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Abstract-The interrelationship between affinity for DNA, cytotoxicity and induction of single-strand 
DNA breaks in cultured L1210 cells was studied for 21 compounds belonging to two series of tricyclic 
intercalators: l-amino-substituted 4-methyl-SH-pyrido[4,3-blindoles (yCARB) and l-amino-substituted 
4-methyl-5Kpyrido[3’,4 :4,5]pyrrolo[2,3-clpyridines (PPP), which are simplified analogues of Ellip- 
ticine derivatives obtained by deletion of one cycle. Adriamycin”, m-AMSA (4’-(9-acridinylamino) 
methanesulfon-m-anisidide), PZE (lo-[diethylaminopropyl amino]-6-methyl-5Wpyrido[3’,4 :4,5]- 
pyrrolo[2,3-g] isoquinoline and RTE ([1-(3-diethylaminopropylamino)-9-methoxy ellipticine, bimaleate) 
are used as reference compounds. The intercalation of these compounds into DNA was strongly 
suggested by three experimental observations: (i) the competitive inhibition of ethidium bromide 
intercalation, (ii) bathochromic and hypochromic effects on absorption spectra induced by DNA, and 
(iii) drug-induced increase of the DNA length, measured by visco&netry.PPP derivatives are generally 
less cvtotoxic and induce DNA breaks less efficientlv than the YCARB ones. both in terms of maximum 
breakage frequencies and required drug concentrations. The’most active compounds induced SSB in 
the DNA of L1210 cells, in a bell-shaped manner: the SSB frequency increased, rose to a maximum 
and then decreased as the drug concentrations increased. The maximum SSB frequencies induced by 
the most active compounds are of the same order as those of reference compounds Adriamycin” and 
PZE. The structurally important requirements are essentially the same for both DNA breakage activity 
and cvtotoxicitv: (i) a N-CH? in the 5-nosition. (ii) a CH, in the 4-Dosition. (iii) a hvdroxv in the 8- 
position and (i;) &e presence of an (a&noalkilja&no siie chain with pref&%ially i 3 c&bon unit. 
There is no direct relationship between DNA affinity in vitro and induction of DNA breaks in cells, 
although a relatively high affinity seemed to be a necessary condition, since the most active compounds 
have the highest affinities and compounds having a very low affinity are totally inactive. The close 
correlation between cytotoxicity and extent of induction of DNA breaks suggests that these breaks may 
be in fact the lethal lesions responsible for cell death and thereby for the antitumor properties of these 
tricyclic intercalators. 

Ellipticine and its analogs belong to the broad class of 
DNA-intercalating compounds which are important 
antitumor agents. The cytotoxic and antitumor 

* Supported by a grant from the Ministere de la Rech- 
erche et de I’Enseignement SupCrieur. To whom requests 
for reprints should be addressed. Present address: Labor- 
atoire de Pharmacologic et de Toxicologic Fondamentales 
du C.N.R.S., 205 route de Narbonne, 31078 Toulouse, 
France. 

t Present address: Institut de Recherche Servier, 11 rue 
des Moulineaux, 92150 Suresnes, France. 

)I Abbreviations used: m-AMSA, 4’-(9-acridinylamino) 
methanesulfon-m-anisidide: NMHE, 2N-methyl9-hydroxy 
ellipticinium acetate; DSB, double-strand breaks; SSB, 
single-strand breaks; BD40, PZE, lo-[diethylaminopropyl 
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activities of these compounds are probably closely 
related to their ability to induce DNA strand breaks 
in cells in culture [l-5]. These protein-associated 
breaks are due to the trapping of topoisomerase II- 
DNA complexes by the drug and can be demon- 
strated in isolated nuclei and in in vitro experiments 
using purified enzyme and DNA [6-81. 

The existence of a relationship between this effect 
and the cytotoxic properties of antitumor inter- 
calating drugs is suggested by three lines of evidence: 
(i) a majority of the most active drugs induce DNA- 
breaks; (ii) some cell lines, resistant to the topo- 
isomerase II-interacting drugs exhibit lower fre- 
quencies of breaks when compared to the sensitive 
ones [9-111; and (iii) some preliminary structure- 
relationships (SAR) have shown a direct correlation 
between these two parameters [12,13]. However, 
among the SAR studies yet reported, only a few of 
them, involving a limited number of drugs, have led 
to conflicting conclusions. 

A classical example of SAR result is the com- 
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parison between m-AMSA(/ and its ortho isomer: the 
former is more potent in causing both DNA cleavage 
and antitumor effects (131. An earlier study per- 
formed with three structurally-different drugs 
(NMHE, m-AMSA and 5iminodaunorubicin) sug- 
gested that there was little or no relationship between 
DNA breakage and cytotoxicity (61. A more recent 
work, performed with four 9-aminoacridine- 
carboxamides, demonstrated a direct 
correlation between cytotoxicity and DNA breaks 
[12]. Likewise, Rowe et al. showed a strong cor- 
relation between the double strand breaks induced 
in vitro in pBR322 DNA and the cytotoxicity of m- 
AMSA and five congeners [13]. However, no direct 
relation was found with doxorubicin and 4 chromo- 
phore-modified analogues [14]. 

Thus, in the case of antitumor intercalating drugs, 
the availability of defined series of structurally- 
related analogues allowing quantitative structure- 
activity relationships remains an interesting way to 
study the correlation between DNA break induction 
and cytotoxicity. 

We described, in recent papers [15-181, the syn- 
thesis and the preliminary in vivo evaluation of two 
structurally-related series of tricyclic analogues of 
ellipticine derivatives: l-amino-substituted 4-methyl- 
SH-pyrido[3’,4’:4,5]pyrrolo[3,2-clpyridines and l- 
amino-substituted 4-methyl-SH-pyrido[4,3-blindoles 
which were abbreviated PPP and yCARB respect- 
ively in this work. Among these compounds, two 
were highly cytotoxic for L1210 cells in culture, and 
exhibited potent antitumor activity in standard 
murine models (leukemia and solid tumors) when 
administered by the i.p. or the i.v. route [16]. More- 
over, a good correlation between the cytotoxicity 
and the antitumor activity on the P388 leukemia was 
found [ 15, 161. The cytotoxicity is thus a rep- 
resentative criterion of the major biological activity 
of these compounds. 

The aim of the present work was first to dem- 
onstrate the intercalative binding of these com- 
pounds by viscosimetry and spectrophotometry and 
second to study the interrelationship between the 
affinity for DNA, the cytotoxicity for L1210 cells in 
culture and the ability to induce DNA breaks in 
these cells. For this purpose, we selected 21 com- 
pounds with a wide range of activities and studied 
them with comparison to two reference compounds, 
lo-[diethylaminopropylaminol-6-methyl-5H pyrido- 
[3’,4’:4,5]pyrrolo[2,3-g]isoquinoline (SR 95225, 
BD40, PZE in this paper) [19] and [l-(3-diethyl- 
aminopropylamino)9-methoxyellipticine] (SR 
95325, BD84, RTE in this paper) [20]. These two 
drugs are two potent ellipticine derivatives, currently 
in clinical trials, and can be considered as the parent 
compounds of their simplified analogues PPP and 
yCARB, respectively. The two well known inter- 
calators m-AMSA and Adriamycin@ (doxorubicin 
hydrochloride)* were also used as reference com- 
pounds. 

* Adriamycin is a registered trademark of Farmitalia 
Carlo Erba. 

MATERIALS AND METHODS 

Drugs. m-AMSA (4’-9-acridinylamino)methane- 
sulfon-m-anisidide) was obtained from Laboratoires 
Substantia, Paris, France, and was dissolved at 
10mM in dimethylsulfoxide and stored at -20”. 
Adriamycin@ was obtained from Laboratoires R. 
Bellon, Paris, France, and dissolved in distilled water 
just before use. PPP and yCARB derivatives were 
synthetized as described [15-181. The hydrochlorides 
of 10[3-diethylamino-propylaminol-6-methyl-5H- 
pyrido[3’,4’:4,5]pyrrolo[2,3-glisoquinoline (SR 
95225, BD40 or PZE in this paper) and of 1-(3- 
diethylaminopropylamino) 9-methoxy ellipticine 
(SR 95325, BD 84 or RTE in this paper) were syn- 
thetized by Sanofi Chimie, as already described 
[21,22]. All these drugs were dissolved in distilled 
water at l-2 mM just before use. 

DNA binding. The apparent DNA binding con- 
stants (KAFF) were measured by competition with 
ethidium bromide as described [23], in 20mM 
Na2HP04/NaHP0,, 0.1 M NaCl, 1 mM EDTA, 
pH 7.4 (PNE buffer), with calf thymus DNA (Sigma 
Chemical Co.) at 10 pg/ml. The KAFFs were cal- 
culated from Scatchard plots by regression analysis 
(correlation coefficient = 0.98-0.99) using three con- 
centrations of the tested drug, in two separate experi- 
ments. 

Absorption spectra. The spectra of the drug alone 
(10 PM) and with increasing concentrations of DNA 
(&362,nM) were recorded. The extinction coef- 
ficient of the bound drug were measured in the 
presence of a saturating excess of DNA. 

Viscosimetry. DNA was sonicated at 0” under 
nitrogen (15 cycles of one minute each) and was 
purified by gel filtration on a Sephacryl S 1000 column 
(Pharmacia). Fractions corresponding to the center 
of the peak were collected, precipitated with ethanol 
at 4”, dried, dissolved in PNE at 2 mg/ml and stored 
at -20”. The molecular weight, determined by a 
standard electrophoretic method, was found to be 
approximately 1 x 106. The thawed DNA was centri- 
fuged before use to discard precipitates. Visco- 
simetric titrations were conducted in 3 ml of PNE in 
an Ubbelohde micro-viscosimeter (capillary no. 1, 
i.d. 0.32 mm) in a thermostatic bath at 25”. The flow 
times (three for each measurement) were auto- 
matically measured with the Schott Gerate AVS 300 
unit. The value R corresponding to the average 
number of bound drug molecules per nucleotide was 
calculated from a quadratic equation, using the Kaff 
value measured in the same conditions, as described 
above. Data were then plotted according to Cohen 
and Einsenberg [24]. The slope of the straight line 
obtained when (N/N”)‘/” is expressed as a function 
of R was calculated by regression analysis. Given 
values of the slope were the means of values obtained 
in two separate experiments. 

L1210 cells. Mouse leukemia L1210 cells were 
cloned and stored in liquid nitrogen; fresh aliquots 
were thawed every 2-3 months in order to rule out 
a possible shift in cell sensitivity to drugs. Cells were 
grown in suspension culture in RPM1 1640 medium 
supplemented with 10% foetal calf serum, 100 U/ml 
penicillin, lOOpg/ml streptomycin and 2 mM glu- 
tamine. Cultures used to assess drug effects were in 
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Table 1. Structures of the tricyclic analogues 

(A) l-amino-substituted 4-methyl-SH-pyrido[4:3-blindoles (yCARB) 
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(B) l-Amino-substituted 4-methyl-SH-pyridol’,4’:4,5]pyrrolo[2,3-c]pyridines (PPP) 

Compounds RI R4 RS 
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/ 
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(A) Chemical structures of l-amjno-substjtuted 4-methyl-5~-pyrido[4:3-b]indoles, 
?CARB. 

* This compound was not previously described. It has been obtained by dechiorination 
of l-chloro-4,5-dimethyl-8-methoxy-SH-pyrido[4,3-b]indoles [I61 (pd/c 10% in ethanol) 
which afford 71% of 4,5-dimethyl-8-methoxy-5H-pyrido[4,3-b]indole (m.p. 115-117”, cyclo- 
exane) and subsequent demethylation by hydrobromic acid (47%, d. 1.47, 1.5 hr at reflux) 
followed by usual work up (yield = 83%, m.p. > 260’, acetonitrile). 

(B) ChemicaI structures of l-amino-substituted 
pyrrolo~Z,3-c]py~dines, or PPP. 

4-methyl-5H-pyrido[3’,4’:4,5]- 
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exponentional phase of growth (doubling time = lo- 
12 hr) and were routinely checked for the absence of 
mycoplasma contaminations. 

Inhibition of L1210 cell proliferation was 
measured as described [15]. The drugs were added 
to cells in exponential phase of growth (0.8 X lo5 
cells/ml) for 48 hr. The cells were counted and results 
were expressed as the drug concentration which 
inhibited the growth by 50% (ICKY). The 1~~0 values 
were estimated by regression from the dose-response 
data and were the means of at least two separate 
experiments, differing by less than a factor 2. 

The clonogenic assay was performed as described 
[25]. Cells (250 or 105, depending on the drug con- 
centration) were treated for 1 hr, washed, plated in 
35 mm culture dishes and incubated for 10 days at 
37”. Colonies were stained with 3(4,5-dimethyl-thia- 
zol-2-yl)-2,5 diphenyl-tetrazolium bromide or thi- 
azolyl blue (Sigma Chemical Co.) and scored. Each 
point is the mean of triplicate dishes and was done 
at least three times in separate experiments. Plating 
efficiency was 40-80% in untreated cells. 

Alkaline elution. Alkaline elution procedures were 
essentially as reported by Kohn et al. [26] and exactly 
as we reported in a recent 

g 
aper [25]. Briefly, treated 

(or untreated control) [’ Clthymidine-labeled cells 
were mixed with [3H]thymidine-labeled cells which 
had received 300 rad of X-ray irradiation to serve as 
internal standard cells, deposited onto polycarbonate 
membrane filters and lysed using a solution con- 
taining 0.1 M glycine, 0.025 M EDTA, 2% SDS and 
0.5 mg/ml proteinase K. Elutions were performed 
with a solution of tetrapropylammonium hydroxide, 
0.02M EDTA, 0.1% SDS, pH 12.1. Single strand 
break (SSB) frequency was calculated at a retention 
of 60% of the tritiated DNA from irradiated internal 
standard cells. For SAR studies, at least four con- 
centrations of each compound were used: 30, 10, 
3 and 1 PM, in order to determine the maximum 
frequency of breaks. Experiments were done at least 
twice. 

Double-strand breaks (DSB) were determined 
without internal standard. Two hundred and fifty 
thousand [14C]thymidine labeled, treated cells or 
untreated control cells were deposited onto poly- 
carbonate filters and elution was performed at 
pH9.6. The retention of [14C]DPM was calculated 
after 10 hr of elution. The DSB frequency was 
expressed as rad equivalents as determined from 
calibration curves that expressed retention of DNA 
vs radiation dose in rads [6]. 

RESULTS 

Intercalative binding of the compounds 

We first measured the apparent affinity constant 
for DNA of all the synthetized derivatives (structures 
shown in Table 1) by competition with ethidium 
bromide. The data were plotted according to Scat- 
chard and a typical graph obtained with compound 
6 is shown in Fig. 1. The curves are perfectly linear 
and intercept the abscissa axis at a R value close 
to 0.20, suggesting a competitive inhibition of EB 
binding. All the analogues gave similar curves (not 
shown). A large range of affinity constant values was 
obtained, from 0.003 to 0.46 X 106/M. The KAm 

0.06 0.1 0.15 0.2 
R 

Fig. 1. Competitive inhibition of ethidium bromide inter- 
calation byproduct 6 (Scatchard plot). 1: ethidium bromide 
alone (A); 2: ethidium bromide + 5 PM drug (0); 3: 
ethidium bromide + 1OpM drug (0); 4: ethidium 

bromide + 20 yM drug (W). 

values of the tricyclic analogues PPP were sig- 
nificantly lower (at least one order of magnitude) 
than that of the reference compound PZE (Table 2), 
although those of yCARB were close to RTE value. 

The interaction with DNA of some selected ana- 
logues having a relatively high KAFF was studied by 
spectrophotometry. Addition of DNA induced three 
effects on the spectrum of the free drug, RTE: (i) a 
hypochromic effect; (ii) a bathochromic effect, and 
(iii) the presence of an isobestic point. These modi- 
fications had been already observed in the case of 
ellipticine [27] and some derivatives [28] and are 
characteristic of an intercalative binding. The modi- 
fications induced by the tricyclic analogues were 
significantly different: the bathochromic effect was 
very low, and there was no peak of absorption cor- 
responding to the bound drug at a wavelength 
superior to that of the isobestic point (Table 3). The 
same kind of modifications in the absorption spectra, 
induced by intercalators have also been previously 
described [29]. 

In order to confirm unambiguously the inter- 
calative binding of these compounds, we also 
measured the increase of sonicated DNA length by 
viscosimetry. This effect is generally considered as 
the strongest indication of an intercalative binding. 
All the tested drugs increased the length of sonicated 
DNA as measured by viscosimetry. When the data 
are plotted according to Cohen and Eisenberg a 
value of 2 is expected for the slope of the straight 
line obtained, but experimental values are generally 
below this value [30]. For example, Adriamycin@ 
included as a reference compound gave a slope of 
1.3. All these results are summarized in Table 3 and 
strongly suggest the intercalative binding of these 
compounds (PPP and yCARB), as is the case for 
PZE and RTE. 

Cytotoxicity 

The lcso values are reported in Table 2 and ranged 
from 0.01 ,uM to 52 ,uM. The compounds belonging 
to the PPP series were generally less cytotoxic than 
the yCARBs. PZE was 10 times more cytotoxic than 
its best tricyclic analogue (compound 17), although 
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Table 2. Biochemical data of the tricyclic intercalators and 
reference compounds 

Compounds 
Got Flll,XS 
(pm) (SSB rad eq.) 

yCARB 
1 0.360 
2 0.136 
3 0.460 
4 0.370 
5 0.210 
6 0.240 
7 0.270 
8 0.120 
9 0.070 

10 0.029 
11 0.230 

PPP 
12 0.012 
13 0.060 
14 0.040 
15 0.030 
16 0.040 
17 0.040 
18 0.030 
19 0.020 
20 0.003 
21 0.017 

Reference compounds 
PZE 0.460 
RTE 0.700 
Adriamycina 3.600 
m-AMSA 0.040 

0.13 195 
0.01 1499 
1.3 84 
0.62 167 
0.09 480 
0.03 1274 

0.01 1194 
0.19 371 

11.2 145 
9.2 0 
0.06 1007 

19.5 24 
1.6 154 
2 84 

12 91 
0.3 629 
0.13 523 
0.34 224 
0.16 567 

52 0 
1.6 90 

0.018 1784 at 16 PM 
0.09 823 at 50 PM 
0.02 1607 at 12.5 PM 
0.015 3068 at 0.25 pM 

Biochemical data of the tricyclic intercalators in com- 
parison with two internal reference compounds (PZE, 
RTE) and two external reference compounds (Adri- 
amycin@, m-AMSA). 

* Values of the apparent DNA affinity constant in 
106/M. 

t The micromolar concentration of drug that reduced 
the proliferation of treated L1210 cells in culture to 50% 
of the control (mean of values obtained in two independent 
experiments differing by less than a factor 2). 

$ Maximum SSB frequency induced in the L1210 DNA 
at 10 ,nM for yCARB and at 30 PM for PPP, determined 
by alkaline elution using proteinase K. 

in the yCARB series five compounds (2,5, 6, 7, 11) 
were as active as (or more active than) RTE. Thus, 
as is the case for DNA affinity, the deletion of one 
cycle does not have the same consequences if a 
nitrogen atom is present in the 9 position in the 
ellipticine nucleus. The cytotoxicity of the more 
active compounds and the reference molecules was 
also measured by the clonogenic assay (not shown). 
The 1% values increased in the following order: 
RTE < PZE < compound 6 < compound 17 (2.7, 
3.1, 5.1, 49 PM, respectively). Thus, and in terms of 
relative drug potency, the results are essentially the 
same in the clonogenic and in the standard pro- 
liferation assay, except for RTE. 

As shown in Fig. 2, there is no direct relationship 
between DNA affinity and cytotoxicity. 

Alkaline e&ion 

The production of DNA breaks (SSB) due to the 
action of the well-known intercalators Adriamycin@ 
and m-AMSA used here as external references and 
of some studied compounds is shown in Fig. 3A. As 
previously described [31], m-AMSA induced a large 
amount of SSB that increased with increasing drug 
concentrations. A concentration of 0.25 ,uM m- 
AMSA gave a frequency of 3068 2 325 rad eq. On 
the contrary, the number of SSB produced by Adri- 
amycin@ rose to a maximum (1607 +- 242 rad eq. at 
12.5 PM) and then decreased as the concentration 
increased (Fig. 3A). This effect has been previously 
described by Potmesil et al. [32]. Likewise, PZE and 
RTE were self-inhibitory at high concentrations (Fig. 
3A). PZE was as active as Adriamycin@, although 
RTE was considerably less efficient, both in the 
number of breaks and in the concentration required 
for maximum effect. The rate of SSB was maximum 
at 16 PM (1784 ? 370 rad eq.) for PZE and at 50 ,uM 
(823 -C 217 rad eq.), for RTE. 

The bell-shaped curves obtained with compounds 
6 and 17 are shown in Fig. 3B. From this figure, the 
rate of SSB was maximum at 12.5 PM for compound 
6 and at 40 yM for compound 17. Compound 20 was 
totally inactive in inducing DNA breaks as it was 
devoid of cytotoxic efficacy. 

Table 3. Viscosimetric and spectrophotometric results 

Compound Slope 
/I free A h”““d t bound IP 
(nm) c;iG) (nm) (/M) (nm) 

RTE 1.3 299 48000 317 2OQOO 313 
5 1.4 332 7400 340 4800 343 
6 1.2 335 8400 338 4700 355 

PZE 1.6 293 28000 315 16000 298 
17 1.7 322 5900 326 4400 373 
18 1.3 315 5300 317 3900 369 

Slope: slope of the straight line obtained when (N/N0)‘13 is plotted as a function of real R. 
Afreer &am4 wavelengths of the maximum absorbance for the compounds, free in solution 

or bound to an excess of DNA, respectively. 
de;rW&Ou;&t Lt’ ex mc ran coefficients of the compounds free or bound to DNA, respectively, 

free 
t. 

IP: wavelength of the isobestic points. 
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Fig. 2. Lack of correlation between the apparent affinity for DNA and the cytotoxicity for L1210 cells 
in the series of PPP and yCARB. 

Drug Concentration (PM) 

Drug Concentration (PM) 

1401 

Fig. 3. Dependence of SSB frequency on drug concentration in L1210 cells. After a 1 hr drug exposure, 
cells were washed by centrifugation at 4” and then assayed by alkaline elution under deproteinizing 
conditions. (A) PZE (0), Adriamycin@ (T), m-AMSA (0) or RTE (Cl). Error bars represent I-SEM 
for at least three independent experiments, shown when larger than symbol size. (B) Compound 6 (0), 
compound 17 (a) or compound 20 (A). Means of values obtained in two separate experiments, differing 

by less than a factor 2. 
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Fig. 4. Correlation between cytotoxicity for L1210 cells and DNA single-strand break frequency in the 
tricyclic simplified analogues of ellipticine derivatives: (A) yCARB; (B) PPP. 

The inhibition of SSB formation at high drug con- 
centrations by all the active compounds (not shown) 
and the fact that the concentration giving the maxi- 
mum of breaks can be different for each drug led 
us to perform the SAR study with at least four 
concentrations. Two parameters could be deter- 
mined: the concentration giving the maximum of 
breaks (C,,,) and the maximum frequency, in rad 
eq. obtained at this concentration (F,,,). It appeared 
that, at least with the 21 tested tricyclic intercalators, 
the concentrations giving the maximum of breaks 
(i.e. the top of the bell-shaped curve) depended on 
the presence or not of a nitrogen atom in the 8 
position: F,,,,, was obtained at 612 PM for yCARB 
and at 2@50 PM for PPP. In order to facilitate the 
interpretation of the results for the structure-activity 
relationship studies, we choose to quantify the DNA 
breaking efficiency by the frequency (F,,,J obtained 
at 10 PM in the series of yCARB and at 30pM in the 
series of PPP. 

A wide range of SSB frequencies were obtained, 
from 0 to 1600 rad eq. (Table 2). Compounds in the 
PPP series induce DNA breaks less efficiently than 
those in the yCARB, both in terms of maximum 
frequencies and of concentration required. 

PPP derivatives were also less active than the 
internal reference molecule PZE. In contrast, the 
most active yCARB analogues (2, 6, 7, 11) were 
more efficient than RTE. Thus, in this latter case, 
tricyclic intercalators can be at least as active (in 
vitro) as the corresponding tetracyclic ones. 

As we discussed previously, there is no direct 
relationship between DNA affinity and cytotoxicity, 
but we found a good correlation between cytotoxicity 
and in uiuo antitumor activity, in the two series 
[15,16]. The results presented in Table 2 show that 
the cytotoxicity is closely related to the capacity to 
induce DNA breaks. The most cytotoxic compounds 
induced the highest SSB frequencies (compounds 2, 
6, 7, 11 and 16, 17, 19) and compounds devoid of 
cytotoxicity were unable to induce significant SSB 
frequencies (compounds 10, 12, 20). This relation- 
ship is illustrated in Fig. 4A and B, where the SSB 
frequencies were plotted as a function of lcso values. 
The two series (yCARB and PPP) were plotted 
separately, since the concentrations giving the maxi- 
mum frequencies were different. The induction of 
DNA breaks, measured by the alkaline elution tech- 
nique, is thus fairly predictive for cytotoxicity and 
for the antitumor activity, in these two series. 
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The structural requirements important for the 
DNA breakage activity were essentially the same as 
those for cytotoxicity [15,16]: 

(i) Compounds having a N-CHs at their 5position 
were generally more cytotoxic and induced more 
breaks in the CARB series (compare compounds 7 
vs 5 or 8 vs 9). 

(ii) A CHs at the 4 position increased both cyto- 
toxicity and DNA breaks (compare compounds 7 
versus 8 or 17 vs 21). 

(iii) The replacement of a methoxy group in the 8 
position by a hydroxy group (compare compounds 
1 vs 7) led to more cytotoxic and more efficient 
compounds in the series of yCARB. 

(iv) The existence of an (aminoalkyl)amino side 
chain plays a crucial role. Compounds lacking this 
chain were considerably less active (data not shown), 
or totally inactive, in these series (compound 10). 
The replacement of the dimethylamino or 
diethylamino groups by a more bulky cyclic amino 
group (compare compounds 6 and 7 vs 4 or 16 and 
17 vs 13) strongly decreased cytotoxicity and SSB 
frequencies. There are no important differences 
when the terminal diethylamino substituent is 
replaced by a dimethylamino group (compare com- 
pounds 6 and 7, 16 and 17). 

The length of the side chain is also an important 
parameter: a 3 carbon unit seemed to be optimal, 
since the C-2 compound 12 and the C-4 compound 
3 were less cytotoxic and broke DNA to a lesser 
extent than the corresponding C-3 compounds (18 
and 1 respectively). 

As we mentioned above, there is no direct relation- 
ship between DNA affinity and induction of DNA 

breaks. However, a relatively high affinity for DNA 
seemed to be a necessary condition for inducing 
DNA breaks and cytotoxicity, since the more active 
yCARB derivatives have also the highest DNA 
affinity and we did not find compounds with a low 
affinity and inducing a high SSB frequency. 

The presence of a side chain is important for DNA 
affinity too: the introduction of a side chain in the l- 
position of compound 10 led to compounds 6 and 7 
having a lo-fold higher affinity, an lc50 lower by two 
orders of magnitude and a good capacity to induce 
DNA breaks. This side chain thus seems to stabilize 
the intercalation of the planar nucleus into DNA, 
this stable interaction being probably a necessary 
condition for induction of DNA breaks and cyto- 
toxicity. However, compound 4, which bears a side 
chain with a bulky substituent, has a high affinity but 
is much less active on L1210 cells and is a weak 
inducer of DNA breaks. Thus, one can postulate 
that another kind of interaction than intercalation is 
required to induce high DNA breaks frequencies. 

The two reference compounds (PZE and RTE) 
and the more active product of each series (com- 
pounds 6 and 17) were tested for their ability to 
induce double-strand breaks (DSB) in cultured 
L1210 cells. For these four drugs, the true single 
strand breaks over the double strand breaks ratios 
(s/d ratio) were calculated as described in Materials 
and Methods. The results are reported in Table 4. 
Like PZE and in contrast to Ellipticine and NMHE 
[2] which induced exclusively DSB, the two tested 
drugs (compounds 6 and 17) were able to induce 
both DSB and true SSB. RTE, at low concentration 
induced almost as many DSB as SSB, but at higher 

Table 4. Estimates of true single-strand to double-strand break ratios in drug treated 
L1210 cells. 

Compound 
[SSB]* 

(rad eq.) 
PW 

(rad. eq.) 

PZE 
16 PM 
4yM 
1 PM 

17 
40 PM 
20 PM 
10 PM 

RTE 
50 PM 
25 PM 

12.5 PM 

6 
12.5 PM 
6.25 ,uM 
3.12 PM 

1784 + 3707 9325 2 1254 0.191 2.40 
1528 a 240 6214 + 1127 0.246 3.65 
473 + 84 2491 f. 440 0.190 2.37 

397 ? 48 2325 2 385 0.170 1.91 
401 * 35 1991 * 333 0.201 2.62 
356 * 10 1991 + 666 0.178 2.09 

823 ” 217 769 + 111 1.070 22.61 
491 ? 145 436 * 111 1.126 23.90 
344 2 43 2325 f 385 0.148 1.40 

1150” 371 3325 + 769 0.346 5.95 
1045 a 258 4213 f 444 0.248 3.70 
846 c 98 4214 f 618 0.200 2.62 

* [SSB], SSB frequency in SSB rad equivalents; [DSB], DSB frequency in DSB rad 
equivalents; s, frequency of true SSB (not including those arising from DSB); d, true 
DSB frequency; s/d calculated according to the equation: 

s Krs [SSB] _=_-- 
d Krd[DSB] 

2, assuming g = 23 [6]. 

t Mean 2 SEM for at least three independent experiments. 
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concentration (25 PM), this latter drug produced are plotted as a function of drug concentration) were 
much less DSB per SSB. similar to those of Adriamycin@, PZE and RTE. 

DISCUSSION 

The aim of the present study was to confirm the 
intercalation into DNA and to study the mechanisms 
of cytotoxicity of two series of tricyclic antitumor 
intercalators: l-amino-substituted 4-methyl-SH- 
pyrido[3’,4’:4,5]pyrrolo[2,3-clpyridines (PPP) and 
l-amino-substituted 4-methyl-SH-pyrido[4:3-b]- 
indoles (yCARB). The intercalation of these com- 
pounds into DNA was strongly suggested by three 
pieces of experimental evidence: (i) competitive inhi- 
bition of ethidium bromide intercalation, (ii) 
bathochromic and hypochromic effects induced by 
DNA on absorption spectra, and (iii) drug-induced 
increase of the DNA length, measured by visco- 
simetry. This latter effect is generally considered as 
the strongest indication of an intercalative binding. 
However, some differences were found when results 
were compared with those of the parent compounds, 
the tetracyclic intercalators PZE and RTE: the modi- 
fications of the absorption spectra were not identical 
and the slopes of the straight line obtained in the 
Cohen and Eisenberg representation were slightly 
lower. The mode of interaction of tricyclic inter- 
calators could thus be slightly different from that of 
tetracyclic ones. 

This inhibition of induction of DNA breaks at 
high drug concentrations is consistent with results of 
Potmesil et al. with Adriamycin@ [32], Pierson et al. 
with PZE [25] and Pommier et al. with NMHE, a 
quaternized ellipticine derivative, on isolated nuclei 
[36]. This effect is also observed in vitro, in experi- 
ments using purified topoisomerase II and DNA [37]. 
The precise mechanism of this effect is unknown. 
High concentrations of intercalators may stabilize 
an intermediate in which the topoisomerase II is 
dissociated from DNA or bound to DNA without 
inducing cleavage, or a high degree of drug inter- 
calation may induce DNA-structure alterations 
which inhibit the binding of topoisomerase II to 
DNA [g]. 

It must be pointed out that, although the con- 
centrations giving the maximum frequencies of 
breaks might be different for not structurally related 
compounds, the range was the same for all the com- 
pounds inside each series (PPP and yCARB). 

Many different studies have shown that DNA 
breakage is a common effect of antitumor inter- 
calating drugs [2,4,33]. These breaks are due to 
the trapping by the drug of topoisomerase II-DNA 
complexes, in which the enzyme is covalently bound 
to the 5’ end of the broken DNA [34,35]. Although 
this interaction is now well documented and can be 
studied in vitro with purified topoisomerase II, the 
sequence of events leading to cell death remains 
largely unknown, addressing the actual role of the 
DNA breaks in the cytotoxic properties of these 
drugs. 

In each of these two series, a good correlation was 
found between cytotoxicity and maximum of break 
frequencies. We did not find compounds having a 
very low cytotoxicity and inducing high SSB fre- 
quencies or highly cytotoxic compounds which 
lacked DNA breaking activity. This correlation sug- 
gests that the DNA breaks are closely related to 
the lethal lesions induced by these drugs. The most 
probable mechanism for the formation of these 
breaks is the interaction of PPP and yCARB with 
topoisomerase II-DNA complexes, which has 
already been demonstrated for different ellipticine 
derivatives [25,37]. 

Some SAR studies, involving only few drugs, con- 
cluded to a lack of correlation between cytotoxicity 
and DNA breakage potency [6] while others found 
some correlation between these two parameters [12]. 
Many important factors (repair of lesions, DSB/SSB 
ratio and sequence specificity) that could modulate 
the consequence of the interaction with topo- 
isomerase II are probably different in the various 
series of drugs, thus complicating the interpretation 
of the results. Hence such a study should be per- 
formed with analogues belonging to the same series. 

We thus took advantage of the availability of more 
than 50 tricyclic intercalators belonging to Sanofi 
Recherche in order to study the most active PPP and 
yCARB derivatives; we investigated their efficiency 
as DNA-break inducers and the interrelationship 
between affinity for DNA, cytotoxicity and induction 
of breaks. 

In terms of structure-activity relationships, the 
most important parameter is probably the presence 
of a dimethylaminopropylamino or diethylamino- 
propylamino side chain in position 1. This kind of 
side chain appears to be an essential determinant for 
cytotoxicity in the ellipticine derivatives series [38] 
as well as in other series of antitumor intercalating 
drugs [39,40]. This side chain can exert its effect 
through at least three different types of interaction: 
(i) by stabilizing the intercalation of the planar 
nucleus through an outside binding, (ii) by increasing 
the lipophilicity, facilitating the membrane diffusion 
of the drug, (iii) by a direct interaction with the 
enzyme topoisomerase II, thus stabilizing the com- 
plex topo II-DNA and increasing the number of 
breaks. As we discussed above in the results section, 
the first effect is obvious, but probably not sufficient 
by itself, since drugs having slightly modified chains, 
are less cytotoxic and less efficient in inducing breaks. 
The latter assumption is attractive and was recently 
proposed to explain the effects of a bulky side chain 
in the Y-aminoacridine series [41]. 

As expected, the most active compounds (yCARB 
derivatives) were able to induce breaks in the DNA 
of L1210 cells in culture, with a maximum frequency 
and at concentrations of about the same order than 
those of reference compounds (Adriamycin@, RTE 
and PZE). In addition, the bell-shaped aspects of 
the dose-response curve (in which SSB frequencies 

In conclusion, we found, for two series of closely 
structurally-related tricyclic intercalators, a good 
correlation between cytotoxicity and induction of 
DNA breaks. This correlation suggests that these 
breaks, probably induced by the interaction of the 
drugs with the topoisomerase II-DNA complex, are 
actually the lethal lesions responsible for the cell 
death and, consequently, for the antitumor prop- 
erties of these drugs. 
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