochem. 21ASuppl.), 279.
23. Chatterjee, P. K., and Sternberg, N. L. (199&)c. Natl. Acad.
Sci. U.S.A. 928950-8954.
Kato, J., Nishimura, Y., Imamura, R., Niki, H., Hiraga, S.,
and Suzuki, H. (1990Lell 63 393-404.
25. Nitiss, J. L. (1994Adv. Pharmacol. 29103-134.
26. Hsiung, Y., Jannatipour, M., McMahon, J., Duncan, D., and
Nitiss, J. L. (1996)Cancer Res. 5691—99.
Nitiss, J. L., Liu, Y. X., Harbury, P., Jannatipour, M.,
Wasserman, R., and Wang, J. C. (19%2ncer Res. 52
4467-4472.
Jannatipour, M., Liu, Y. X., and Nitiss, J. L. (199B)Biol.
Chem. 26818586-18592.
Hsiung, Y., Elsea, S. H., Osheroff, N., and Nitiss, J. L. (1995)
J. Biol. Chem. 27020359-20364.
Elsea, S. H., Hsiung, Y., Nitiss, J. L., and Osheroff, N. (1995)
J. Biol. Chem. 2701913-1920.
Wasserman, R. A., Austin, C. A,, Fisher, L. M., and Wang, J.
C. (1993)Cancer Res. 533591-3596.
Nitiss, J., and Wang, J. C. (198&)c. Natl. Acad. Sci. U.S.A.
85, 7501-7505.
Eng, W. K., Faucette, L., Johnson, R. K., and Sternglanz, R.
(1988) Mol. Pharmacol. 34 755-760.

34.Kim, R. A, and Wang, J. C. (1989) Mol. Biol. 208 257—
267.

24,

27.

28.

29.

30.

31.

32.

33.



DMP-840 Is a Topo Il Poison Biochemistry, Vol. 37, No. 9, 1998085

35. Nitiss, J. L. (1994Lancer Chemother. Pharmacol. 34 Suppl ~ 40. Pommier, Y., Capranico, G., Orr, A., and Kohn, K. W. (1991)

S6-13. J. Mol. Biol. 222 909-924.
36. Nitiss, J. L. (1994Adv. Pharmacol. 29B201—226. 41. Freudenreich, C. H., and Kreuzer, K. N. (19&jbo J. 12
37. Austin, C. A., Marsh, K. L., Wasserman, R. A., Willmore, 2085-2097. ,
E., Sayer, P. J., Wang, J. C., and Fisher, L. M. (190®iol. 42. Nitiss, J. L., and Wang, J. C. (1991)[MNA Topoisomerases
Chem. 27015739-15746. and Cancer(Potmesil, M., and Kohn, K., Eds.) pp #B1,

38. Wassermann, K., Markovits, J., Jaxel, C., Capranico, G., Kohn Oxford University Press, London.

K. W., and Pommier, Y. (199@ylol. Pharmacol. 3838—45. ' 43 Hggfeﬁﬂioh”gggcgﬁeégge'géyé;' (1984pe. Annu.
39. Capranico, G., Zunino, F., Kohn, K. W., and Pommier, Y. ’ ’ ’ ? ’
(1990) Biochemistry 29562-569. BI9723257



