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The DNA binding characteristics of a mono-, di- and trimeric derivative of 9-aminoacridine were studied. 
The length of the linking carboxamidoalkyl chains was selected to allow bis- or tris-intercalation according 
to the excluded-site model. Measurements of DNA unwinding angle using closed circular DNA showed 
that the trimeric derivative behaves as a tris-intercalating agent. Nevertheless the increase of DNA binding 
affinity on going from dimer to trimer was found to be relatively small. This is probably related to the 
large structural constraint for DNA binding of the trimeric derivative. The nature of the linking chain for 

the design of high-affinity DNA poly-intercalating agents appears therefore critical. 

DNA intercalation Tris-intercalation Acridine Viscosimetry 

1. INTRODUCTION 

It has been demonstrated that dimerization of 
DNA intercalating compounds can lead to mole- 
cules able to bind to DNA with a very high affinity 
constant [ 1 -lo]. Among these molecules, several 
potent antitumor agents have been discovered 
[ 1 l- 171. To obtain molecules able to bind to DNA 
with binding constants still higher than those of 
bis-intercalating agents, acridine trimers have been 
synthesized [ 18,191. 

On the other hand, poly-intercalating com- 
pounds might recognize base sequences on DNA 
because intercalation occurs preferentially between 
the pyrimidine-(3’-5’)-purine sequence [20]. Side 
chains bearing groups with hydrogen binding 
capacity such as amide groups have been shown to 
modulate the sequence specificity of intercalating 
agents [21-241. Therefore, in an attempt to obtain 
molecules which would have high DNA binding 
affinity and elicit preferential binding to specific 
sequences, acridine trimers with linking c’hains 
bearing amide groups at appropriate position were 
synthesized [25]. 

The length of the linking chain between the sub- 
units of dimer and trimer was selected such that it 
was greater than the minimum distance (10.2& 
allowing intercalation of the subunits through the 
excluded-site model [2]. Moreover, it was shown 
that the carbonyl group of some 9-carboxamido- 
ethylaminoacridine derivatives was able to form a 
hydrogen bond with guanine [23,24]. This inter- 
action induced a GC preferential binding of the 
corresponding acridine derivative. Therefore amide 
groups were introduced in appropriate positions of 
the linking chains in an attempt to confer GC 
specificity on poly-intercalating molecules. 

The DNA binding properties of an acridine 
trimer are reported here and compared to those of 
the corresponding mono- and dimeric analogues. 

2. MATERIALS AND METHODS 

2.1. Materials 
The structures of the acridine monomer, dimer 

and trimer used here are shown in fig.1 and were 
prepared as in [25]. DNAs from calf thymus, PM2 
(Boehringer) and Micrococcus luteus (Sigma) were 
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Fig. 1. Chemical structure of the acridine compounds. Apparent binding constants for calf thymus 
DNA were determined by either competition with 
ethidium bromide or with ethidium dimer as in [5]. 
The results are shown in table 2. purified by 3 phenol extractions. Poly[d(A-T)] * 

poly[d(A-T)] and poly[d(G-C)] . poly[d(G-C)] 
(Boehringer) were used without further purifica- 
tion. Sonicated calf thymus DNA was prepared as 
in [26]. 

2.2. Methods 
Fluorometric measurements were made in an 

SLM 800 spectrofluorometer with X,,, = 450 nm 
and hem = 490nm. The equilibrium binding con- 
stants were measured by competition experiments 
with ethidium dimer or ethidium bromide as in [5]. 
The kinetic parameters were determined with a 
Durrum Gibson D 110 stopped-flow instrument 
equipped for fluorescence detection. This apparatus 
was interfaced to a Mint Digital computer through 
a Digital MNCAA analogic Digital converter (12 
bits). Data stored in the Mint computer were 
analyzed by non-linear regression as in [27,28]. 

Viscosimetric studies (measurements of length 
increase of short calf thymus DNA segments and 
unwinding angle of the PM2 DNA helix caused by 
the binding of the different derivatives) were per- 
formed at 25°C as in [26,29]. 

3. RESULTS 

3. I. Viscosimetric studies 
All measurements were performed at pH 5.5 

because the trimer and the dimer tended to precipi- 
tate at pH > 6. The mono-, bis- or tris-intercala- 
tion ability of different derivatives can be shown 
by two measurements, the length increase of short 
DNA helices and of the unwinding angle of the 

DNA helix resulting from the binding of these 
molecules. The results are shown in table 1. It is 
clear that in this series of 9-aminoacridine deriva- 
tives, mono-, di- and triacridine molecules behave 
as mono-, bis- and tris-intercalating agents respec- 
tively. This conclusion results mainly from the 
variation of the unwinding angle with the number 
of intercalating rings in the molecule. From the 
length increase measurement, it is more difficult to 
differentiate between the effect of the dimer and 
trimer . 

The poly[d(A-T)] . poly[d(A-T)] DNA binding 
affinity can also be deduced from kinetic associa- 
tion dissociation measurements. The dissociation 
rate is estimated from the rate of exchange from 
polynucleotides to M. luteus or calf thymus DNAs 
as in [27]. The exchange kinetics followed a two- 
exponential process. The values of the respective 
amplitudes and rate constants are shown in table 2. 
An apparent binding constant was determined by 
computing the ratio of the on-rate constant over 
the average exchange rate computed according to 
[30]. The on-rate constant was equally measured 

Table 1 

Viscosimetric experiments 

Compounds 

Monomer 
Dimer 
Trimer 

ti (“Y Slopeb 

17 2.6 
32 7 
55 7.5 

Unwinding angle 4 is derived from viscosimetric meas- 
urement on closed circular DNA as in [29], using 26” 
for the unwinding angle of ethidium [33] 
The lengthening of the DNA helix is proportional to 
the slope of the function log(v/lo) vs log(1 + r) [26], 
where 7 and 70 are, respectively, the intrinsic viscosity 
of sonicated DNA in the presence and absence of dye, 
and r is the ratio of the molar concentration of bound 
dye to the molar concentration of DNA base pairs. 
This slope is expected to be between 2 and 3, 4 and 6 
and 6 and 9 for mono-, bis- and tris-intercalating 
agents, respectively 
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Table 2 

DNA binding parameters of dimer and trimer 

(ZGq)app (M-l) kex (s-l) kl/kex (M-l) 

Monomer 5 x lo4 a - 

Dimer 1 x 10’ 1.8 1.7 x 10’ 
Trimer 2x 10’ 0.17 1.7 x lo8 

a k,, was too fast to be measured in these conditions 

(hl,,)a,, is the apparent binding constant deduced from 
competition experiments with ethidium dimer using calf 
thymus DNA. keX is the rate of exchange of the dye from 
poly[d(A-T)] to calf thymus DNA. kl is the on-rate 
binding constant (3 x lO’M-‘*s-l). All measurements 

were performed in 0.1 M Na acetate buffer (pH 5.5) 

for poly[d(A-T)] *poly[d(A-T)] in the stopped- 
flow apparatus with fluorescence detection. The 
kinetics followed a single exponential. The on-rate 
constant was found to be in all cases in the range 
2-4 x lo7 M-” *se’. These values are very close to 
those found in our studies on the kinetics of inter- 
actions of mono- and diacridines [27]. The sequence 
specificity of these derivatives was tested by 
measuring the apparent binding affinity on several 
synthetic polynucleotides of various sequences and 
on DNA of different base components. No evi- 
dence of base specificity could be observed (not 
shown). 

4. DISCUSSION 

The demonstration of bis-interc~ation for di- 
merit molecules has generally been unambiguous. 
DNA unwinding angles or DNA length increase 
differ by a factor of 2 between mono- and bis- 
intercalators and those changes are easily measured. 
Trimeric molecules can potentially intercalate one, 
two or three of their interc~ating rings and can 
behave as mono-, bis- or tris-intercalating com- 
pounds. Distinction between bis- and tris-inter- 
calating behavior might be difficult in some cases, 
because the variation of unwinding and DNA length 
increase parameters are not strictly proportional to 
the number of DNA intercalated rings. In the case 
of the molecules studied here, tris-intercalation can 
nevertheless be clearly established for the trimeric 
derivative. 

Tris-intercalation was recently observed for a 
9-aminoacridine derived trimer with a short (-7 A) 
spacing between the aromatic rings [ 181. Obviously, 
tris-intercalation of this compound requires inter- 
calation of subunits between adjacent base pairs. 
The spacing (about 10.2 A) between aromatic rings 
in the trimer studied here is longer than in the pre- 
ceding case. The long-chain trimer has therefore 
the potential ability to bind to DNA in such a way 
that the intercalated rings are separated by one or 
two base pairs. These extended possibilities of 
DNA poly-intercalating mode shown by 9-amino- 
acridine derivatives are very likely related to the 
comparatively small size of the planar heterocyclic 
ring [23,24]. 

The calf thymus DNA apparent binding con- 
stant increases by a relatively small factor on going 
from di- to tri-merit molecules. This increase is 
much less than the maximum computed values 
since, theoretically, the maximum DNA binding 
constants of dimer and trimer are approximately 
equal to the binding constant of the monomer 
elevated to the second and third power, respec- 
tively [31]. 

The comparison of kinetic binding parameters 
for synthetic polynucleotides shows also that the 
binding affinities of dimers and trimers are not 
very different. These results underline the impor- 
tance of the nature of linking chains, because the 
corresponding dimeric acridines with positively 
charged polyamine chains possess binding affini- 
ties several orders of magnitude higher [2,27,31]. 

In addition, introduction of rigid carboxamido 
groups into the linking chain probably induces 
strong structural constraint for DNA tris-inter- 
calation decreasing therefore the trimer affinity by 
unfavorable entropic factors. Therefore, the struc- 
ture of the linking chains might be quite critical in 
the design of tris-intercalating derivatives able to 
bind to DNA with a really high binding affinity. 

The property of the linking chain also appears 
quite critical for obtaining dimeric molecules with 
antitumor properties in the series of 7I+pyridocar- 
bazole [16]. It remains to be shown that the ob- 
taining of trimers in these series would lead to 
compounds of enhanced pharmacological activity. 

Such studies are now in progress in our labora- 
tories. Finally the structural constraint on the link- 
ing chain in the DNA complex could explain the 
lack of sequence specificity of these molecules. In- 

125 



Volume 169, number 2 FEBS LETTERS April 1984 

deed, an accurate positioning of the carboxamide 
group of the linking chain in the DNA groove is 
necessary to permit formation of the correspond- 
‘ing hydrogen bonds with the amino group of 
guanine [24], 
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