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ABSTRACT. One approach to broadening the diversity of topoisomerase lI-targeted anticancer agents is to
generate novel compounds by combining structural elements of drugs known to stimulate enzyme-mediated
DNA cleavage. The first agent to emerge from such a rational drug design is azatoxin, a hybrid drug that
fuses chemical structures from etoposide and ellipticine. Since these drugs differ significantly in their
structural and mechanistic attributes, azatoxin may preferentially retain the functional properties of one
of these two drugs, behave as a hybrid molecule, or act as a novel pharmacophore. Therefore, the properties
of azatoxin were characterized to determine relationships between its mechanism of action and those of
its parent compounds. Azatoxin, like etoposide, binds to DNA in a nonintercalative fashion. However,
similar to ellipticine, the drug has no effect on enzyme-mediated DNA religation and apparently stimulates
scission primarily by enhancing cleavage complex formation. Depending on the species of topoisomerase
Il examined, the cleavage potency of azatoxin resembles that of either of its chemical parents. Furthermore,
out of 43 DNA cleavage sites analyzedd0% of those induced by azatoxin are shared with either etoposide,
ellipticine, or both drugs. Finally, competition studies indicate that azatoxin interacts with topoisomerase
Il 'in the enzyme domain utilized by etoposide and ellipticine. Taken together, these results strongly
suggest that azatoxin is a mechanistic hybrid of its parent compounds and shares functional properties
with both drugs.

Topoisomerase 1l is one of the most widely utilized and ment of azatoxin (Figure 1), a drug that displays potent
most successful targets for the chemotherapeutic treatmengctivity against topoisomerase || and mammalian cells and
of human malignanciesl{-7). Anticancer drugs directed currently is in preclinical developmen2@—24).
toward this enzyme act in an unusual fashion. Rather than A atoxin is a structural hybrid of the topoisomerase II-

blocking the_essential cellular functions of topoisomerase Il, targeted drugs etoposide and elliptici2®(21, 25 (Figure
these drugs increase levels of covalent enzyme-cleaved DNAl) This compound contains portions of the epipodophyl-
complexes that are requisite intermediates in the catalytic lotoxin ring system of etoposide (which is believed to interact

DNA stram_j passage cycle of the e”Z,}’ rie 10) As a with both the minor groove of DNA and the enzymep)
result, topoisomerase ll-targeted drugs “poison” the enzyme : . L Y
fused to the planar indole ring of ellipticine (which interca-

and convert it to a cellular toxin that creates double—s'frandedIates in DNA) @7-29). In addition to their structural

breaks in th f treat 11-14). . . .
reaxs _|n he g:]enomfe ortrea e”d (;?US—(L i ) differences, the two parent drugs display different DNA
Despite the host of structurally diverse anticancer agerltsbinding characteristics (etoposide is nonintercalative and

that act on topoisomerase Il, many of the currently available ellipticine is intercalative) 26-29) and utilize different

drugs are limited by toxic side effects, pharmacokinetics, or mechanisms to increase double-stranded DNA cleavage by

acquired resistancd (5, 14-19). Consequently, ther.e ISa topoisomerase Il. While etoposide enhances enzyme-medi-
need for the development of novel chemotherapeutic agents

directed toward this enzyme. One approach to designing ated DNA scission pr.im.af"y by inhibiting _reli_gation of t.he
new topoisomerase II-targeted compounds takes advamagglgaved_substrate, elllptlcme increases scission primarily by
of previously recognized drug classes and combines structuraPimulating the formation of enzymeNA cleavage com-
units from existing agents in an effort to enhance productive Plexes 80-32).
interactions within the enzymarugDNA ternary complex The mechanistic basis for azatoxin action has not been
(20). This type of rational drug design led to the develop- established. Given the structural and mechanistic differences
between etoposide and ellipticine, azatoxin may preferentially
" This work was supported by NIH Grants GM33944 (N.O.) and retain the functio_nal properties of one of these two drugs,
CA54347 (T.L.M.). behave as a hybrid molecule, or act as a novel pharmacoph-
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(pH 8.3), 2 MM EDTA. DNA bands were stained with 1
ug/mL ethidium bromide, visualized by UV light, and
photographed through Kodak 23A and 12 filters with
Polaroid type 665 positive/negative film.

Topoisomerase |I-Mediated DNA Clegge The effects
of drugs on the DNA cleavage reaction of topoisomerase |l
were examined over a drug concentration range-01%80
uM. Cleavage assays containiBgosophilatopoisomerase
Il were performed as described by Osheroff and Zechiedrich
ELLIPTICINE ETOPOSIDE (4D. ' Briefly, 5 nm negatively supercoiled pBR322 DNA
was incubated with 100 nM topoisomerase Il in 20 of
Y assay buffer [10 mM Tris-HCI (pH 7.9), 50 mM NaCl, 50
mM KCI, 0.1 mM EDTA, and 2.5% glycerol] at 38C for
6 min. Reactions were stopped by the addition of SDS (1%
\(j final concentration) and EDTA (15 mM). Following enzyme

digestion by proteinase K, DNA products were analyzed by
3 agarose gel electrophoresis as described above. DNA bands
/Q\ were guantitated by scanning negatives with an E-C Ap-
OCH,8 paratus Model EC910 scanning densitometer using Hoefer
GS-370 Data System software. Under the conditions em-
AZATOXIN ployed, the intensity of bands in the negative was propor-
Ficure 1: Scheme depicting the design of azatoxin. The indole tional 1o the amount_of DNA present. D_ouble-stranded
ring of ellipticine (circled) was fused to a portion of the epipodo- Cleavage of the plasmid substrate was monitored by conver-
phyllotoxin ring system of etoposide (boxed). The lactone in the Sion of negatively supercoiled molecules to linear products.

epipodophyllotoxin structure was changed to a urethane to pre-  pNA cleavage mediated by human topoisomerasevas

\é(taon;;o%ci)(;?“al epimerization and bioinactivation as observed for performed at 37C for 10 min in 20uL of 50 mM Tris-HCI
(pH 7.9), 100 mM KCI, 10 mM MgCl 5 mM S-mercap-

EXPERIMENTAL PROCEDURES toethanol, 0.5 mM EDTA, and 2.5% glycerol. DNA

. cleavage mediated by wild-type or H1012Y mutant yeast
Calf thymus topoisomerase | was purchased from GIBCO topoisomerase 1l was performed at 28 for 6 min in 20

BRL. Human topoisomeraseoilwas expressed iSaccha- uL of 10 mM Tris-HCI (pH 7.9), 100 mM NaCl, 0.1 mM

romyces cerasiae (33) and purified by the protocol of  ‘Epta 5 mM MgCh, and 2.5% glycerol, and reactions were
Kingma et al. 84). Drosophila melanogastdppoisomerase stopped by the addition of SDS to a final concentration of

Ilhw?s purifitlad from _(Tcrjnbryonichc cells as dezcribed by 0.5%. Inall other respects, assays containing human or yeast
Shelton et al. 5). Wild type and mutant (H1012Y) yeast oo || topoisomerases were identical to those described
topoisomerases Il were isolated frah cereisiae by the above for theDrosophilaenzyme

procedure of Elsea et al3) as modified by Burden et al. _ i . .
37, Negalvelysuprcoled paRo22 oNA was pepared 1 2155 o e URne cveorac o0 o iy
as described3g). Azatoxin was synthesized by the metho ; . . :

of Leteurtre et al. 39) and stored at room temperature as a 2?'5togg)'Some;isigggsrec?pﬁmggﬁ a(segggc/rtllk\)/gdat;]ydElsea

20 mM stock in DMSO. Etoposide and ellipticine were \ . . .
purchased from Sigma and stored as 20 mM stocks in DMSO azatoxin (50 or _;OQ‘M) were present in reaction mixtures
prior to the addition of topoisomerase II.

at room temperature and°€, respectively. Ciprofloxacin ) ! T .
(obtained from Bayer) was stored as a 40 mM stock in 0.1  Topoisomerase lI-Mediated DNA ReligatioDNA reli-
N NaOH at room temperature and diluted to 8 mM with 10 9ation mediated bjprosophilatopoisomerase Il was moni-
mM Tris-HCI (pH 7.9) immediately prior to use. Tris was tored by the procedure of Robinson and Oshergff)(
obtained from S|gma, proteinase K and SDS were from Cleavage/l’e"gation equi|ibl’ia were established as described
Merck; [y-32P]JATP (~6000 Ci/mmol) was from Amersham; in the preceding section. Religation was initiated by shifting
and restriction endonucleases, calf intestinal alkaline phos-the temperature from 38C to 55°C and stopped at the
phatase, and T4 po]ynuc]eotide kinase were from New indicated times by the addition of SDS. The apparent first-
England Biolabs. order rate of religation was determined by quantifying the
DNA Intercalation. A topoisomerase | unwinding assay l0ss of the linear DNA cleavage product.
was used to monitor the intercalation of drugs into plasmid Mapping of Drug-Induced DNA Cleage Sites A
DNA (40). Reactions contained 5 nM relaxed or supercoiled uniquely end-labeled 564 base pair DNA substrate was
pBR322 plasmid DNA and 10 units of topoisomerase I, and prepared from pBR322 (residues 37%39) as described
assays were carried out in the presence or absence of 10@reviously 37). Briefly, pPBR322 plasmid DNA (4(g) was
uM drug in 40 uL of 50 mM Tris-HCI (pH 7.5), 50 mM digested with restriction endonucledsag and dephospho-
KCI, 10 mM MgCk, 0.5 mM DTT, 0.1 mM EDTA, and 30 rylated with calf intestinal alkaline phosphatase. The DNA
ug/mL BSA. Following a 15 min incubation at 37C, was phosphorylated with T4 polynucleotide kinase and 10
reaction mixtures were treated withu8 of 250 mM EDTA uM [y-32P]ATP and treated with restriction endonuclease
and extracted with phenethloroform. Samples were BanHl, and the digest was resolved by electrophoresis on a
treated with 2uL of 2.5% SDS and subjected to electro- 5% nondenaturing polyacrylamide gel. The 564-mer was
phoresis in 1% agarose gel in 40 mM Trigcetate buffer  detected by UV shadowing, excised, eluted overnight at room

H,CO

OH
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temperature with 2.5 M ammonium acetate, precipitated with o &

ethanol, and resuspended in water. & & & &
Sites of drug-induced DNA cleavage generatediogso- & e°° L ¥

phila topoisomerase Il were determined by the procedure of i &

Knab et al. 43) as modified by Burden et al37). Cleavage Fil — . . 1aay

reactions contained 1.4 nM (25 ng) labeled DNA, 3.5 nM FIv

(60 ng) topoisomerase Il, and 2M ellipticine, 100 uM - .

azatoxin, 10uM etoposide, or 1% DMSO (drug diluent) -

in a total of 50uL of assay buffer. (The lower concentration

of ellipticine reflects the level of drug that produced maximal T =

DNA cleavage enhancement wilrosophilatopoisomerase 1 2 3 4 5

II.) _After incubating at 30°C for .].'O min, Cleavagg FIGURE 2: Azatoxin is nonintercalative with respect to DNA. A
complexes were trapped by the addition of SDS (1% final opoisomerase | unwinding assay was utilized, and products were
concentration), and topoisomerase |l was digested for 30 minresolved by electrophoresis on an agarose gel. Lane 1, supercoiled
at 45°C with proteinase K in the presence of EDTA (15 pBR322 standard; lane 2, relaxed DNA standard in the absence of
mM final concentration). DNA cleavage products were ?hrggb'rae’;ii c%e5‘orfe|?)(()?)?MD’\éﬁ) L)”Ocst;ggtegz":ttgxmpoc')sror:lﬁ;‘iscien:a'”
precipitated t_W'Ce with ethanol, dried, and resuspended in respectively. The positions of negati{/ely super(’:oiled DNA (for’m
40% formamide, 8.4 mM EDTA, 0.02% bromophenol blue, |; Fi), nicked circular plasmid molecules (form II; FIl), and relaxed
and 0.02% xylene cyanole FF. Samples were subjected toDNA (form IV; FIV) are indicated. Azatoxin had no effect on the
electrophoresis in 8% denaturing polyacrylamide sequencingcatalytic activity of topoisomerase | under the experimental
gels @3), fixed in 10% methanol/10% acetic acid for 10 min, conditions utilized.
and dried. Reaction products were analyzed using a Mo-

lecular Dynamics Phosphorimager. DNA sequence ladders Drosophila
of the cleavage substrate were generated by the dideoxy- 61
nucleotide method4@).

Etoposide

RESULTS

L . Azatoxin
Azatoxin is a novel topoisomerase lI-targeted drug that

was generated by combining structural moieties from eto-
poside and ellipticine20,39. Despite the fact that both of
these latter compounds kill cells by increasing levels of
topoisomerase Il-mediated DNA scissiod5{-47), they
display differences in their mode of DNA binding, species , , ,
specificity, mechanism of cleavage enhancement, and DNA 0 50 100 150
sequence selectivityl( 4, 26-31, 47). Therefore, a series

of experiments was carried out to determine whether azatoxin [?r"g] M) _
preferentially retains the functional properties of one of its FIGURE 3: Effects of azatoxin on DNA cleavage mediated by

L . Drosophilatopoisomerase Il. Results for-A50uM ellipticine (O),
parent compounds, acts as a mechanistic hybrid of the two,etOIOOSide @), and azatoxin[()) are shown. Data for each drug

or represents a novel pharmacophore. represent an average of three independent assays. Levels of DNA

AzatoxinDNA Binding Mode. The parent compounds of  cleavage observed in the absence of drug were set to 1.0.
azatoxin interact with DNA by different binding modes;
while etoposide is nonintercalative in nature, ellipticine binds shown), these results confirm that azatoxin is nonintercalative
to DNA in an intercalative fashion26—29). Although a in nature, even at concentrations that induce significant levels
previous study reported that azatoxin was nonintercalative Of DNA scission.
with respect to DNA 89), the highest drug concentration DNA Cleavage EnhancementOver a broad range of
used (1 nM) was several orders of magnitude below the rangetopoisomerase |l species, etoposide stimulates enzyme-
in which azatoxin displays activity against topoisomerase |l. mediated DNA cleavage to a greater extent than does
Since ellipticine also fails to show DNA unwinding at this ellipticine. As seen in Figures-3, cleavage enhancement
low concentration (data not shown), the binding mode of with 100u4M etoposide was severalfold higher than observed
azatoxin was reexamined at 1@04, a concentration that  with ellipticine in assays that utilizeBrosophilaor yeast
induces high levels of topoisomerase Il-mediated DNA topoisomerase Il or the isoform of the human enzyme.
cleavage (see Figure 3). To compare the activity of azatoxin with that of its parent

A topoisomerase I-catalyzed DNA unwinding assay was compounds, the ability of the drug to stimulate DNA
utilized to address this issue (Figure 2). In the presence of cleavage mediated by these enzymes was characterized. The
an intercalative drug such as ellipticine (lane 5), a net DNA cleavage efficacy of azatoxin closely resembled that
negative supercoiling of relaxed DNA substrate was induced Of etoposide in assays that utilizBdosophilatopoisomerase
following treatment with the type | enzyme. Conversely, Il (Figure 3) or human topoisomeraseall(Figure 4).
no unwinding was observed in the presence of the nonin- However, in marked contrast, the cleavage profile of azatoxin
tercalative drug etoposide (lane 3). As seen in lane 4, with the wild-type yeast enzyme was similar to that of
azatoxin had no effect on the topological state of the plasmid. ellipticine (Figure 5, left panel).
Since the drugs did not block the DNA relaxation activity =~ To further assess the properties of azatoxin, its ability to
of topoisomerase | under the conditions employed (data notstimulate DNA scission mediated by top2H1012Y, a mutant

Relative DNA Cleavage

Ellipticine
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Ficure 6: Effects of azatoxin on DNA religation mediated by
Drosophilatopoisomerase Il. Results were obtained over30
FiGUre 4: Effects of azatoxin on DNA cleavage mediated by s time course following initiation of religation by shifting reaction
human topoisomerasenll Results for 10@M azatoxin, etoposide, mixtures from 30 to 55C in the presence of drug concentrations
and ellipticine represent the average of three independent assayshat yielded maximal DNA cleavage enhancement. Data represent
for each drug. Standard deviations are represented by error barsat least two independent assays containing no di)gdr 20uM
ellipticine (O), 100 uM etoposide @), or 125uM azatoxin Q).

The percent linear DNA was arbitrarily set at 100% at time zero.

Drug (100 pM)

WT Yeast H1012Y 12

© mediated byDrosophila topoisomerase Il by an order

of magnitude, ellipticine shows no ability to inhibit the
reaction.

The effects of azatoxin on the rate of topoisomerase |I-
mediated DNA religation also are shown in Figure 6. Under
conditions that generated levels of scission identical to
etoposide, the drug had no discernible effect on the ability

, , . of the enzyme to religate cleaved DNA. Therefore, like
00 50 100 150 0 50 100 150 ellipticine, azatoxin appears to stimulate DNA scission
primarily by enhancing the formation of cleavage complexes.

. _ i DNA Cleaage Specificity. Etoposide and ellipticine
Ficure 5: - Effects of azatoxin on DNA cleavage mediated by wild- 4,06 topoisomerase Il-mediated DNA scission with dif-
type (left panel) and H1012Y mutant (right panel) yeast topoi- f t lei id ificiti While et id
somerase 1. Results for ellipticin®}, etoposide®), and azatoxin erent nucleic acid sequence speciticiiies. lle eloposide
(O) are shown over a range of-50 M in assays with each preferentlally stimulates cleavage at sites that contain a
enzyme. The plots represent data for each drug from three cytosine immediately upstream from the scissile bdre, (
independent experiments. Levels of DNA cleavage observed inthe gt the —1 position), ellipticine prefers sequences with a

absence of drug were set to 1.0. thymine in the corresponding positiors,(48, 49. A

yeast type Il topoisomerase selected for altered drug sensitiy-PreVIOUs study noted S|m|I§1r|t|es betyveen the DNA.cIeav_age
ity (36), was examined. The H1012Y mutation distinguishes pattern induced by azatoxin and eplpo_d_ophyllotoxm deriva-
between drug classes, and results in an enzyme that is highlyfiVeS 89); however, the sequence specificity of the drug was
resistant to etoposide, but is severalfold hypersensitive to"€Ver compared directly to both etoposide and ellipticine.
ellipticine (36) (Figure 5, right panel). As seen in Figure 5, To furth(_ar elpudate the cI_eavage characteristics of_ aza-
top2H1012Y was completely resistant to azatoxin. Thus, toxin, 43 sites induced by this drug were analyzed (Figure
the ability of azatoxin to enhance DNA cleavage mediated 7). Azatoxin shared~90% of its cleavage sites with
by the mutant enzyme resembles that of etoposide, despiteellipticine (10/43 sites), etoposide (18/43), or both drugs (11/
the fact that the actions of this drug against wild-type yeast 43)- Only 4 sites induced by azatoxin were unique to this
topoisomerase Il are similar to ellipticine. Taken together, agent (sites 28, 34, 38, and 43), and poor cleavage enhance-
these results indicate that azatoxin exhibits cleavage en-mentwas observed at 3 of these sequences. Thus, it appears
hancement properties that are characteristic of both of itsthat azatoxin shares specificity patterns with its chemical
chemical parents. parents.

DNA Religation. Topoisomerase Il poisons increase levels ~ Azatoxin Interaction Domain on Topoisomerase 8ev-
of DNA cleavage by two different mechanisms. Anticancer eral DNA cleavage-enhancing anticancer drugs share a
agents such as etoposide act primarily by inhibiting the ability common site of action on topoisomerase42(50, 5). As
of the enzyme to religate cleaved DNA, and drugs such asdetermined by a series of drug competition studies, the
ellipticine act primarily by enhancing the formation of functional interaction domains for quinolones, amsacrine,
topoisomerase #DNA cleavage complexesl( 4, 30, 31, genistein, and ellipticine all appear to overlap that of
47). As illustrated in Figure 6, these two mechanisms can etoposide 42, 50, 5).
be readily distinguished by determining the effects of drugs  The fact that the H1012Y mutation alters the sensitivity
on the rate of enzyme-mediated DNA religation. While of topoisomerase Il to azatoxin suggests that this drug shares
etoposide decreases the apparent first-order rate of religatiorthe interaction domain on the enzyme utilized by etoposide,

i Etoposide
Ellipticine

Ellipticine

f O

Etoposide
Azatoxin

Relative DNA Cleavage
Relative DNA Cleavage

[Drug] (uM)
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Ficure 7: Cleavage site map of azatoxin-induced DNA cleavage
mediated byDrosophilatopoisomerase Il. Bands resulting from
43 sites of azatoxin-induced DNA cleavage were resolved on a
denaturing polyacrylamide gel and visualized by Phosphorimager
analysis. Lanes from left to right correspond to a DNA standard
(DNA), DNA cleavage mediated by the enzyme in the absence of
drug (NO DRUG), or in the presence of 20/ ellipticine, 100

uM azatoxin, or 10Q«M etoposide, respectively.

ellipticine, and other DNA cleavage-enhancing agents. To
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FiIGURe 8: Inhibition of azatoxin-induced topoisomerase |l-mediated
DNA cleavage by ciprofloxacin. Closed and open bars represent
the averages of-35 independent experiments carried out in the
presence of 50 or 100M azatoxin, respectively. The percent of
DNA cleavage mediated Hyrosophilatopoisomerase Il in assays
that contained azatoxin but lacked ciprofloxacin was set at 100%.
Standard deviations are indicated by error bars.

As seen in Figure 8, ciprofloxacin attenuated azatoxin-
induced DNA scission. Approximately 3QIM quinolone
inhibited the reaction by 50% in the presence of /84
azatoxin. This IG value is comparable to that determined
for competition with 50uM etoposide 42). When the
azatoxin concentration was increased to 100, the 1G5
for ciprofloxacin rose to~800 uM, providing further
evidence that these two drugs compete for the same site of
action on topoisomerase Il. These data indicate that azatoxin,
which shares mechanistic properties with both etoposide and
ellipticine, also shares a common interaction domain on the
type Il enzyme.

DISCUSSION

Although drugs targeted to topoisomerase Il represent
some of the most effective chemotherapeutic agents used
for the treatment of human malignanciés-{), the persistent
threat from cancer necessitates the ongoing development of
new drug classes. One approach to broadening the diversity
of topoisomerase lI-targeted anticancer drugs is to generate
novel compounds by combining structural features of drugs
known to stimulate enzyme-mediated DNA cleavag®, (
39). The first agent to emerge from such a rational drug
design is azatoxin, a hybrid drug that fuses chemical
structures from etoposide and ellipticir@d( 39.

Etoposide and ellipticine differ significantly in their
functional attributes §, 4). Therefore, the properties of
azatoxin were characterized to determine relationships
between its mechanism of action and those of its parent
molecules. Azatoxin retains the nonintercalative DNA
binding mode of etoposide, but similar to ellipticine,
stimulates DNA scission primarily by enhancing cleavage
complex formation. Furthermore, depending on the species
of topoisomerase |l examined, the cleavage potency of
azatoxin resembles that of either compound. Finally, the
vast majority of DNA cleavage sites induced by azatoxin

determine whether this is the case, an assay based orare shared with either etoposide, ellipticine, or both drugs,

competition with the antibacterial quinolone, ciprofloxacin,
was employed 42). Although ciprofloxacin is a poor
enhancer of DNA cleavage mediated by eukaryotic type Il
topoisomerases, it is a competitive inhibitor of etoposide and
other topoisomerase ll-targeted anticancer agets (

and azatoxin appears to interact with topoisomerase Il in the
common site of action utilized by etoposide and ellipticine.
Taken together, these results strongly suggest that azatoxin
is a mechanistic hybrid of its parent compounds and shares
functional properties with both.
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Considering that the major portion of azatoxin is comprised 12.

of structural elements from etoposide (Figure 1), it is

cleavage-enhancing drugs that have been demonstrated to
inhibit religation are etoposide, teniposide, and amsacrine 15,

Thus far, the only three

(1, 4, 30, 31, 52, 58(D. A. Burden, and N. Osheroff,

unpublished result). The one feature common to these three 16.
compounds is the presence of a ring system in the “variable

substituent domain’i.g., the ring position of the sugar moiety
in etoposide, Figure 1)20). Since azatoxin and the other

drugs (examined to date) that lack cyclic components in this 1g
domain appear to stimulate topoisomerase II-mediated DNA
scission primarily by enhancing cleavage complex formation,
it is possible that structural elements within the variable 19

substituent domain are responsible for the inhibition of DNA
religation.
Along with their structural diversity, topoisomerase II-

targeted anticancer agents display considerable mechanistic21.

individuality (1, 4, 5. Atthe present time, it is not obvious

how the structure of these drugs determines the DNA binding

mode, cleavage specificity, or the mechanism of DNA

cleavage enhancement. Furthermore, it is less clear how the

above properties ultimately impact the clinical efficacy of

these agents. By utilizing a combinatorial approach and

merging structural and functional properties of different drug

classes, it may be possible to develop novel topoisomerase 24-

ll-targeted drugs with improved therapeutic properties.

Results of the present study indicate that the chemical
marriage of etoposide and ellipticine has yielded an offspring

with a unique “mechanistic signature.” Although the clinical

fate of azatoxin has yet to be determined, the initial success

of this chemical recombination opens the door for similar
experiments in rational drug design.
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