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AbstractÐAbasic sites in DNA have been speci®cally targeted by synthetic compounds able to cleave DNA at abasic sites and to
induce photodamages in the vicinity of the lesion. The synthesis and the photoactivity of the drugs on abasic sites containing DNA
and oligonucleotides are reported. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The cytotoxicity of many antitumor drugs is believed to
result frommassive production of DNA damages. Several
classes of agents, mainly those involving radical processes
(neocarzinostatin, bleomycin, ionizing radiations),1,2 are
known to produce clustered lesions or locally multiply
damaged sites (LMDS) in tracks of a few base pairs.
Such multiple damages are more toxic as they present a
more challenging repair problem for the cell.3,4

A possible strategy to induce LMDS might be to target
a DNA lesion in the cell with a drug able to generate
another damage in close vicinity. Abasic sites (AP sites)
which result from the loss of a base in DNA, either
spontaneously5 or enzymatically as intermediates in the
repair of modi®ed bases,6,7 appear as good targets for
this new strategy. Abasic sites are alkali-labile lesions
subject to b-elimination of the 30-phosphate strand
occurring on the aldehydic form of the ring-opened
deoxyribose unit.

In previous works, we designed heterodimeric drugs,
such as compound 6, that have been shown to recognize
selectively the abasic site and incise the DNA strand at
this site quite e�ciently (cleavage occurred at nanomolar
concentrations).8ÿ10 These molecules behave as ``arti®cial
nucleases'', as cleavage is triggered in the pre-formed
drug±DNA complex by a non-protonated secondary
amine of the linking chain of the drug acting as a b-
elimination catalyst. Spectroscopic studies (NMR, EPR)

of the interaction of molecule 6 with a duplex DNA
undecamer containing a stable analogue of the apurinic
site have revealed that the drug ®ts perfectly the abasic
site,11,12 the purine moiety in 6 being docked in the
abasic pocket opposite the thymine of the com-
plementary strand and the acridine moiety being inter-
calated at a two base pair distance on the 50 of the
abasic site. The molecule was also shown to interfere
with the AP site repair process.13 Tested on L1210, this
compound potentiated the cytotoxicity of N,N0-bis-(2-
chloroethyl)nitrosourea (BCNU) in a concentration
dependent fashion.13 Based on these results, we have
modi®ed the heterodimer 6 to introduce a photo-
chemical cleavage activity into the molecule while
maintaining its selectivity for AP sites. The aim is to
induce under irradiation a second lesion in the close
proximity of the abasic site. In the present work, we
describe the synthesis and the study of the new hetero-
dimers 7±9 in which adenine is linked to di�erent
substituted acridines. Compound 7 contains a 6-nitro-
acridine moiety, the photocleavage activity of which
is expected by analogy with the reactivity of other
nitroaromatic compounds. Compound 8 is a derivative
of ethacridine (6,9-diamino-2-ethoxyacridine), which was
shown to induce photochemical cleavage of DNA.14

Compound 9 contains a 5-iodoacridine susceptible to
generate an aryl radical under UV irradiation as it was
shown for 3-iodo-6-aminoacridine.15

Synthesis

The mode of preparation of molecules 7±9 is based
on the synthesis of the parent compound 6,10 i.e., by
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condensation of the polyamino functionalized adenine
5 with 9-chloro substituted acridines (1±4) (Fig. 1). 2,3-
Dimethoxy-9-chloro-6-nitroacridine 2 is commercially
available. 6-Amino-9-chloro-2-ethoxyacridine 3 was
prepared in two steps from the 6,9-diamino-2-ethoxy-
acridine as already reported.16 Iodination of 6-amino-9-
chloro-2-ethoxyacridine 3 was performed by reaction of 3
with iodine in the presence of silver sulfate in ethanol.17

6-Amino-9-chloro-2-ethoxy-5-iodoacridine 4 was thus
obtained in 50% yield.18 Substitution of the 9-chloro-
acridines 1±4 by the amine 5 was performed in phenol
at 80 �C in the presence of triethylamine. The desired
compounds 6±9 were obtained in 50 to 55% yields.
They were crystallized as their hydrochlorides.19

Cleavage Activity at Apurinic Sites

The abasic site cleavage activity of the new heterodimers
7±9 was tested using the depurinated plasmid assay
already reported20 and compared with the activity of 6.
Approximately 1.8 apurinic sites per plasmid DNA
molecule were generated by thermal treatment in acidic
conditions (pH 5, 70 �C, 20 min). Depurinated DNA
was then incubated in the presence of varying con-
centrations of compounds 6±9 at 37 �C for 20 min.
Conversion of supercoiled pBR322 plasmid (form I)
into relaxed circular form (form II) was used to quantify
the relative cleavage e�ciencies. As shown in Figure 2,
no signi®cant di�erence in the cleavage e�ciency
was observed between compounds 6, 7, 8 and 9, thus
indicating that the substituents present on the acridine

moiety have relatively low e�ect on the abasic site clea-
vage activity. This is consistent, as hypothesized, with a
mode of interaction at the abasic site that is quite simi-
lar for the four drugs.

Photo-Induced Cleavage Activity on Abasic Site
Analogue Containing Oligodeoxynucleotide

Due to the instability of abasic sites, the photocleavage
activity of the molecules 6±9 was examined on a syn-
thetic 23-mer duplex DNA containing the stable tetra-
hydrofurane analogue of the apurinic site (X). This
analogue was previously shown to be a good model of
abasic site.21 The oligonucleotide sequence and the
structure of the analogue are shown in Figure 3. Thy-
mine T35 faces the apurinic site. Each strand was suc-
cessively 50-32P labelled using 32P-g-ATP and T4
polynucleotide kinase. The oligonucleotides were incu-
bated with the di�erent compounds 6±9 and irradiated
(l>310 nm) at 4 �C for 3 h. After irradiation, the
damaged sites were revealed by hot piperidine treatment
(90 �C, 10 min). The results are presented in Figure 3.
As expected, compound 6 is poorly photoactive. How-
ever cleavage is highly selective. It occurs exclusively on
the abasic strand (lane 10 shows no cleavage on the
opposite strand) at the site X12 of the lesion (see lane 5
compared to the control lane 1). Compound 7 also
showed little activity suggesting that the 6-nitroacridine
is less e�cient in these conditions. Cleavage sites for 7
are observed on both strands, mainly located at the two
cytosines C11 and C13 that ¯ank the lesion on strand 1

Figure 1.

Figure 2. Abasic site cleavage activity on depurinated pBR322 plasmid. Plasmid DNA was incubated in 25 mM acetate bu�er, pH 5, at 70 �C during
20 mm for depurination. The plasmid (15 ng/mL) was then incubated with di�erent concentrations of synthetic molecules at pH 7 (1 mM phosphate
bu�er), 37 �C for 20 min. Lane 1: depurinated pBR322 (control); lane 2: DNA and 10 mM of 6; lane 3: DNA and 1 mM of 6; lane 4: DNA and 0.1 mM
of 6; lane 5: DNA and 10 mM of 7; lane 6: DNA and 1 mM of 7; lane 7: DNA and 0.1 mM of 7; lane 8: DNA and 10 mM of 8; lane 9: DNA and 1 mM
of 8; lane 10: DNA and 0.1 mM of 8; lane 11: DNA and 10 mM of 9; lane 12: DNA and 1 mM of 9; lane 13: DNA and 0.1 mM of 9.
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(lane 2) and at T35 that faces the lesion on strand 2
(lane 7). However, the highest intensities for piperidine
induced cleavage were observed for compounds 8 and 9
with cleavage occurring mainly on the strand opposite
the abasic site (strand 2). On this strand, all strong
cleavage sites are located three base pairs apart from the
abasic site and the major band corresponded to G34,
which is adjacent to the unpaired base T35. The similar-
ity in the cleavage site distribution for compounds 8 and
9 suggests that the presence of the iodine at the C5
position is little or not involved in this photoreactivity.

Conclusion

It thus appears that modifying the arti®cial AP-endo-
nuclease 6 by introducing a photoreactive acridine
nucleus is a promising strategy to generate new lesions
in the vicinity of the abasic site. The modi®cation of
the acridine does not alter the speci®city of the drugs
for the abasic site and the AP-site nuclease activity is

maintained in compounds 7±9. Quite interestingly all
compounds show photochemical reactivity that leads to
damages occurring quite selectively in close proximity
to the lesion. The selectivity di�ers according to the
drug considered, being probably dependant upon the
mechanism of photocleavage and upon the ®ne struc-
ture of the drug/DNA complex.
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