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Abstract-A hybrid molecule, which combines an anilinoacridine chromophore related to the antitumour 
drug amsacrine (m-AMSA) and a bispyrrole moiety analogous to the antiviral agent netropsin, has been 
examined for its ability to bind chromatin and to modulate the activity of topoisomerase II. The results 
show that the presence of histones does not alter the bimodal DNA binding process. Intercalation of 
the acridine and groove binding of the netropsin part of the drug are both observed with chromatin 
preparations. Moreover, the hybrid has a clear topoisomerase II-DNA cleavable complex-inducing 
activity close to that of m-AMSA. The role of the two parts of the hybrid ligand is discussed in relation 
to ternary complex formation. Two cell lines (L1210 leukemia and MCF7 mammary carcinoma) were 
compared in their sensitivity to the tested ligand. The drug, which appears to be an efficient growth 
inhibitor of leukemic ceils in vitro, reveals moderate activity against P388 leukemia in vivo. The biological 
activity of the hybrid may derive from a mechanism that involves DNA binding and topoisomerase II 
inhibition. This study demonstrates that agents which intercalate and bind to the minor groove of DNA 
simultaneously represent a new class of drugs interfering with topoisomerase II and provide opportunities 
for the development of new antitumour agents. 

The continuous spread of cancer and the large 
number of malignancies that do not respond to 
chemotherapy call for the development of safe 
and effective antitumour drugs. A serendipitous 
approach, which consists of testing any kind of 
synthetic chemical or natural product for ability to 
inhibit cancer cell proliferation, was initially 
launched. This irrational stochastic screening has 
had the merit of yielding a number of anticancer 
drugs with an established place in the clinic 
(doxorubicin for example). Another approach was 
to identify molecular targets that could be exploited 
in the rational design of selective antitumour drugs. 

DNA embodies the genetic specification of an 
organism and directs cellular proliferation and 
differentiation. Accordingly, it has been considered 
as a potential cellular target for drug action [l, 21. 
For more than a decade, extensive effort has been 
directed towards the synthesis and study of DNA- 
interacting agents, primarily based on their potential 
as antitumour drugs. Chemists have focused their 
attention primarily on the design of powerful drugs 
able to bind DNA with an extreme affinity. 

Since the 197Os, new dimensions were added to 
our understanding of cell control proliferation as a 
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1 Abbreviations: m-AMSA, amsacrine; ELD, electrical 
linear dichroism. 

result of the molecular biology of genes. This, 
combined with the advent of footprinting techniques 
[3] which have revealed the sequence-dependent 
nature of the binding of various antibiotics, has 
recently kindled productive interest in developing 
DNA sequence-specific drugs [4]. Over the past 5 
years, there have been significant advances in our 
knowledge of the way in which DNA can be targeted 
at definite sequences either by specific groove binding 
[5,6] or site-selective intercalation [7,8]. 

Simultaneously, a landmark discovery was the 
identification of the importance of topoisomerase II 
(EC 5.99.1.3), an enzyme that alters the degree of 
supercoiling and twisting of DNA [9-111, in 
mediating the antitumour activity of intercalating 
agents such as amsacrine (m-AMSAY) [12]. 
Topoisomerase II introduces a transient double- 
strand break in DNA and forms a protein-DNA 
complex referred to as the cleavable complex. Some 
cancer chemotherapeutic agents, consisting mainly 
of DNA-intercalating drugs, trap the enzyme at this 
stage stabilizing the cleavable complex and thus 
preventing the restoration of intact DNA strands 
[13-161. 

The exact molecular basis for the interference 
with topoisomerase II remains unknown, but it is 
likely that the drug-induced site-specific structural 
distortions of DNA are determinant. However, no 
evidence was found for direct correlation between 
the unwinding potentials of intercalating agents and 
their effects on the catalytic activity of topoisomerase 
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Fig. 1. Chemical structures of netropsin (a), m-AMSA (b) and the hybrid ligand NetGA (c). 

II [17]. In contrast, correlations have been found 
between cytotoxicity and topoisomerase II-induced 
DNA breakage [18]. 

On the other hand, minor groove binders are able 
to impede the catalytic activity of topoisomerases I 
[19,20] and II [21-231 and are now regarded as a 
new class of topoisomerase II-interfering agents 
providing new opportunities for the modulation of 
these proteins. 

Having these different results in mind, we 
postulated that the combination of minor groove 
binders and intercalators has potential usefulness as 
an antitumour agent. Hybrid ligands-which we 
named “combilexins” [24l_were designed with the 
rationale that the intercalating chromophore may 
provide DNA affinity and that the appended 
pseudopeptide may support the DNA sequence 
selectivity. Moreover, it is also expected that these 
effects, based upon mere consideration of DNA as 
the primary target for antitumour action, may lead 
to the discovery of topoisomerase II-mediated 
selective antitumour agents. The present paper 
describes some aspects of the biochemical phar- 
macology of a model hybrid compound. 

A series of minor groove binding-intercalating 
hybrid compounds consisting of a netropsin skeleton 
conjugated to an anilino-aminoacridine nucleus 
structurally related to m-AMSA has been synthesized 
[25]. In the present study, we have explored the 
antitumour activity of one of these hybrid compounds, 
NetGA (Fig. l), for which the mechanism of binding 
to DNA (i.e. intercalation and groove binding) is 
well elucidated [26]. While the effect of this drug 
may be understood in terms of interaction with 
DNA, it is obviously necessary to know if such a 
bimodal binding can be observed at the chromatin 
level. Therefore, in parallel, we report its binding 
mode to chromatin and its interaction with 
topoisomerase II which may be a key mechanism in 
its antitumour activity. We found that the drug 
inhibits the proliferation of tumour cells in vitro and 

exhibits moderate, but noticeable, antitumour effects 
in vivo. We observed that the drug binds chromatin 
by two distinct processes and is as efficient as the 
antitumour drug m-AMSA in stabilizing the 
topoisomerase II-DNA cleavable complex. The 
results support the view that hybrid compounds are 
promising in terms of DNA binding, topoisomerase 
II inhibition and antitumour activity. 

MATERIALS AND METHODS 

Drugs 
The synthesis of NetGA together with complete 

spectral characterization was described previously 
[25]. Fluorouracil was purchased from Laboratoires 
Roche (France). m-AMSA was obtained by a 
modification [27] of the initial procedure of Cain et 
al. [28]. Netropsin and distamycin were obtained 
from the Aldrich Chemical Co. (Gillingham, U.K.) 
and Serva (Heidelberg, F.R.G), respectively. 

Preparation of chromatin fibres and electric linear 
dichroism 

The chromatin was extracted from chicken 
erythrocytes and purified according to described 
procedures [29]. Details of the procedures used for 
ELD experiments were reported previously [26]. In 
the ionic strength conditions (cacodylate 1 mM 
pH6.5) used for ELD measurements, chromatin 
(l&80 nucleosomes long) is mostly present as the 
10 nm fibre. 

DNA topoisomerase II-mediated DNA cleavage 
Calf thymus DNA topoisomerase II and covalently 

closed circular pSP65 DNA were purified according 
to published procedures [30-321. The DNA topo- 
isomerase II cleavage reaction mixture (15 PL total 
volume) contained 13.2 .ug/mLpSP65 DNA, 28.2 pg/ 
mL DNA topoisomerase II, 1 mM ATP and drug at 
the indicated concentration in 100 mM KCl, 0.5 mM 
NasEDTA, 0.5 mM dithiothreitol, 30 pg/mL bovine 
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albumin and 40mM Tris-HCI pH8.0. After 
incubation at 37” for 15 min, sodium dodecyl sulfate 
and proteinase K were added to a final concentration 
of 0.35% and 9Opg/mL, respectively, and samples 
were incubated further at 50” for 45 min. The 
digestion was stopped by addition of 5 mL of 0.05% 
bromophenol blue, 50 mM NasEDTA, 50% sucrose. 
DNA was subjected to electrophoresis in a 5% 
polyacrylamide gel at 15 V/cm for 2 hr at room 
temperature. After staining with ethidium bromide, 
the gel was photographed under UV illumination 
using Polaroid Film. The negative was scanned and 
peak area, measured with a Joyce-Loebl chromoscan 
3, was converted into DNA mass using a standard 
25 ng of linear pSP65 DNA obtained by digestion 
of the circular form with Hind111 restriction 
endonuclease. 

Cell cultures, growth inhibition and clonogenicity 
assays. L1210 leukemia cells were grown in 
suspension culture in RPM1 1640 medium sup- 
plemented with 10% foetal calf serum (v:v) in a 
humidified atmosphere of 5% carbon dioxide in air 
at 37”. Fresh aliquots, stored in liquid nitrogen, of 
cells were thawed frequently. Cultures used to assess 
drug effects were in exponential growth (doubling 
time 15-18 hr). The drug at the appropriate 
concentration was added to cell cultures (5 mL) for 
4 days without renewal of the medium. Every day, 
the cells were diluted with Trypan blue and counted. 
Assays were carried out in triplicate and the results 
averaged. 

MCF7 human mammary carcinoma cells were 
maintained in Dulbecco MEM (GIBCO, Uxbridge, 
U.K.) medium supplemented with 10% foetal calf 
serum (v:v) in a humidified atmosphere of 5% 
carbon dioxide in air at 37”. To establish growth 
curves under continuous exposure to NetGA at 
various concentrations, 1.5 x lo5 exponentially 
growing MCF7 cells were seeded in 2 mL Leighton 
tubes and incubated at 37” for 8 days. Every day the 
cells were harvested with 0.1% Trypsin and counted 
using a Coulter counter (D230). Four tubes were 
used for each point. A minimum of three separate 
experiments was carried out for each concentration 
of both drugs. Survival curves, representative of the 
toxicity of the tested drug, were determined by using 
the colony forming method [33]. Depending upon 
the number of surviving colony forming units 
expected after a given treatment, different but 
known numbers of cells were plated in a dish. The 
number of cells seeded was such that an average of 
100 colonies per bottle was obtained. Cells were 
incubated for 15 days in 10% carbon dioxide 
atmosphere. These cells were exposed continuously 
to different concentrations of NetGA or m-AMSA 
without renewal of the growth medium during the 
experiments. 

Toxicity studies in mice. These were performed 
using healthy female Swiss mice (median weight: 
30 g, range 28-31 g). NetGA was administered i.p. 
in 0.4 mL of sterile nhvsioloaic saline. Three serial 
dosages (5,25,50 mg/kg/dafi were tested by daily 
administration from dav 1 to dav 5. Each dosage 
was administered to three mice. Toxicity w’;s 
evaluated both by the evolution of animal weights 
and by 30 days survival. 
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Fig. 2. Reduced linear dichroism (AA/A) spectra of a 
NetGA-chromatin complex, at a drug to DNA-phosphate 
ratio of 0.1 and at 12.5 kV/cm in 1 n&I Ttis-HCl buffer, 

pH7. 

Antitumour activio in mice. This was evaluated 
in P388-bearing DBA/2 female mice (Charles River, 
France) (median weight: 23.7 g, range 23.4-24.8 g). 
Mice were housed six per cage with free access to 
food and water. Inoculum consisted of 0.1 mL of 
diluted (sterile physiologic saline) ascitic fluid 
containing lo6 leukemic cells drawn from a leukemic 
mouse. The day of i.p. tumour inoculation was 
designated as day 0. NetGA was administered i.p. 
(25 mg/kg/day) in 0.2mL of sterile physiological 
saline from day 1 to day 5. Untreated controls 
and positive controls were performed by i.p. 
administration of sterile physiological saline (0.2 mL, 
day 1 to day 5) and 5_fluorouracil(20 mg/kg/day in 
0.4 mL sterile physiological saline, day 1 to day 5), 
respectively. Median and range of survival time were 
reported for each group. Antitumour activity was 
evaluated by calculating T/C% = (test group median 
survival time/control median) x 100. Comparison 
between groups were performed using the non- 
parametric Mann-Whitney U-test. 

RESULTS 

Mode of binding to chromatinfibres 

A previous investigation revealed that the drug 
fits isohelically in the minor groove of DNA by its 
netropsin moiety and intercalates its acridine 
chromophore between DNA base pairs [26]. In order 
to determine the influence of proteins bound to 
DNA on the binding characteristics of NetGA, its 
interaction with chicken erythrocyte chromatin was 
studied using the electric linear dichroism technique 
which can independently reveal the orientation of 
both the netropsin and the acridine moieties of the 
hybrid. The ELD signal depends on the local 
orientation of the light-absorbing chromophores 
relative to the orientation axis of the chromatin 
fibres. Upon binding to chromatin fibres, the ligand 
displays two bands of opposite signs (Fig. 2). The 
positive signal at 310 mn reflects the position of the 
bispyrrole unit while the negative signal centred at 
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430 nm reflects the position of the acridine moiety. 
Assuming, by virtue of electrodynamic arguments 
[34], that the chromatin fibres are parallel to the 
electric field, the negative sign of the dichroism in 
the 430 nm band of the hybrid ligand and the band 
of the DNA at 260 nm suggest an intercalation of 
the acridine moiety. Opposingly, the positive 
dichroism at 310 nm supports a groove binding 
process for the netropsin moiety. 

The field strength dependence of the reduced 
dichroism of a chromatin-NetGA complex is 
unequivocal in that the dichroism amplitude of the 
complex at 430nm is a little higher than that of 
chromatin alone monitored at 260 nm (not shown): 
at 12.5 kV/cm, reduced dichroism values of 
approximately -0.08 and -0.12 are observed at 260 
and 430 nm, respectively. In the 310 nm region, both 
NetGA and netropsin exhibit positive dichroism 
signals, supporting the view that netropsin and the 
netropsin-like moiety of the hybrid NetGA adopt a 
similar configuration upon binding to chromatin. 
Thus the mode of interaction of NetGA with 
chromatin remains qualitatively similar to that 
observed with naked DNA, with minor modifications 
in its binding affinity. Upon interaction with DNA, 
the absorption spectra of the ligand showed a large 
red shift and 27% hypochromism. In the presence 
of chromatin, the hypochromic effect increases to 
reach 47%. The knowledge of the binding mode of 
this drug may be a crucial element for the 
interpretation of the mode of interaction with the 
topoisomerase II-DNA complex. 

Stabilization of the topoisomerase II-DNA complex 

m-AMSA induces large amounts of protein- 
associated DNA breaks in cultured cells [35] and 
stimulates topoisomerase II-mediated DNA cleavage 
in vitro [12]. The ability of NetGA to stimulate 
topoisomerase II-mediated DNA cleavage was tested 
comparatively with m-AMSA by following the 
conversion of pSP65 DNA into the linear form which 
migrates faster in polyacrylamide gels [36]. Figure 3 
shows that both compounds are equally potent in 
inducing DNA cleavage in the O-8 PM concentration 
range. At high NetGA concentration, DNA cleavage 
levels off and drops at a concentration of 50 PM 
whereas the m-AMSA-induced cleavage exhibits a 
continuous increase. We tested the effect of glycyl- 
anilino-9-aminoacridine (i.e. the intercalating moiety 
of the hybrid) at a concentration of 50 PM and 
observed no stimulation of topoisomerase II- 
mediated DNA cleavage (not shown). Thus, the 
netropsin-like moiety of NetGA plays a crucial role 
in stabilizing the cleavable complex. 

Cytostatic and cytotoxic activities in vitro 

Two different cell lines were used to evaluate the 
potential antitumour activity of NetGA: L1210 
leukemia cells and MCF7 human mammary 
carcinoma cells, i.e. two cell lines derived from a 
leukemia and a solid tumour, respectively. 

L1210 cells were exposed to NetGA for a period 
of up to 96 hr. The data presented in Fig. 4 indicate 
that the exposure to 0.5 PM NetGA for 4 days was 
sufficient to cause marked (i.e. 50%) inhibition of 
growth but weakly decreased cell viability (95% of 
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Fig. 3. Stimulation by NetGA and m-AMSA of DNA 
topoisomerase II-mediated double strand DNA cleavage. 
(a) Polyacrylamide gel electrophoresis of pSP6.5 DNA after 
cleavage in the presence of 100 uM VP-16 (lanes 2-3) or 
Net GA at concentrations of 50, 40, 30, 20, 15, 10, 6, 4, 2 
and 1 PM (lanes 4-13), respectively, or in the absence of 
drug (lane 14); 25 ng of linear pSP65 DNA was run as a 
standard (lane 1). (b) The extent of cleavage (%) of 
pSP65 DNA was determined for NetGA (a) and m-AMSA 
(0) as described in Materials and Methods and the results 
expressed relative to cleavage observed in the presence of 

100 uM VP-16. 

the cells remained viable with 0.5 PM NetGA). 
Complete growth inhibition was achieved after 
exposure to at least 5 PM, resulting in total cell 
numbers of 40 and 20% of control at 48 and 96 hr, 
respectively, with more than 50% of the cells 
remaining viable in both measurements. Complete 
cell death was o,btained only for concentrations up 
to 25 PM. After 48 hr exposure to 10 ,uM NetGA, 
50% of the cells were dead and continuous exposure 
for up to 96 hr did not increase significantly the 
percentage of non-viable L1210 cells. The hybrid 
drug NetGA thus appears to be a potent cytostatic 
agent but only weakly cytotoxic. 

For comparison, the reference drug m-AMSA was 
tested under similar conditions and 50% growth 
inhibition was obtained with a concentration of 
0.075pM (after 96 hr exposure, 100% inhibition 
obtained with 0.5 PM m-AMSA). However, if m- 
AMSA, as expected, is a powerful growth inhibitor 
for leukemic cells, it is also a toxic agent. After 96 hr 
exposure, a concentration of 0.5 PM m-AMSA was 
sufficient to kill 50% of the cells (100% with 5 ,uM) 
(not shown). Therefore, the concentration of m- 
AMSA which kills 50% of L1210 cells (0.5 PM) is 
6-7-fold greater than the concentration which inhibits 
growth by 50% (75 nM). Opposingly, with NetGA 
it should be noted that the difference is higher since 
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Fig. 4. Effect of different concentrations of NetGA on the growth of L1210 leukemia cells: (0) control. 
(0) 0.1 @i, (0) 0.5 PM, (M) 1 @f, (A) 5 @I, and (A) lO@vL Exponentially growing cells (0.25 x lob) 
were incubated with the drug for 4 days without renewal of the medium. (b) Effect of different 
concentrations of (0) NetGA and (0) m-AMSA on the viability of L1210 cells. Cells were incubated 
for 48 hr at the indicated concentration and viability was evaluated by trypan blue exclusion. Viability 
is expressed as a percentage relative to the control untreated cells. Values are the results of three 

separate determinations. 
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Fig. 5. (a) Growth inhibition of MCF7 cells incubated with various concentrations of NetGA: (0) 
control, (A) 5 ,uM, (A) 10 PM, (0) 20 PM. Exponentially growing cells (1.5 X 10s) were incubated with 
the drug for 8 days without renewal of the medium. (b) Dose-survival curves obtained in a clonogenic 
assay with MCF7 mammary carcinoma cells in the presence of NetGA (0) and m-AMSA (0). Vertical 

bars indicate SEM. Each point represents a minimum number of five observations. 

the concentration giving 50% of dead cells (7.5 PM) 
is &fold greater than the concentration producing 
50% growth inhibition (0.5 PM). However, it is clear 
that NetGA is less active than m-AMSA on L1210 
cells. 

m-AMSA shows a LDSO of 3.3fl. Thus, both the 
cytostatic and cytotoxic activities of NetGA are 
lower with MCM cells. 

Morphological cellular alterations 

With MCF7 cells, NetGA is less active by far than With both L1210 and MCF7 cells exposed 
with leukemic cells. As shown in Fig. 5a, continuously to a concentration of NetGA which 
concentrations as high as 20pM were required to inhibits growth by 4060% but which is weakly toxic, 
halve the cell growth. NetGA influenced the cell we observed the presence of numerous cells of an 
proliferation in a dose-dependent manner but the increased size (Fig. 6). Such cellular modification 
percentage of growth inhibition remained relatively is frequently observed and characterizes many 
constant from day 1 to 7. The decrease in viability, antitumour drugs; for example, this phenomenon 
determined by colony-forming ability, was also dose- was well described with an ellipticine derivative [37]. 
dependent (Fig. 5b). The LDsO is estimated to be However, more surprisingly, within these giant cells 
10 PM for NetGA while, under identical conditions, a large proportion were multinucleated (binucleated, 
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Fig. 6. Effects of NetGA on cell morphology (X100). (a) 
MCF7 normal cells; (b and c) hypertrophied MCF7 cells 
treated with 20 PM and 40 PM NetGA. Polynucleated cells 

are indicated by arrows. 

rarely trinucleated). Binucleated cells can originate 
either from the failure of cytoplasmic division 
immediately following nuclear division (the most 
likely explanation) or from the fusion of two or more 
adjacent cells into one single cytoplasmic unit. In 
order to determine the process leading to these 
cellular alterations, we followed the cells treated 
with NetGA by time-lapse cinematography. MCF7 
cells, which grow in a monolayer and for which the 
hyperplasia was particularly obvious, were used. 

We observed unambiguously that hypertrophic 
multinuclear cells resulted from fusion between 
neighbouring cells. These cells were not capable of 
reproduction and remained viable in the culture for 
a limited time only. As far as we are aware, such a 
cellular phenomenon has never been reported with 
DNA-binding ligands. The significance of these cell 
fusions is presently unknown. However, as the 
structure and composition of the cell membrane play 
an important role in cell fusion, one could ask about 
the effect of NetGA on cell membrane. 

Toxicity studies 

Toxicity studies of NetGA were performed by the 
i.p. route. By this route, this agent has not revealed 
any type of cytotoxicity to healthy mice even at a 
dose as high as 50 mg/kg/day. Animal weights, 
aspects and behaviour were identical to those of the 
controls. Histology studies of the animals killed at 
30 days have not shown any organ damage. 
Therefore, NetGA, that fared well in the in vitro 
and toxicity studies was screened for in vivo activity 
against P388 leukemia. 

Antitumour activity in vivo 

To test the antitumour potency of NetGA, P388 
leukemia cells were inoculated i.p. in DBA2 mice 
and grown. According to the National Cancer 
Institute, leukemia P388 is a reasonable prescreen 
on the basis of its sensitivity to most classes of 
clinically effective drugs. The control mice began to 
die at day 10 while the leukemia-free DBA2 mice 
treated with NetGA under similar conditions 
behaved like the untreated non-leukemic DBA2 
mice, thus confirming that the drug is not toxic. 
Leukemia sensitivity to NetGA is shown in Fig. 7 
together with the results obtained with 5-fluorouracil, 
one of the most efficient and frequently used 
antitumour drugs. At 25 mg/kg/day of NetGA 
(repeated daily injection of days l-5), a noticeable 
increase in life span was observed, expressed by a 
T/C of 132%. At a higher dosage (50 mg/kg/day, a 
non toxic dose) the effect was not improved. The 
observed activity corresponds to the lower limit of 
the significant effect on P388 in mice. With 5- 
fluorouracil, used as a positive control, a T/C of 154 
was measured and validates the assay. m-AMSA 
was not tested here but the literature reports an 
increase in lifespan of 60 and 78% (i.e. T/C of 160 
and 178) at 5.9 mg/kg/dose [38] and 8.9 mg/kg/dose 
[39], respectively, under comparable (but not strictly 
identical) conditions as for P388 cultures. 

DISCUSSION 

The netropsin-anilinoacridine hybrid molecule 
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Fig. 7. In uiuo antitumour effect of NetGA (b) at 25 mg/ 
kg/day (N = 6) compared to S-fluorouracil (c) at 20 mg/ 
kg/day (N = 6), relative to untreated animals (a) (N = 5). 
The drug is administered on days l-5 after tumour 

inoculation on DBA2 mice. 

NetGA was shown recently to interact strongly with 
DNA in a sequence-selective manner 1261. On the 
basis of complementary physicochemical data, it was 
established that the DNA binding mechanism of this 
drug involves two distinct simultaneous processes: 
intercalation of the acridine chromophore between 
DNA base pairs and minor groove binding of 
the netropsin skeleton. Footprinting experiments 
revealed that the drug has retained the AT selectivity 
of the netropsin half of the molecule, 

This mode of binding was dete~ined with purified 
DNA but the major part of DNA in eukaryotic cells 
is packed into a nucleosomal chromatin libre 
structure [40]. This higher order of structure can 
affect drug accessibility to DNA. Therefore, the 
study of the interaction of NetGA with chromatin 
may be more representative of the binding process 
that takes place in uiuo. This interaction was studied 
by an electro-optical technique particularly adapted 
for such bifunctional ligands. Indeed, by selectively 
measuring the reduced linear dichroism of the 
a&dine chromophore and the netropsin moiety in 
their respective absorption regions as compared to 
that of the bases, we can fully appreciate the 
orientation of the drug bound to DNA. 

As the hybrid bears an aniline-a~noac~dine 
chromophore, it is supposed to intercalate into the 
DNA helix. However, we showed previously that, 
in the presence of DNA, only a partial intercalation 
of the acridine plane of the hybrid is possible due 
to the tight anchorage of the netropsin moiety into 
the minor groove. When chromatin is interacting 
with NetGA, the negative dichroism in the 430 nm 
band (-0.12) is similar to that observed for the 
naked DNA-NetGA complex in this band, but more 
negative than that of chromatin at 260 nm (-0.08). 
This supports the view that the presence of histones 
in chromatin does not disturb the a&dine ring 
inter~ation, mostly influenced by the netropsin 
moiety of the hybrid. As regards this last moiety, it 
appears that the presence of histones does not 
modify appreciably its binding to DNA. Indeed, 

chromatin-NetGA and DNA-NetGA complexes 
have similar positive dichroism values at 310 nm. In 
other words, the minor groove is equally accessible 
in chromatin and naked DNA for this ligand. 
This is not surprising since circular dichroism 
measurements have evidenced that gO-90% of the 
DNA is still accessible to the minor groove binder 
~st~y~n in chromatin fibres [41]. The binding of 
netropsin and distamyciu to chromatin takes place 
preferentially, if not exclusively, in the DNA 
Iinker regions and results in an increase in the 
intemucleosomal distance [42]. Intercalators also 
bind to the intemucleosomal region of DNA at high 
DNA-phosphate over ligands ratios [43]. On the 
basis of these references and as the ELD signals 
always displayed perfectly normal shapes, we can 
assume that NetGA binds to linker DNA too. 

Inhibition of replication and transcription pro- 
cesses by drug binding to DNA and chromatin could 
be directly responsible for the cytotoxic effect 
observed. However, although it is known that DNA 
binding is a necessary condition for c~oto~~ty, the 
different activities of aniline-ac~dines derivatives 
which all inter&ate and exhibit similar affinities for 
DNA have not been explained [17]. 

Many studies have indicated that topoisomerase 
II is a privileged cellular target through which a 
large number of efficient anticancer drugs produce 
their cytotoxic effects. Correlation between topo- 
isomerase II-mediated DNA cleavage and cyto- 
tocixity has been observed for drugs such as 
anthracyclines [44] and a&dines including m-AMSA 
[lS, 45,46].Moreover,supportingthisfindingfurther 
are the observations that: (1) alteration of the 
topoisomerase II enzyme structure affects the 
c~otoxicity of m-AMSA and analogues and (2) cells 
resistant to m-AMSA present altered topoisomerase 
II function [38,47,48]. Thus, the effect of NetGA 
on the functional activity of this enzyme needed to 
be investigated. 

The alteration of the functional activity of 
topoisomerase II, checked in vitro by the occurrence 
of linear DNA representative of the stabilization of 
the cleavable complex, is observed with NetGA. 
The absence of effect of the glycyl-anilino-9- 
aminoacridine chromophore (i.e. the intercalating 
moiety of the hybrid) compared to the marked effect 
of the hybrid suggests that the netropsin skeleton of 
the hybrid undergoes strong interaction with the 
enzyme-DNA complex, With naked DNA as well 
as with DNA associated in a nucleosomal structure, 
the netropsin moiety was found anchored perfectly 
to the minor groove of the DNA. Therefore, both 
moieties of the hybrid appear as determinants for 
the interaction with the topoisomerase II-DNA 
complex. 

In order to propose a scheme by which the drug 
can alter the topoisomerase II activity, it is worth 
remembering the present state of knowledge of the 
postulated mechanism of the interaction of m-AMSA 
with the topoisomerase II-DNA complex. 

Intercalation of m-AMSA (with a DNA unwinding 
angle of 20.5” 1491) occurs through the acridine ring 
and projects the anilino ring from one of the grooves 
of the DNA; the minor groove was proposed initially 
[SO] but major groove binding has been postulated 
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recentlv 1511. Modification of the acridine rina results 
in alterkd CNA binding properties [52]. Opp&ingly, 
studies with m-AMSA analonues for which the 
acridine part is held constan; while the anilino 
substituents are changed, have shown that the 
cytotoxicity varies almost independently of the 
DNA association constant [47,53]. Furthermore, 
depending on the structure of the m-AMSA 
derivative, the efficiency of the formation of the 
cleavable complex can vary widely with little 
dependence on DNA binding [17,46]. With respect 
to these considerations, it is very likely that action 
on topoisomerase II is directly responsible for the 
biological activity of the drug and that m-AMSA has 
both a DNA-binding domain (the acridine nucleus) 
and a protein-binding domain (the anilino side chain) 
[39]. However, a direct interaction between the 
enzyme and m-AMSA has not been reported. Similar 
topoisomerase II-DNA binding models, that divides 
the drug into two functional domains, were also 
proposed to explain the stabilizing effect of 
anthracyclines and epipodophyllotoxins [54]. 

If the analogy between m-AMSA and NetGA is 
correct, one could predict that the enzyme-binding 
domain of the hybrid is the pseudopeptide netropsin 
moiety. This hypothesis may be retained because of 
the comparable interaction of both drugs with 
topoisomerase II-DNA complexes. However, it 
cannot be stated that the stabilizing effect is due 
specifically to the bispyrrole entity; it may be due to 
the bulky, positively charged netropsin moiety 
attached to the aniline. Indeed, in a series of a&dine 
derivatives, the one bearing the bulkiest substituent 
(SN 12489, an analogue bearing two consecutively 
linked aniline rings) was found to be the most potent 
topoisomerase II inhibitor [17,46]. However, the 
fact that groove binders also affect the topoisomerase 
II activity certainly needs to be considered here as 
well as the size of the bispyrrole moiety of NetGA. 

It was shown recently that distamycin stimulates 
substantially the topoisomerase II-catalysed relax- 
ation of supercoiled DNA plasmid [21,23] and 
inhibits the formation of double strand breaks in 
intact nuclei [22]. Although the exact mechanism of 
interaction between distamycin and the amsacrine- 
stabilized topoisomerase II-DNA cleavable complex 
is totally unknown, these different effects were 
correlated with the AT sequence specificity of 
distamycin and attributed to a redistribution of the 
enzyme along the DNA sequence and alteration of 
the DNA structure upon distamycin binding. 

Considering both these observations and our 
results (Fig. 3), it is tempting to speculate that the 
netropsin-like half of the hybrid acts as distamycin 
does by preventing the trapping of the cleavable 
complex by the m-AMSA-like half of NetGA. This 
effect is apparent at drug concentrations above 
10 FM leading to a concentration-response curve 
reminiscent in shape of those obtained with other 
intercalating agents [55]. 

Before discussing the biological activity of NetGA, 
it is worth remembering here that the covalent 
linkage of an acridine chromophore to a netropsin 
one is particularly well justified not only on 
grounds of DNA binding due to their base- 
specific complementarity (GC [56] and ATAT [57], 

respectively) but also because of the crucial role 
played by acridine in cellular transport. Both 
netropsin and 9-amino-a&dine exhibit a nuclear 
binding preference but with slow and fast kinetics 
of cell penetration [58,59], respectively. With the 
hybrid NetGA, the acridine chromophore speeds up 
the rate of penetration of netropsin and acts as a 
vector allowing a rapid accumulation of the drug 
into the nucleus [60]. 

The combination of groove binders with m-AMSA 
derivatives (and intercalating agents in general) not 
only raises questions about mechanism, but also 
suggests possibilities for therapeutic application. The 
present results show that NetGA is less active than 
m-AMSA both in vitro and in vivo on the above 
selected models but reveals an interesting biological 
capacity. Indeed, the linking of the netropsin 
fragment and the anilino-aminoacridine, both 
individually inactive in vivo, affords a drug with 
marked cytostatic properties against L1210 cells and 
a moderate but noticeable antitumour effect in vivo. 
The lower activity against MCF7 cells is not surprising 
and can be connected with the inactivity of m-AMSA 
against solid tumours such as melanomes, breast and 
lung cancers. m-AMSA is very useful in the treatment 
of refractory acute myelogenous leukemia [61,62]. 

To sum up, this netropsin-acridine hybrid has 
detectable biochemical and antitumour activities 
while the individual components do not. The 
biological properties of NetGA can be considered 
as the results of a tight interaction with DNA and 
inhibition of topoisomerase II; of course, other 
associated targets may be involved. Linkage of 
anilino-aminoacridine to netropsin appears to have 
the same qualitative effects on the anti-topoisomerase 
II activity of this molecule as does the substitution 
(i.e. m-methoxy) which yield m-AMSA. Elucidation 
of the mechanisms of these effects will be a key area 
for future research of tumour active drug. 

More active amsacrine analogues (substituted at 
position 4 of the acridine ring by a carboxamide 
group) have been designed and have justified clinical 
trials [63]. Highly active antileukemic drugs already 
exist but show often intense intrinsic toxicity. As an 
illustrative example, it can be mentioned that m- 
AMSA itself is very toxic; the treatment of non- 
leukemic mice with 20 mg/kg/dose of m-AMSA on 
an intermittent schedule killed 100% of the treated 
mice [38]. Evaluation of the therapeutic potential of 
a drug necessitates the consideration of both the 
activity and toxicity of the tested drug. NetGA 
exhibits a moderate activity in vivo but is considerably 
less toxic (if toxic at all) than m-AMSA in vivo. 
Therefore, we think that it could be interesting to 
develop other related ligands in an attempt to obtain 
more active and weakly cytotoxic hybrids. The 
concept of hybrid ligand deserves thus to be retained. 

The success of this first hybrid has encouraged us 
to design other related compounds. Firstly, we 
have synthesized conjugates between a distamycin 
fragment and ellipticine-intercalating chromophores, 
in order to find drugs with better therapeutic 
efficiency against solid tumours. It should be noted 
here that one of the approaches followed to find m- 
AMSA analogues with different spectra of activity 
consists in the combination of m-AMSA derivatives 
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with DNA-~kylating groups, i.e. to develop hybrid 
ligands 164,651. Secondly, we elaborated recently 
hybrids between netropsin and tumour active m- 
AMSA-Ccarboxamide derivatives. These derivatives 
bear the methoxy and methanesulphonamide sub- 
stituents on the aniline ring which restore the 
oxidizable properties. Oxidative activities should 
contribute to an additional mechanism of toxicity. 
In other words, the replacement of the anilino- 
acridine part of NetGA by a tumour active amsacrine 
analogue may lead to more efficient hybrid molecules. 
Therefore interesting development can be expected 
to take place in this burgeoning new area of 
anticancer drug pha~acolo~y. 
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