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SUMMARY

A conjugate molecule was synthesized by linking the DNA-
intercalative antitumor drug 4'-(9-acridinylamino)methanesul-
fon-m-anisidide (MAMSA) via a 4-carboxamide side chain to a
dipyrrolecarboxamide moiety structurally related to the minor
groove-binding antibiotic netropsin. The molecule (netropsin/
mMAMSA) behaves as a threading intercalator. Its netropsin-like
tail becomes located in the minor groove of the double helix
and serves to drive the hybrid molecule preferentially to AT-rich
sites on various DNA fragments as revealed by DNase | foot-
printing. The hybrid retains the susceptibility to copper-depen-
dent oxidation characteristic of the parent mMAMSA moiety as
well as its ability to generate oxygen radicals, which can me-

diate DNA damage, mainly at cytidine and guanosine nucleo-
tides. It also retains the property of stimulating the formation of
cleavable complexes with DNA in the presence of topoisomer-
ase Il, but its netropsin-like moiety confers little or no influence
on the reaction with topoisomerase |. Although netropsin/
mMAMSA is less potent than mAMSA at producing cleavable
complexes with topoisomerase I, it promotes the appearance
of cleavage sites at much the same nucleotide sequences as
does the parent compound. The dipyrrolecarboxamide tail is
not silent, however, since it modifies the concentration-depen-
dence of cleavable complex formation.

Several antitumor antibiotics that bind strongly to DNA
are constructed to behave simultaneously as a minor groove
binder and an intercalator. Such is the case with actinomycin
and doxorubicin, which are used extensively in the treatment
of leukemias and solid tumors. Actinomycin possesses an
intercalating phenoxazone chromophore substituted with
two cyclic peptides that fit neatly into the minor groove of the
double helix (1). Doxorubicin has a minor groove binding
amino sugar residue attached to the intercalating anthracy-
cline moiety (2). In both cases, the two functional parts of
each drug molecule are involved in the recognition of partic-
ular DNA sequences (3, 4). Similar binding characteristics
have been reported with other potent cytotoxins, such as
echinomycin and neocarzinostatin (5, 6). A few years ago,
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these observations prompted us to develop intercalator-mi-
nor groove binder hybrid molecules that are now usually
referred to as combilexins (7). Different series of combilexin
molecules, containing an oligopyrrolecarboxamide moiety at-
tached to a polycyclic aromatic ring (e.g., acridine, ellipticine,
flavin, porphyrin, anthraquinone), have been synthesized,
and their DNA-binding and biochemical properties have been
investigated. The potential of these hybrid molecules is wide
ranging and includes (i) enhanced DNA-binding strength and
selectivity, (ii) interference with topoisomerases, and (iii)
facilitation of the cellular transport of the drugs, promoting
their potential use in cancer chemotherapy.

We report on a second-generation combilexin that consists
of a minor groove-binding moiety structurally related to ne-
tropsin linked to the antitumor drug mAMSA, which is an
anilino-aminoacridine derivative that is used for the treat-
ment of acute myelogenous leukemia (8). It is commonly
assumed that the antitumor activity of mAMSA arises pri-
marily from its capacity to intercalate into DNA, thus inhib-

ABBREVIATIONS: mAMSA, 4'-(9-acridinylamino)methanesulfon-m-anisidide (amsacrine); bp, base-pair; SDS, sodium dodecyl sulfate; NetAmsa,
netropsin-4'-(9-acridinylamino)methanesulfon-manisidide; MPE, methidiumpropyl-EDTA; mAQDI, N'’-methanesulfonyl-N*'-(9-acridinyl)-3'-me-
thoxy-2',5'-cyclohexadiene-1’,4'-diimine; mAQI, 3’'-methoxy-4’-(9-acridinyl-amino)-2’,5’-cyclohexodiene-1'-one.
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iting the activity of topoisomerase II leading to double-strand
breaks in the DNA (9). As shown in Fig. 1, the Net/Amsa
hybrid bears a positively charged terminal side chain, which
is known to contribute significantly to the AT-selectivity of
such ligands (10). In addition, unlike the netropsin-anilino-
acridine derivatives previously studied (11), the new hybrid
retains the m-methoxy and methanesulfonamide substitu-
ents on the anilino ring, which are considered to constitute
key elements for the interference with topoisomerases and
the maintenance of the redox properties of mAMSA. In terms
of DNA recognition, the most important point is that the
netropsin moiety is connected to the acridine ring via a 4-car-
boxamide side chain, whereas it was previously attached
directly to the anilino group. The connector between the two
DNA-binding units was modified to convert the drug from a
classic intercalator to a threading intercalator, based on our
earlier findings with mAMSA/4-carboxamide derivatives
(12). Recently, we demonstrated that NetAmsa does thread
through the DNA double helix so as to intercalate its acridine
chromophore, leaving the netropsin moiety and the methane-
sulfonanilino group positioned within the minor and major
grooves of the double helix, respectively (13). The hybrid
molecule exhibits structural features reminiscent of the an-
titumor antibiotics nogalamycin (14) and pluramycin (15).
The metabolism of mAMSA involves rapid oxidation to the
quinoneimine derivative mAQDI, which can react with
amine or thiol compounds, such as glutathione, in cells (16).
In aqueous solution, mAQDI can hydrolyze to the quinone
imine mAQI, lacking the methanesulfonamido group; then, a
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further hydrolysis yields 9-aminoacridine (Fig. 2). It has been
proposed that the metabolites of mAMSA may contribute to
its cytotoxic activity because under some conditions, the two
primary oxidation products (mAQDI and mAQI) are consid-
erably more cytotoxic to L1210 cells in vitro than is mAMSA
(17). The facile oxidation of mAMSA by molecular oxygen and
copper can induce degradation of DNA via a multistep pro-
cess, as depicted in Fig. 2. In the presence of Cu(I) and
mAQDI, molecular oxygen is reduced to superoxide radical
0,°, which can then rapidly dismute to give H,O,. The reac-
tion of H,O, with Fe(II) or Cu(I) (Fenton reaction) or with O,
* (Haber-Weiss reaction) leads to the production of the DNA-
damaging hydroxyl radical OH" (18, 19). Accordingly, the
susceptibility of mAMSA to oxidation and its related capacity
to promote DNA lesions in cells have led to the hypothesis
that oxidative metabolism may contribute to the cytotoxicity
of this drug. However, at least two lines of evidence contra-
dict this hypothesis. First, oxygen is not required for toxicity
in cultured cells (20). Second, there is a direct correlation
between the formation of DNA/topoisomerase II cleavable
complexes and the cytotoxicity of mAMSA and its derivatives
(21). In fact, both topoisomerase II inhibition and oxidative
activation could possibly contribute to the pharmacological
activity because it has been shown that metabolic activation
of mAMSA increases the production of drug-dependent topoi-
somerase-associated DNA lesions (22).

These considerations prompted us to investigate the effects
of the netropsin/mAMSA combilexin NetAmsa on the cata-
lytic activity of topoisomerase II in vitro and its kinetics of

NH
»\NH
NF 2

Fig. 1. Structures of netropsin, the mMAMSA/4-
carboxamide SN 16713, and the netropsin/
mMAMSA hybrid combilexin NetAmsa.
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oxidation in the presence of copper ions. DNA sequencing
methodology was used to determine whether the capacity of
the conjugate to bind preferentially to AT-rich sequences
correlates with the induced copper-dependent and/or topo-
isomerase II-mediated cleavage of DNA. The effects of the
combilexin molecule were compared with those produced by
mAMSA and the mAMSA/4-carboxamide derivative SN
16713 (Fig. 1), which is also a DNA-threading intercalator
(23).

Materials and Methods

Drugs and Chemicals

Netropsin was purchased from Serva (Heidelberg, Germany).
mAMSA, camptothecin, and MPE were from Sigma Chemical (La
Verpilliere, France). The synthesis of the mAMSA/4-carboxamide
derivative SN 16713 has been reported (23). Drug concentrations
were determined spectroscopically in 10-mm-pathlength quartz cu-
vettes using the following molar extinction coefficients: 21,500 M/cm
at 296 nm for netropsin, 12,000 M/cm at 434 nm for mAMSA, 12,900
M/cm at 442 nm for SN 16713, and 13,000 M/cm at 440 nm for
NetAmsa. All other chemicals were analytical-grade reagents.

Biochemicals

Plasmid DNA was isolated from Escherichia coli by a standard
SDS-sodium hydroxide lysis procedure and purified by banding in
CsCl-ethidium bromide gradients. The plasmid PBS was cut with
EcoRI, treated with alkaline phosphatase, and then labeled at the
5’-end using T4 polynucleotide kinase (Pharmacia, Piscataway, NJ)
and [y-32P]JATP (6000 Ci/mmol, New England Nuclear Research
Products, Boston, MA). The linear labeled plasmid was further di-
gested with Puull to generate the singly end-labeled DNA fragment,
which was then purified by preparative nondenaturating polyacryl-
amide gel electrophoresis.

Synthesis of the NetAmsa Molecule

The strategy previously used for the synthesis of mAMSA/4-car-
boxamide derivatives was followed (23) (Fig. 3). Briefly, 9-oxoacri-
dan-4-carboxylic acid (1) is treated with thionyl chloride to afford the
corresponding acyl chloride (2), which is unstable and thus immedi-
ately reacts with the amine (3). The method for the preparation of

0, H;0,

DNA
m- AMSA —~ DNA*m-AMSA«Cull DNAom-AQDIOCu/% DNA<m-AQDI-Cu"
Cu .
0, e

Fig. 2. Top, Oxidation of MAMSA
by Cu(ll) to mADDI and hydrolysis
of mAQDI to mAQI which decom-
poses to 9-aminoacridine. Bot-
tom, Proposed model for the deg-
radation of DNA by mAMSA. A
redox reaction of mMAMSA and
Cu(ll) in the DNA-mAMSA-Cu(ll)
ternary complex leads to the for-
mation of a DNA-mAQDI-Cu(l)
complex which acts as a catalyst
DNA breakage for Cu(l) to Cu(ll) oxidation. The
/ oxidation generates oxygen free
- radicals responsible for DNA
breakage.

.- NH,

(O
N/

9-aminoacridine

mono-tert-butoxycarbonylalkanediamines such as compound 3 has
been detailed previously (24). In anhydrous, mildly basic media at a
low temperature, the aliphatic amine 3 reacts selectively with the
acid chloride moiety of the dichloro compound 2. The resulting
9-chloroacridine-4-carboxamide derivative (4) is then coupled with
N-(4-amino-3-methoxyphenyl)methanesulfonamide (5) under mild
conditions to furnish the N-tert-butyloxycarbonyl-protected mAMSA-
4-carboxamide derivative (6). After deprotection under acid con-
ditions, the functionalized mAMSA derivative (7) bearing the
aminopropylcarboxamide side chain is condensed with the amino-
butyramido-bispyrrole-carboxylic acid 8 mimicking the netropsin
antibiotic via a conventional coupling procedure using dicyclo-
hexylcarbodiimide and N-hydroxybenzotriazole. Alternatively,
the condensation can be carried out via the agency of dicyclohexyl
carbodiimide in the presence of a catalytic amount of 4-(dimeth-
ylamino)pyridine DMAP. Both methods are applicable and give
approximately the same yields. The synthesis of the netropsin
moiety (8) has been reported previously (25). Finally, deprotection
of compound 9 under acid conditions and purification affords the
mAMSA/4-carboxamide/netropsin hybrid molecule NetAmsa:
m.p., 197-199°; IR (KBr) v 3370-3310, 3200, 2965, 1680, 1655,
1535 cm™'; high-resolution mass spectrometry 823.42586 (M +
17; [ *H NMR (dimethylsulfoxide D6) & 1.70 (m, 2 H, CH,); 1.91
(m, 2 H, CH,); 2.53 (m, 2 H, C,CO); 2.90 (m, 2 H, CH,NH;"); 3.12
(s, ®H, SO,CH,); 3.40-3.50 (m, 4 H, CH,NH); 3.55 (s, *H, OCH,);
3.97 (2 s, 6 H, 2NC;); 6.85-7.30 (m, 7 H, CH); 7.40-7.60 (m, *H,
CH); 7.85-8.15 (m, 8 H, CH); 8.55 (m, 2 H, CH); 9.43 (s, 1 H, N);
9.81, 10.08, 10.27 (3 s, 3H, NH); 11.52 (s, 1 H, NH); and 14.20 (s,
1 H, NH)].

Absorption Spectroscopy

Absorption spectra were recorded on a Uvikon-Kontron 810—-820
spectrophotometer coupled to a Uvikon Recorder 21 and a Uvikon
thermoprinter 48 (Paris, France). The cell holder (10 mm path-
length) was thermostated with a Haake unit. The absorbance be-
tween 300 and 600 nm was measured at time intervals of 4 or 10 min
as indicated.

Chemiluminescence Measurements

Fresh solutions of lucigenin (bis-N-methylacridinium nitrate, Al-
drich) were prepared before each experiment. Control samples con-
tained 50 uM lucigenin in borate buffer. Samples were placed in an
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Fig. 3. Strategy used for the synthesis of mMAMSA/4-carboxamide derivatives. DCC, dicyclohexylcarbodiimide; HOBt, N-hydroxybenzotriazole.

automated Packard (Meriden, CT) model 6500 Picolite luminometer,
and the chemiluminescence response of each sample was measured
by determining the total photon emission during a 30-sec counting
period. Measurements were performed every 5 min for 1 hr. The
pathway leading to lucigenin dioxygenation is shown in Fig. 4 (26).

The divalent reduction (with H,0,) and monovalent reduction
(with Oy") of lucigenin lead to the formation of a dioxetane interme-
diate that disintegrates, yielding one excited-state and one ground-
state molecule of N-methylacridone. The relaxation from the elec-
tronically excited state to the ground state is accompanied by an
emission of light that is detected by the luminometer. The production
of excited-state molecules and subsequent transfer of the molecular
energy to light is directly dependent on the quantities of reactive
oxygen species available to react with lucigenin.

Copper-Dependent Cleavage of DNA

Experiments with covalently closed circular DNA. Each re-
action mixture contained 4 ul of supercoiled pBS DNA (3 ug), 5 ul of
drug (2-300 um), and 1 ul of CuSO,. Reactions were performed in 50
mM sodium borate buffer, pH 9.4. After a ~16-hr (overnight) incu-
bation at room temperature in the dark, 1 ul of loading buffer (0.25%
bromphenol blue, 0.25% xylene cyanol, 30% glycerol in H,O) was
added to each tube, and the solution was loaded onto a 1% agarose
gel. Electrophoresis was carried out for ~2 hr at 100 V in TBE buffer
(89 mM Tris base, 89 mM boric acid, 2.5 mm Na,-EDTA, pH 8.3). Gels
were stained with ethidium bromide (1 wg/ml) and then destained for
30 min in water before being photographed under UV light.

Sequencing of copper-dependent DNA cleavage sites. Each
reaction mixture contained 2 ul of 3>P-end-labeled DNA (117 mer or
265 mer from pBS), 6 ul of sodium borate buffer, pH 9.4, 10 ul of drug

solution (2-300 uM), and 2 pl of 2 mM CuSO,. Solutions of copper and
drug were prepared fresh for each experiment. Samples (20 ul) were
incubated overnight at room temperature in the dark and then
lyophilized and washed twice with 50 ul of water before resuspension
in 5 pl of an 80% formamide solution containing tracking dyes.

DNase | and MPE Footprinting

DNase I and MPE footprinting experiments were performed es-
sentially according to the protocols recently described (27). Briefly,
samples of the labeled DNA fragment were incubated with a buffered
solution containing the desired drug concentration. After a 30—60-
min incubation at 37° to ensure equilibration, the digestion was
initiated by the addition of either the DNase I solution or (succes-
sively) MPE, Fe(NH,),(SO,),6H,0 (freshly prepared), and dithio-
threitol. In both cases, the extent of digestion was limited to <30% of
the starting material to minimize the incidence of multiple cuts in
any strand. After a 4-min incubation at room temperature, the
reaction was stopped by freeze drying. Samples were lyophilized and
washed at least twice with 50 ul of water. The DNA in each tube was
resuspended in 5 ul of formamide-TBE loading buffer, denatured at
90° for 4 min, and then chilled in ice for 4 min before loading onto the
sequencing gel.

Electrophoresis and Autoradiography

DNA cleavage products were resolved by electrophoresis under
denaturing conditions in polyacrylamide gels (0.3 mm thick, 8%
acrylamide containing 8 M urea). Electrophoresis was performed for
~2 hr at 60 W in TBE buffer. Gels were soaked in 10% acetic acid for
15 min, transferred to Whatman 3MM paper (Fairfield, NJ), dried
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lucigenin

under vacuum at 80°, and then analyzed with a Molecular Dynamics
model 425E PhosphorImager (Sunnyvale, CA).

Quantification by Storage Phosphor Technology
Autoradiography

Photostimulatable phosphor imaging plates (Kodak storage phos-
phor screens obtained from Molecular Dynamics) were pressed flat
against dried sequencing gels and exposed overnight at room tem-
perature. The PhosphorImager was used to collect all data. Base-
line-corrected scans were analyzed by integrating all the densities
between two selected boundaries using the ImageQuant version 3.3
software (Molecular Dynamics, Sunnyvale, CA). Each resolved band
on the autoradiograph was assigned to a particular bond within the
DNA fragment by comparison of its position relative to sequencing
standards.

Topoisomerase | and Il DNA Cleavage Reactions

Experiments with linear plasmid DNA on agarose gels. To-
poisomerase I and topoisomerase II were purified from calf thymus.
Human topoisomerase II (p170 form from TopoGEN, Columbus, OH)
was also used. The cleavage reaction mixture contained 20 mm
Tris-HCL, pH 7.4, 60 mMm KCl, 0.5 mMm EDTA, 0.5 mM dithiothreitol
(plus 10 mM MgCl, and 1 mM ATP for topoisomerase II), 2 X 10* dpm
of [a-32P]pBR322 DNA, and the indicated drug concentrations. The
reaction was initiated by the addition of topoisomerase I or II (20
units in 20 pl of reaction volume) and allowed to proceed for 10 min
at 37°. Reactions were stopped by the addition of SDS to a final
concentration of 0.25% and proteinase K to 250 pg/ml, followed by
incubation for 30 min at 50°. For topoisomerase I, samples were
denatured by the addition of 10 ul of denaturing loading buffer
consisting of 0.45 M NaOH, 30 mMm EDTA, 15% (w/v) sucrose, and
0.1% bromocresol green before loading onto a 1% agarose gel in TBE
buffer containing 0.1% SDS. Electrophoresis was conducted at 2
V/em for 18 hr.

Sequencing of topoisomerase II-mediated DNA cleavage
sites. Each reaction mixture contained 2 ul of 5-end 3?P-labeled
DNA (117 mer or 265 mer from pBS), 4 ul of water, 2 ul of 10 X
topoisomerase II buffer, and 10 ul of drug solution (2-300 uM). After
a =30-min incubation to ensure equilibration, the reaction was ini-
tiated by the addition of 2 ul of purified topoisomerase II from calf
thymus (as above) or human thymus (p170 form from TopoGEN).

Fig. 4. Pathway leading to lucigenin dioxygenation
(26).

Samples were incubated for 40 min at 37° before the addition of SDS
to 0.25% and proteinase K to 250 ug/ml to dissociate the drug/DNA/
topoisomerase II cleavable complexes. The DNA was precipitated
with ethanol, resuspended in 5 ul of formamide/TBE loading buffer,
denatured at 90° for 4 min, and then chilled in ice for 4 min before
loading onto the sequencing gel.

Effects of drugs on the formation and dissociation of DNA/
topoisomerase II complexes. The 5'-end-labeled 265-bp fragment
from plasmid pBS was incubated with mAMSA or NetAmsa at 10 uMm
for 45 min before addition of the enzyme. After reaction was allowed
to occur for 1-60 min, complexes were dissociated by the addition of
SDS/proteinase K and treated as described above. The reversibility
experiments were performed as described previously (28). Briefly,
preformed drug/DNA complexes were incubated with topoisomerase
IT for different periods of time (1-30 min) before the addition of a
50-fold excess of unlabeled DNA. Samples were treated with SDS/
proteinase K.

Results

Copper-dependent oxidation. The oxidation of mAMSA
to its quinoneimine metabolite mAQDI was induced in vitro
by the addition of cupric ions Cu(II) (CuSO,). The reaction
can easily be monitored by UV spectroscopy because the
absorption maxima of the oxidized and reduced species are
well separated: the absorption spectrum of mAMSA exhibits
two adjacent peaks at 432 and 414 nm, whereas the spectrum
of mAQDI is characterized by two peaks at 374 and 355 nm
(Fig. 5). We have taken advantage of these UV spectral
characteristics to compare the kinetics of oxidation of the
hybrid NetAmsa with those of its parent compounds mAMSA
and SN 16713. Typical progress curves for the oxidation of
the drugs in borate buffer, pH 9.4, are shown in Fig. 5. In
each case, the addition of copper ions results in a decrease of
the absorption at 450 nm and a simultaneous increase at 380
nm. The appearance of isosbestic points indicates that each
drug is converted into a unique oxidized product. It can
clearly be seen that the spectral changes are much more
rapid with NetAmsa than with SN 16713. The rates of oxi-
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Fig. 5. Autoxidation of the drugs in the presence of copper. Left, 50 um mMAMSA and 150 um CuSO,. Middle, 50 um NetAmsa and 50 um CuSQO,.
Right, 50 um SN 16713 and 50 um CuSO,. Absorption spectra were recorded at intervals of 10 min for mMAMSA and 4 min for NetAmsa and SN
16713. t,, initial spectrum of each ligand before the addition of copper. Arrows, direction of change of the absorbance.

dation of the drugs can be compared directly by measuring
the time necessary for half (t,,,) and, less precisely but per-
haps more usefully, for effectively complete (t) oxidation. The
conversion of the anilino-amino group into a quinone imine
group was considered to be complete when no further spec-
tral changes could be detected. Experiments were performed
at pH 9.4 (borate buffer) or pH 7.0 (Tris-HCI buffer) and with
different drug/copper ratios. The data in Table 1 reveal that
the reaction is more rapid with SN 16713 than with mAMSA
and proceeds even faster with NetAmsa. For example, the
time necessary for complete oxidation of the latter at pH 9.4
in the presence of an equimolar concentration of Cu(Il) is
approximately one third and one tenth of that required for
oxidation of SN 16713 and mAMSA, respectively. It is inter-

TABLE 1
Kinetic parameters of oxidation
Cu/drug ratio tv t
min

pH 9.4
mAMSA 0.1
SN 16713 0.1 95 300
NetAmsa 0.1 45 180
mAMSA 1 135 345
SN 16713 1 37 129
NetAmsa 1 6 39
mAMSA 3 60 165
SN 16713 3 35 100
NetAmsa 3 4 25

In the presence of DNA
mAMSA 3 6.5 44
SN 16713 3 6 108
NetAmsa 3 10 60

pH 7.0
mAMSA 3 >1200
SN 16713 3 840 >1200
NetAmsa 3 390 >1200

tv. and t correspond to the time necessary for half and complete oxidation of
the ligand, respectively.

esting to observe that a slow but eventually complete oxida-
tion of the drugs also takes place in the presence of 0.1
equivalent of copper, indicating that Cu(Il) acts as a catalyst.
At neutral pH, the oxidation reaction is much slower but the
same Kkinetic order is observed: NetAmsa > SN 16713 >
mAMSA. Therefore, we conclude that the introduction of a
carboxamide side chain at position 4 of the acridine ring
potentiates the oxidation process, presumably by raising the
redox potential. In addition, the linkage of the netropsin
moiety to the carboxamide side chain further activates the
conversion of NetAmsa into the quinoneimine form because it
oxidizes more rapidly than SN 16713. The newly introduced
side chain must stabilize the drug/copper complex. Indeed,
an ESR spectrum of a Cu(II)/NetAmsa mixture was obtained
from a frozen aqueous solution (0.5 mMm) in the presence of
CuS0, (0.1 mMm) at 77° K and 9.32 GHz (data not shown). The
magnetic parameters are A, = 190 G, g, = 2.20, and g, =
2.03, suggesting that the copper is tetracoordinated. Such an
ESR spectrum could also be obtained with SN 16713 but not
with mAMSA.

The kinetics of oxidation were also analyzed in the pres-
ence of calf thymus DNA. The time necessary for complete
oxidation of SN 16713 is practically identical in the absence
and presence of DNA. In contrast, the addition of DNA sig-
nificantly affects the kinetics of oxidation of mAMSA and
NetAmsa. As indicated in Table 1, the copper-dependent
oxidation of mAMSA proceeds much more rapidly in the
presence of DNA, whereas that of NetAmsa becomes slower.
These effects may tentatively be correlated with the stability
of the drug/DNA complexes. mAMSA, which can dissociate
most rapidly from the double helix, is very susceptible to
oxidation in the presence of DNA. Conversely, NetAmsa/
DNA complexes dissociate very slowly (13); as a consequence,
the anilino-acridine portion of the hybrid may be less acces-
sible for oxidation. However, the reason why DNA should
accelerate oxidation of mAMSA is not clear.
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Measurements of reactive oxygen metabolites by
chemiluminescence. Mechanistic studies of DNA strand
breakage by mAMSA in the presence of copper have estab-
lished that molecular oxygen is required for efficient activa-
tion and suggest that superoxide free radicals (O,") but not
hydroxyl radicals (OH") are involved in the DNA cleaving
reaction (18, 19). To determine whether superoxide radicals
are effectively produced during the oxidation process, we
resorted to a chemiluminescence assay based on the capacity
of lucigenin to react specifically with O, and/or H,O, but not
with OH" (26). A brief description of the reductive dioxygen-
ation of lucigenin in the presence of O, or H,0, is given in
Materials and Methods. As indicated, the amount of light
produced during the chemiluminescence reaction is directly
proportional to the quantity of reactive oxygen species pro-
duced and therefore, in the current situation, to the rate of
oxidation of mAMSA and its derivatives by copper ions.

Fig. 6 shows the chemiluminescence responses recorded
during the copper-dependent oxidation of the drugs at pH
9.4. In the absence of copper ions (Fig. 6a), NetAmsa pro-
duces slightly less oxygen radical species than mAMSA and
SN 16713. Conversely, in the presence of Cu(Il) (Fig. 6b), the
chemiluminescence intensity is notably weaker with
mAMSA than with the two 4-carboxamide derivatives. The
chemiluminescence reaction, which is presumptive of the
production of oxygen radicals, proceeds more rapidly with
NetAmsa than with SN 16713. The results are fully consis-
tent with the oxidation kinetics. mAMSA oxidizes much more
slowly in the presence of copper than does NetAmsa and
consequently generates less oxygen-based free radicals than
the combilexin.

Copper-dependent DNA cleavage. In a first set of ex-
periments, strand scission was analyzed by monitoring the
conversion of supercoiled plasmid DNA (form I) to nicked
circular molecules (form II) and linear DNA (form III). The
tests were performed using an equimolar concentration of
drug and copper (Fig. 7, top) as well as with a fixed drug
concentration and increasing concentrations of copper (Fig. 7,
bottom). In both cases, DNA/drug/Cu(II) complexes were in-
cubated for 6 hr at room temperature in 50 mm Na borate
buffer, pH 9.4, before electrophoresis. The gels in Fig. 7 show
that DNA cleavage is slightly more efficient with NetAmsa
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Fig. 6. Chemiluminescent responses of mMAMSA (A), SN 16713 (O),
and NetAmsa (@) (100 uM each) in the absence (A) and presence (B) of
10 um copper. Reactions were conducted in 50 mm sodium borate, pH
9.4, in the presence of 100 uM lucigenin as chemiluminescent probe. [],
Control sample containing lucigenin plus copper in the absence of
drug.

than with mAMSA. At a high concentration of NetAmsa (150
uM), >90% of the DNA is converted to linear molecules (form
III), whereas under the same conditions, only ~25% linear
DNA is produced with mAMSA. NetAmsa and SN 16713 (i.e.,
the two DNA-threading agents) exhibit approximately simi-
lar DNA cleaving capacities. The results are consistent with
the oxidation kinetics (Table 1) and the chemiluminescence
data (Fig. 6).

The next problem was to determine whether the strand
breaks induced by NetAmsa occur at specific sequences in
DNA. To answer this question, a detailed analysis of the
DNA sequences cut in the presence of NetAmsa was per-
formed by studying the copper-dependent scission of DNA
using sequencing gels. Cleavage sites were sequenced using a
5'-end-labeled Aval/Pvull restriction fragment from pBS
DNA (265 bp long) that contains several AT-rich sites pref-
erentially recognized by NetAmsa, as determined on the
basis of footprinting experiments using DNase I and
MPE-Fe(Il) as cleaving agents (Fig. 8). The combined use of
an enzyme and a chemical nuclease permits both sensitive
and accurate location of drug-binding sites in DNA (27). The
positions of five binding sites around positions 55, 65, 78, 95,
and 126 were accurately determined within the entire length
of the 265-bp sequence accessible to densitometric analysis.
The sequences protected from cleavage by the nuclease are
5'-TTTTG, 5'-TTTAG, 5'-AATTT, 5'-AATCA, and 5'-AAAT-
TGTTAT. Except for the last region, which most likely cor-
responds to two juxtaposed binding sites, the sites are 5 bp
long, as predicted on the basis of the molecular modeling
analysis (Fig. 5). Additional footprinting experiments were
performed with an 81-bp EcoRI/HindIII fragment from plas-
mid pTLX, which contains a long polypurine/polypyrimidine
tract for triple-helix formation (29). The comparison of the
footprints obtained with NetAmsa and its parent compounds
netropsin and SN 16713 (Fig. 9) reveals unambiguously that
NetAmsa retained the AT selectivity conferred by the netrop-
sin moiety, which is in agreement with other results reported
recently (13).

The same 265-mer fragment used for footprinting was al-
lowed to react with NetAmsa in the presence of copper in
borate buffer, pH 9.4. A typical gel showing the cleavage
products resulting from a 5-hr incubation of the DNA with
the NetAmsa/copper redox system is shown in Fig. 10A.
Under the chosen experimental conditions, the DNA remains
uncleaved in the absence of drug and presence of copper or in
the presence of drug and absence of copper. When both
NetAmsa and Cu(Il) are present in the reaction mixture,
cleavages can be detected at various positions in the se-
quence. The nucleotide sequences that are most sensitive to
the drug do not coincide with the binding sites inferred from
the footprinting experiments. Although cleavages occur pre-
dominantly at certain sites, such as the GC-rich tract at
positions 69-71, the cutting is not restricted to specific se-
quences and seems to occur nonspecifically at a high drug
concentration. However, a closer inspection of the most in-
tense breaks indicates that C residues and, to a lesser extent,
G residues are preferentially attacked. Within the 265-mer
fragment, positions C33, C36, C60, G69, G71, C85, and C102
are particularly susceptible to cutting by the drug/copper
complex. These experiments were repeated several times,
and the same cutting sites were consistently observed. The
extent of cleavage was found to be higher when the DNA was
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Hybrid-Cu(II) (z:7, um)
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Hl Fig. 7. Cleavage of closed circular pBS DNA
I (form I) by mAMSA, SN 16713, and the hybrid
molecule. The plasmid DNA was incubated with
increasing drug concentrations in the presence
of an equimolar concentration of CuSO, (top) or
with 100 um drug and increasing concentrations
of copper (bottom). Forms Il and Ill, nicked and

m-Amsa (100uM) Amsa-4-carbo (100um) Hybrid (100uM) linear DNA forms, respectively. Top of each
Cu II Cull lane, drug concentration (um). Cont, plasmid
+ Cu Il (um) + Cu II (uM) + Cu Il (um) DNA incubated without drug and copper. Reac-
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reacted with the drug/copper complex for longer periods at
basic pH, but the same cutting sites were still detected (Fig.
10B). The extent of cutting was significantly reduced when
the reaction was performed at pH 7.0, data not shown. At
neutral pH, the oxidation of the conjugate in the presence of
copper is slow (Table 1); consequently, fewer oxygen radicals
and DNA breaks are generated.

The intriguing observation that the copper-dependent
breaks occur predominantly at C and G residues prompted us
to investigate further the cutting reaction with other DNA
fragments, such as the 117-bp restriction fragment from
plasmid pBS that we employed in a previous DNA-binding
study (13). This restriction fragment, which offers five AT-
rich binding sites for the hybrid compound, was also exposed
to attack by the conjugate in the presence of copper under
alkaline conditions (Fig. 11). Again, it seems that (i) the
cutting sites are not restricted to the favored binding sites
inferred from footprinting experiments and (ii) copper-depen-
dent cleavage occurs selectively at C residues and sometimes
at G residues.

Topoisomerase-mediated DNA cleavage. The effects of
the hybrid and its parent compounds were initially tested on
purified calf thymus topoisomerases I and II using a 32P-
labeled EcoRI/HindIII restriction fragment of pBR322 as
substrate. The DNA cleavage products were analyzed by
agarose gel electrophoresis under alkaline conditions (for
topoisomerase I) or in neutral buffer (for topoisomerase II).
Autoradiographs of typical gels obtained after treatment of
the 4330-bp DNA substrate with topoisomerases I and II in
the presence and absence of the test drugs at concentrations
of 0.1-100 uM are shown in Fig. 12.

It was the observation that minor groove binders such as
netropsin and distamycin can affect the reaction of topoisom-
erase I with DNA (30) that prompted us to determine
whether the NetAmsa conjugate can interfere with the topo-
isomerase I reaction in addition to the expected effect on
topoisomerase II. Purified topoisomerase I produces a char-
acteristic cleavage pattern in the absence of drug. Slightly
modified electrophoretic profiles were observed in the pres-
ence of our compounds. The cleavage seems to be stimulated
at only one particular site (Fig. 12A, arrowheads) with all
three drugs tested. The stimulation is very weak compared
with that observed with the topoisomerase I-specific inhibi-

tions were performed in 50 mmM sodium borate
buffer, pH 9.4, for 6 hr at room temperature in
the dark.

tor camptothecin. It is clear that netropsin as well as the
anilino-acridine derivatives have little, if any, effect on topo-
isomerase 1.

It is well established that in the presence of topoisomerase
II and DNA, mAMSA stabilizes the enzyme/DNA interaction
in the form of a “cleavable complex.” In this complex, the
enzyme is covalently linked to the 5'-end of the DNA so that
treatment with a detergent (e.g., SDS) results in the forma-
tion of strand breaks, which can be revealed by gel electro-
phoresis of the DNA fragments. To determine whether the
linkage of the netropsin moiety affects the capacity of
mAMSA to form cleavable complexes, the same 32P-labeled
EcoRI/HindIII restriction fragment was used as a substrate
for purified calf topoisomerase II. The patterns of double-
strand cleavage are shown in Fig. 12B. As expected, mAMSA
and, to a lesser extent, SN 16713 strongly stimulate DNA
cleavage by topoisomerase II at defined sites. NetAmsa
seems to be less efficient. A weak but noticeable effect can be
detected with NetAmsa at concentrations of =10 puwm,
whereas there is no detectable effect with netropsin even at a
concentration as high as 100 um. The cleavage patterns ob-
served with SN 16713 and mAMSA are slightly different,
indicating that the 4-carboxamide side chain plays a role in
the interference with the enzyme. The few topoisomerase II
cutting sites stimulated by NetAmsa (Fig. 12B, arrowheads)
are found with mAMSA. Therefore, it seems that NetAmsa
remains capable of inhibiting the reaction of topoisomerase II
with DNA, although the effect is rather modest compared
with what can be achieved with the parent drug mAMSA.
The linkage of the netropsin moiety, which confers marked
sequence-selective recognition properties, is evidently detri-
mental to the effect on topoisomerase II.

Sequencing of drug-stimulated DNA cleavage by to-
poisomerase II. The next question that we considered was
whether the netropsin moiety appended to the topoisomerase
II-targeted domain of NetAmsa serves to direct the intensity
and location of DNA cleavage sites. Both 5’-end-labeled 117-
and 265-bp EcoRI/Pvull restriction fragments from pBS used
in the copper-dependent DNA cleavage experiments were
used as substrates for purified calf thymus or human topo-
isomerase II (the p170 form commercially available). DNA
cleavage patterns resulting from enzyme-mediated double-
strand breaks stimulated by the two drugs were studied at
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Fig. 8. DNase | (left) and MPE-Fe(ll) (right) footprinting with the 5'-
labeled 265-mer Pvull/EcoRl restriction fragment of the plasmid pBS in
the presence of different concentrations of the netropsin/mAMSA hy-
brid. The DNA was 5’-end labeled at the EcoRl site with [y-22P]ATP in
the presence of T4 polynucleotide kinase. The products of nuclease
digestion were resolved on an 8% polyacrylamide gel containing 7 m
urea. Top of each lane, concentration (um) of the drug tested. Control
tracks (Cont) contained no drug. G, Maxam-Gilbert sequencing marker
lanes specific for guanine residues. Numbers on the left, standard
numbering scheme for the nucleotide sequence of the DNA fragment.
Sequences on the right, location of the footprints at AT-rich sites.

different concentrations. With the 117-mer fragment, three
topoisomerase II-mediated cutting sites were stimulated in
the presence of NetAmsa and mAMSA (Fig. 13, arrows). The
patterns of DNA cleavage induced by topoisomerase II in the
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Fig. 9. DNase | footprinting with the 3'-labeled 81-mer Hindlll/EcoRI
restriction fragment of the plasmid pTLX (29) in the presence of SN
16713, netropsin, and NetAmsa. The DNA was 3’-end labeled at the
EcoRl site with [a-*2P]dATP in the presence of avian myeloblastosis
virus reverse transcriptase. GA, sequencing markers specific for purine
residues. Other details are given in the legend for Fig. 8.

presence of either drug are identical, and no differences could
be detected using the calf or human enzymes. Apparently,
despite their structural differences, these two anilinoacridine
derivatives modulate the catalytic activity of the enzyme in
an approximately comparable manner. Both stimulate DNA
cleavage by the enzyme at positions 13 (5’-ATAG | TGAG),
24 (5'-TATT | ACAA), and 97 (5'-TTGC | AGCA) on the 117-
mer fragment. On the 265-mer fragment (data not shown),
two topoisomerase II cleavage sites enhanced by the drugs
were located at positions 41 (5'-CTGC | AGGC) and 95 (5'-
GTAA | TCAT) (two other sites were visible at the top of the
gel, but they lie beyond the portion of the sequence accessible
to analysis). It seems, however, that the netropsin moiety
does exert some influence on the process; with mAMSA, the
extent of cleavage remained constant over the concentration
range tested, whereas with the hybrid compound, the reac-
tion was stimulated at a low drug concentration but inhibited
at a high concentration (=50 um). Inhibition of cutting at
high concentrations is a common property of DNA-interca-
lating drugs. The results confirm that the netropsin moiety of
the hybrid reduces but does not prevent stimulation of DNA
cleavage by topoisomerase II. It is very likely that the bis-
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pyrrole moiety is not involved in direct interaction of the drug
with the enzyme. The 1'-substituent on the anilino ring (the
methanesulfonamido group) is presumed to provide the topo-
isomerase II-binding domain (31).

The possibility that mAMSA and NetAmsa affect the asso-
ciation or dissociation of topoisomerase II/DNA complexes
differently was examined, but no significant differences be-
tween the two drugs were observed. The kinetics of appear-
ance (Fig. 14A) and reversal (Fig. 14B) of topoisomerase
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Fig. 10. Copper-dependent cleav-
age of DNA with NetAmsa. The
265-mer DNA fragment labeled at
the 5’-end of the EcoRI site was
reacted with increasing concentra-
tions of the netropsin/mAMSA hy-
brid in the presence of 200 um
CuSO,. Reactions were conducted
in 50 mm sodium borate buffer, pH
9.4, for 5 hr (A) and 15 hr (B). Sam-
ples were subsequently lyophilized
and then electrophoresed onto an
8% denaturing polyacrylamide gel.
DNA and Cu, control DNA in the
- . absence and presence of 200 um
- CuSO,, respectively, subjected to
‘ the same treatment at pH 9.4 in the
.-t-— -60 absence of drug. G, Guanine-spe-
- cific sequence markers obtained by
- treatment of the DNA with dimeth-
ylsulfate-piperidine. Arrows, nucle-
otides with which the hybrid com-

.50 pound reacted strongly.
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II-mediated DNA cleavage sites are very similar in the pres-
ence of mAMSA and NetAmsa. The results confirm that the
netropsin moiety of the hybrid exerts little, if any, effect on
the activity of the hybrid toward topoisomerase II in vitro.

Discussion

The netropsin/mAMSA combilexin threads through the
DNA double helix so as to intercalate its acridine chro-
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Fig. 11. Copper-dependent cleavage of the 117-mer DNA fragment.
The DNA (5'-end labeled) was reacted with the netropsin/mAMSA
hybrid in the presence of 200 um CuSO,. Reactions were conducted in
50 mm sodium borate buffer, pH 9.4, for 15 hr at 37°. Other details are
given in legend for Fig. 10.

mophore, leaving the netropsin moiety and the methanesul-
fonanilino group positioned within the minor and major
grooves of the double helix, respectively. The DNA-threading
process takes place preferentially at AT-rich sequences (13).
In the current study, we showed through the use of comple-
mentary biochemical methods that NetAmsa has retained
two fundamental properties of mAMSA: (i) the inhibition of
topoisomerase II and (ii) the oxidation-dependent production
of free radicals responsible for DNA breakage. Linkage of the
netropsin moiety to mAMSA slightly reduces but does not

<3 £ netropsin m-Amsa SN 16713 NetAmsa
a E
2 2 $10010 1 0110010 1 0110010 1 0110010 1 0.1

netropsin m-Amsa SN 16713 NetAmsa
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Fig. 12. Effects of drugs on topoisomerase | (A) and topoisomerase Il
(B). Purified calf thymus topoisomerase | or Il was incubated with the
EcoRI/Hindlll restriction fragment from pBR322 (32P-labeled at the
EcoRl site) in the presence or absence of the test ligands. Top of each
lane, drug concentration (um). Reactions were carried out for 10 min at
37° and then stopped with SDS/proteinase K treatment. A, Single-
stranded DNA fragments were analyzed on a 1% alkaline agarose gel in
TBE buffer. DNA and Topo I, radiolabeled 4330-bp DNA substrate
incubated without and with topoisomerase |, respectively. Camptoth-
ecin (campto) was used at 0.03 um. B, Double-stranded DNA fragments
were analyzed on a 1% neutral agarose gel in TBE buffer. Topo I,
topoisomerase Il. Arrowheads, principal site of topoisomerase | cleav-
age stimulated by all four drugs tested (A) and sites of topoisomerase
cleavage stimulated by NetAmsa (B).

abolish the capacity of the intercalator to interfere with the
catalytic activity of topoisomerase II. On the other hand, the
presence of a 4-carboxamide side chain confers on the drug a
higher susceptibility to copper-dependent oxidation to a qui-
none imine form. Therefore, both the combilexin molecule
and mAMSA are capable of triggering DNA breakage via two
distinct mechanisms, one of which is dependent on metabolic
activation of the drug and one of which requires the function-
ing of a ubiquitous enzyme. The retention of these two char-
acteristics that are believed to be responsible for the antitu-
mor activity of mAMSA served to justify biological studies.
Preliminary tests in vitro indicate that NetAmsa is cytotoxic
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Fig. 13. Sequence analysis of the topoisomerase Il (fopo) cleavage
sites stimulated by NetAmsa and mAMSA. The 5'-end-labeled 117-mer
fragment from plasmid pBS was incubated in the absence (Topo) or
presence of 10, 20, or 50 um MAMSA or NetAmsa. Fragments were
separated on an 8% denaturing polyacrylamide gel. Numbers at the
left, nucleotide position, determined with reference to the purine nucle-
otide tracks (GA). Arrows, three major topoisomerase Il-mediated break
points.

toward murine leukemia (L.L1210) and human lymphoblast
(Molt4/C8 and CEM/0) cell lines.! However, neither interfer-
ence with topoisomerase II nor redox activation is sufficient
to guarantee antitumor activity. The design of active antitu-
mor drugs is a difficult exercise that requires not only con-
sideration of the interaction between the drug and its poten-
tial targets but also a wide range of independent parameters,

1 E. De Clercq, unpublished observations.
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including cellular uptake/efflux and drug distribution. Nev-
ertheless, there are strong grounds for the belief that the
development of combilexin molecules such as that reported in
the present study will afford a successful approach to the
design of new DNA-cleaving antitumor agents, although it is
evident that some problems remain to be solved at the level
of drug/DNA interaction. In that regard, the study of
NetAmsa will provide information that is useful in the design
of compounds. For example, it is clearly not sufficient to link
two well-characterized moieties, each of which has exem-
plary characteristics in isolation; the nature and positioning
of the linkage may have to be varied.

There is no obvious correlation between the preferred Ne-
tAmsa-binding sites inferred from footprinting experiments
and the DNA-cleavage sites, whether topoisomerase II-medi-
ated or oxidation-associated strand breaks (Fig. 15). The
netropsin moiety plays its expected role in driving the
mAMSA chromophore to AT sequences in DNA, but the se-
quence-selectivity of topoisomerase II-mediated cleavage is
not affected. The footprints clearly correspond to AT-rich
sites at which both the netropsin and the mAMSA moiety of
NetAmsa are engaged in interaction with DNA, as shown
previously (bidentate binding) (13). Although the evidence is
strong that the conjugate behaves as a DNA-threading agent
(13), it is nevertheless hard to exclude the possibility that a
fraction of the drug molecules can either bind to the minor
groove or intercalate but fail to do both simultaneously. In
particular, there is a real possibility that some hybrid mole-
cules could bind to non-AT-rich sequences via intercalation of
the acridine ring with the appended bis-pyrrole standing
clear of the bases on the floor of the minor groove (monoden-
tate binding). The coexistence of different binding processes
was previously demonstrated with other combilexin mole-
cules (10, 32). Because the molecular contacts between topo-
isomerase II and DNA take place mainly in the major groove
(33), the enzyme may not distinguish between bidentate and
monodentate binding since in both cases, the methanesulfon-
amido group (i.e., the topoisomerase II-targeted domain)
would protrude similarly toward the major groove regardless
of whether the netropsin tail was anchored in the opposite
minor groove. This could well account for much of the lack of
correlation between strong footprints and cleavage sites. It is
also possible that the netropsin tail has a guenine tendency
to impede full intercalation of the hybrid chromophore, which
would contribute to the observed lower activity against topo-
isomerase II. Similar arguments can be applied to account for
the results of copper-dependent cleavage. Free radicals gen-
erated in the vicinity of the oxidized portion of the hybrid
(i.e., the anilino ring projecting into the major groove) could
attack the DNA bases independently of the position of the
netropsin moiety. Furthermore, OH" radicals can be pro-
duced before the drug gains access to its preferred binding
sites, and they can also diffuse around those sites to engen-
der quasi-random strand cleavages. However, the fact that
copper-dependent cleavages occur preferentially at single
residues (C and sometimes G) suggests the operation of non-
diffusing oxidized species and a mechanism that would im-
plicate deoxyribose modification, as has been demonstrated
with drug/metal complexes. Further studies will be needed to
validate or refute these hypotheses.

This is not the only study that has failed to find a correla-
tion between the sequence selectivity of drug binding to (pro-
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Fig. 14. Kinetics of formation (A) and reversal (B) of
mAMSA and NetAmsa-induced cleavage sites at positions
46-47 of the 265-mer fragment from plasmid pBS. A,
Topoisomerase Il was added to the drug/DNA complex,
and the reaction was stopped at intervals by the addition
of SDS/proteinase K. B, A 50-fold excess of unlabeled
DNA was added at intervals to induce the dissociation of
cleavable complexes before the addition of SDS/protein-
ase K to stop the reaction. In control experiments, the
addition of unlabeled DNA before the enzyme completely
prevented the formation of cleavable complexes (not
shown).
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Cu Cu Cu Cu Fig. 15. Diagrammatic representation of the

footprints and copper-dependent or topoisom-
erase Il (Topo Il)-mediated strand cleavages
produced by the hybrid molecule on the 5'-

| | I | ! I end-labeled 117-mer fragment. Only the region

10 20 30 40 50 of the restriction fragment that was analyzed by
densitometry is shown. Underlined sequences,

Topo ll position of the footprints [i.e., positions of inhi-

bition of DNase | and MPE-Fe(ll) cutting by

Cu Cu Cu Cu NetAmsa] and therefore the putative reversible

CTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACA -3

. L I
60 70 80 90

tein-free) DNA and effects on topoisomerase II. Daunomycin
binds preferentially to A/TGC and A/TCG triplets (3),
whereas daunomycin-induced topoisomerase II strand
breaks can occur at many types of sites not necessarily en-
compassing the aforementioned triplets. The presence of an
adenine residue at position -1 relative to the cleavage site (T
at +5) is the only requirement for daunomycin-stabilized
cleavage of DNA by topoisomerase II (34). Actinomycin ex-
hibits a sharp selectivity for CpG-containing sites (4), but no
specific sequence requirement for topoisomerase II inhibition
has been reported. Conversely, cleavage sites produced by
topoisomerase Il in response to epipodophyllotoxins and
quinolone derivatives show a preponderance of C at the -1
position (35, 36), whereas these drugs interact loosely, if at

binding sites. Dashed arrows, sites of topo-
isomerase ll-mediated DNA cleavage. Solid ar-
rows, main copper-dependent strand breaks.

I
100

all, with DNA in the absence of the enzyme. In nearly all
cases, it seems that the known sequence selectivity of drug
binding to DNA has little to do with the location of drug-
induced topoisomerase II breaks. Binding to DNA and topo-
isomerase inhibition may be viewed as two distinct molecular
processes that contribute separately to the cytotoxic activity.
Furthermore, it is clear that antitumor activity must demand
more than complex formation between the drugs and GC- or
AT-rich sequences in DNA together with specific induction of
DNA strand breaks via topoisomerase II. There are grounds
for the belief that it is the effect on DNA secondary structure,
not the primary sequence selectivity, that is important for
interference with the catalytic activities of topoisomerases.
The distinctive localized structural perturbations of base-
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pairing and helix conformation induced by intercalating
drugs such as mAMSA, daunomycin, and actinomycin quite
possibly represent the overriding factor responsible for their
specific effects on topoisomerase II. DNA structure is known
to influence the functioning of the enzyme (37). Combilexin
molecules such as NetAmsa may also operate by specifically
modulating the local conformation of DNA.

It is important to bear in mind that the topoisomerase II
cleavage sites determined in the current study with NetAmsa
or with any other drugs in vitro could be different from those
that occur in cells. It seems that for the epipodophyllotoxin
VM-26, it is chromatin structure, not DNA sequence speci-
ficity alone, that is the primary determinant of topoisomer-
ase II sites of action in vivo (38). Although drugs can main-
tain a high degree of sequence specificity in binding to
chromatin of living cells, corresponding to that established in
vitro, recent studies suggest that it may be the genomic site
and reversion kinetics of DNA cleavage in vivo that are the
primary factors influencing cytotoxic potency (39). Studies
are in progress to investigate site-specific DNA cleavage by
NetAmsa in cells.
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