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Viscometry, U.V. spectroscopy, fluorescence, and flow linear dichroism of N-[3-(9-acridinylamino)propyl]-N,N-bis[6- 
(9-acridinylamino)hexyl]amine (1) in the presence of DNA indicate that it is trisintercalating, and that it slowly 
'crawls' along the DNA to find its optimal binding site. 

DNA-affinity , particularly intercalative association, is com- 
mon for a large number of biologically active polycyclic 
aromatic compounds,l and it is widely believed that their 
cytostatic, mutagenic, and carcinogenic properties are inti- 
mately related to their in vivo DNA-interaction. 1-3 However, 
other studies have indicated that the cytostatic action of at 
least some DNA-intercalating compounds may be mediated 
through the cellular membrane.435 This has resulted in an 
intense effort to construct polyintercalating molecules in order 
to study their biological activity and interaction with DNA,l,6 
and we have recently reported the synthesis of potentially 

~ ~~ 

trisintercalating7.8 and tetraintercalating8 9-acridinylamines. 
Simultaneously, Atwell et al.,g reported the synthesis of a 
related tri-9-acridinylamine, and on the basis of U.V. absorp- 
tion and emission spectroscopy, and DNA unwinding studies, 
found reliable evidence in favour of trisintercalation . 

We now report that N-[3-(9-acridinylamino)propyl]-N,N- 
bis[6-(9-acridinylamino)hexyl]amine (l)7 appears to bind to 
DNA by trisintercalation in a step-wise process. Furthermore, 
we present data which indicate that the biological activities of 
related mono-, bis- , or tris-intercalating 9-aminoacridinyl 
derivatives are of the same order of magnitude. 
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The intercalation of compound (1) was examined by (i) its 
influence on the viscosity of sonicated calf thymus DNA,lO (ii) 
by U.V. and fluorescence measurements,2 and (iii) by flow 
linear dichroism. 11 

The viscosity increase of sonicated calf thymus DNA as a 
function of concentration of (1)-(3) was measured in order to 
compare the effect of (1) with those of the established mono- 
and bis-intercalators, (3) and (2) .6J2 These measurements can 
be expressed in terms of the viscosity index (the slope of LILO 
as a function of [reagent]/[base-pair]) which reflects the 
degree of intercalation276JO (Table 1). 

The increase in viscosity index from 1.4 for a monointercala- 
tor to 4.3 for compound (1) is consistent with trisintercalation 
for the latter. The indices of (1)-(3) are lower than the 
theoretical values.1 However, this has previously been found 
for other similar 9-aminoacridine derivatives.6.12 

The long-wavelength U.V. absorptions of compounds (1)- 
(3) in aqueous solutions of calf thymus DNA exhibit a 
hypochromic effect and show bathochromic shifts. The 
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molecular extinction coefficients ( h  > 400 nm) per chromo- 
phore of (1)-(3), bound to DNA, are almost equal (28%) 
indicating similar binding. Furthermore, the fluorescence 
quenching of (1)-(3) as a function of DNA (base-pair/' 
acridine nucleus) is identical. 

The flow linear dichroism ( L D )  spectra of ( l ) ,  (2), and 
9-aminoacridine are very similar (Figure l), all showing a 
strong negative L D  in the 400nm absorption band (corre- 
sponding to a short-axis polarized transition in 9-aminoacri- 
dine).l3 The reduced dichroism LDred, (= LD/A)  at 430 nm is 
approximately equal to that of the intrinsic DNA absorption at 
260 nm, as expected for intercalation.11 

The binding constants of compounds (1)-(3) were esti- 
mated in a preliminary study from equilibrium analysis in a 
two-phase system consisting of aqueous dextran-polyethylene 
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Figure 1. Absorbance ( A ) ,  linear dichroism ( L D ) ,  and reduced 
dichroism (LDred, = LD/A)  spectra for the DNA complexes with 
9-aminoacridine (-), compound (1) (- - - .) , and compound (2) 
(- - -). DNA concentration was 0.294 mM phosphate, ionic medium 
1 mM NaCl and 1 mM Na2EDTA. All spectra refer to the same binding 
ratio r of acridinyl residue to base: r = 0.015. All spectra are 
normalized to 1 cm optical path-length. The L D  spectra were run at a 
flow gradient g = 2000s-1. 

Table 1 

U.V. absorptionb Cytostatic propertiesc 

Viscosity Free drug Bound drug Cell DNA RNA Protein Cellular 
Compound indexa h/nm ddm' mol-1 cm-- I h/nm ddmJ mol-1 cm- viability synthesis synthesis synthesis uptaked 

4.3 410 27 300 415 20 030 7.3 31 6.2 10 80% 
3.0 406 18 000 408 11 470 (4.1). (65)e (20). (24). 60% 
1.4 409 10 900 416 6 250 4.7 16 25 249 20% 

(1) 
(2) 
(3) 

a Mean value of at least two determinations, +5%. b In 10mM Tris. 1 0 p ~  EDTA (ethylenediamine tetra-acetic acid), p H  7.0; [drug]/ 
[DNA] (base-pair) were: (1) 0.011, (2 0.017, (3) 0.034. 'Determined as the concentration of drug in PM giving 50% inhibition 
when compared with untreated references. d Measured by fluorescence as percentage of added drug (1 pg/ml) associated with the cells, 
isolated by centrifugation. e These measurements were undertaken with the spermidine derivatives, i . e . ,  N-[3-(9-acridinylamino)propyl]- 
N-[4-(9-acridinylamino)butyl]amine. 



J. CHEM. SOC.,  CHEM. COMMUN., I984 511 
7 r  

0 

9 
X 

$ 1  
2 

0 / I  1.0 
0 20 LO 

t/min 

Figure 2. Time dependency of the flow linear dichroism signal 
(LD,,,) and the viscosity (LILo) of calf thymus DNA after addition of 
(1). - (LDred.), equal volumes mixed; [DNA] = 0 . 3 m ~ ,  [l] = 
0.0015mM. - - - - (L/Lo), high local concentration of (1). - - - 
(L/Lo) ,  equal volumes mixed; [DNA] = 0 . 3 m ~ ,  [l] = 0.0015 mM. 

glycol.14 This showed that all the binding constants were 
>106mol-11, and that all reagent added was >99% bound 
under the various experimental conditions. 

The DNA-binding kinetics of (1) compared to those of (2) 
and 9-aminoacridine are interesting. Wheres the LD of 
9-aminoacridine and compound (2) developed immediately 
upon mixing with DNA (within one minute), the binding of 
compound (1) showed a time dependency, the signal develop- 
ing during 10-60min depending on the mixing conditions 
(10min for equal volumes of 0.3 mM DNA and 0.0015 mM 
reagent and longer times with high local reagent concentra- 
tions). A corresponding time dependency was also observed in 
the viscosity after mixing DNA and compound (1) (Figure 2). 

The exceptionally long equilibration times for compound 
(1) indicate that upon mixing with DNA it binds locally with 
intercalation of only one or two of its 9-aminoacridinyl groups. 
Subsequently, a redistribution of the intercalating groups 
takes place until the preferred site is reached. It is very likely 
that this ‘search’ along the DNA involves ‘crawling,’ whereby 
the compound does not leave the DNA after the first 
association has taken place. This would resemble the way 
DNA sequence specific proteins, such as repressors and 

restriction enzymes, etc., are believed to find their binding 
sites. 15 

The effects of (l), (2), and (3) on the DNA, RNA, and 
protein synthesis in L 1210 mouse leukemia cells, their effect 
on the growth of these cells, as well as their cellular uptake 
were of the same order of magnitude (Table 1). This suggests 
that the cytostatic action is not dependent on the number of 
DNA intercalation ligands per molecule in this series (cf.1). 
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