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Design of photochemical DNA-cleaving molecules via electron transfer
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Abstract

Several examples of photochemical DNA-cleaving molecules have been described. Photocleaving amino acid (PCA 1) has been shownto
cut DNA viaan electron transfer mechanism. The most readily oxidizable sitesin the photochemical one-electron oxidation of duplex DNA
are shown to be 5’-guanine of -GG- steps. An important and general rule, referred to as the ‘ guanine—guanine stacking rule’, has been
proposed for one-electron transfer from B form DNA. This rule can predict the most el ectron-donating sitesin B form DNA and isimportant

for understanding the HOMO-LUMO interaction of B DNA with electron-accepting molecules. © 1997 Elsevier Science S.A.
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1. Introduction

There has been much current interest in the design of arti-
ficial DNA-cleaving molecules which are chemically stable
and activatable by photoirradiation, since such photoactivat-
able DNA-cleaving molecules can be used to probe the
nucleic structure, as designed ‘photonucleases’, as photo-
footprinting agents, and as a potent photodrug for photo-
chemotherapy. Most non-photochemical DNA-cleavingmol-
ecules, including natural antitumor antibiotics, may often
reguire a co-reagent, a condition hardly compatible with in
vivo applications, whereas an advantage might be found in
photochemical DNA-cleaving moleculeswhicharenon-toxic
in the dark, but activatable by a pulse of laser light. Within
the last decade our laboratory has focused on exploitation of
new methodologies for selective DNA cleavage by photoir-
radiation [1]. Minimum requirements for designing practi-
cally useful photochemical DNA cleavers are (i) high
absorptivity inthe UVA region (320-400 nm) and (ii) effi-
cient generation of reactive species capable of reacting with
nucleobases or DNA sugar backbone. We have demonstrated
several different types of selective and non-selective photo-
chemical DNA cleaversas exemplifiedin Fig. 1 [2-5].

2. Resultsand discussion

We are particularly interested in the design of photocleav-
ingamino acids (PCA ) which can beused asaDNA-cleaving
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Fig. 1. Photochemical DNA-cleaving agents: (a) photo-Fentonreagent, [2],
(b) adenine-thymine (AT) sequence specific DNA cleaver [3], (c) pho-
toinducible DNA-alkylating agent [4], and (d) photo-footprinting agents
[5].

unit of DNA-cleaving peptides or hybrid moleculesand have
prepared PCA 1and 2. PCA 1induced specific DNA cleavage
at the 5'-guanine (G) of 5'-GG-3’ steps of duplex DNA by
piperidine treatment of the photoirradiated mixture, whereas
nitro derivative 2 cleaved the double-stranded DNA prefer-
entially at thymine (T) residues after piperidine treatment
[6]. Thus, the sequence selectivity of the DNA cleavage by
PCA is highly dependent on the substituent on the aromatic
ring. It was also revealed that the first step of T-specific
cleavage by 2isthe oxidation of the T methyl grouptoformyl
groupinitiated by H abstraction by triplet nitro group. Heating
5-formyluracil sites in DNA with piperidine resulted in a
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Fig. 2. Photochemical DNA-cleaving amino acids (photocleaving amino
acids, PCA).

strand cleavage viathe mechanism shown below (Scheme 1,
Fig. 2).

The GG specific cleavage by PCA 1 was assumed to pro-
ceed via one-electron transfer from electron-rich —-GG—steps
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to photoexcited 1. Actualy, we recently obtained the first
direct evidence for one-electron transfer from the -GG— site
of duplex hexanucleotide TTGGTA/TACCAA to triplet 1
by detecting 1'~ by means of excimer laser flash photolysis
(Scheme 2) [7]. Irradiation of 1 with duplex hexamer in
sodium cacodylate buffer at 366 nm followed by piperidine
treatment and enzymatic dephosphorylation produced TT and
GTA as mgjor products, while TACCAA remained unchan-
ged. It should be noted here that photoirradiation of 1 with
TTGGTA aone resulted in a non-selective cleavage at G,
and G, inaratio of 1:1. Such GG-sel ective photodamagewas
aready observed with other photosensitizers such asribofla-
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Fig. 3. (a) TheHOMO and (b) the most stable cation radical of 5'-GGG-3’ calculated by ab initio 6-31G*.
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Electron transfer occurs preferentially
from this guanine

Fig. 4. Schematic drawing of stacked 5'-GG-3’ sitein B form DNA. Electron transfer occurs preferentialy at 5'-side G.

vin [ 8], naphthaldiimides [ 2] and anthraquinonederivatives
[9].

There has long been great interest in one-electron oxida-
tions of DNA in connection with DNA damage caused by
ionizing radiation, oxidizing agentsand photo-oxidationwith
endogenous photosensitizers. Since guanine is known asthe
most readily oxidizable base among DNA nucleobases, it has
been suggested that the electron loss center created in DNA
ultimately ends up at guanine residues via hole migration
through the duplex. However, our results indicated that the
most readily oxidizable sites in B form DNA toward one-
electron oxidation are 5'-G of 5'-GG-3’ steps due the -
stacking interaction of the two guanine bases. This implies
that 5'-G of 5'-GG-3' is a sink in hole migration through
DNA, i.e. an electron-loss center created in B form DNA
would end up predominantly on 5’-G of GG steps [ 7].

We examined the photoinduced DNA cleavage of 32P-end
labeled DNA fragmentsin the presence of different electron-
accepting sensitizers. Careful examination of the DNA cleav-
age data reveaed afollowing general trend for the suscepti-
bility of G-containing sites to one-electron oxidation,
regardless of photosensitizers used. (i) The DNA cleavage
occurred most efficiently at 5’-G of 5’-GG-3' steps; (ii) DNA
cleavage occurred more intensively at the following
sequences, -GGGG-> -GGG—> -GG—> -AG-~-GA—>
—G—. We have carried out ab initio calculations of the
lowest ionization potential (IP) of stacked nucleobase
modelsin aB form DNA geometry at 6-31G* level (Fig. 3)
[7,10]. The caculated IPs are in the following order:
—-GGGG—(6.98 eV ) <-GGG—(7.07 eV) <—-GG—(7.28¢eV)
<-GA—(751 eV)~-AG—(751 eV) <-G—(unstacked,
7.75¢eV). This order isin good agreement with the experi-
mental data. Of specia importance is that the HOMO of
stacked —-GG— or -GGG~ is always localized predominantly
on the 5'-side G, which is compatible with the observed 5'-
G selectivity for DNA cleavage (Fig. 1). The susceptibility
of each G of 5'-G,G,G;-3' sequence to one-electron oxida-
tion increased in the order G,> G, > G; with a G,:G, ratio

of 58:42. Thisis not in complete agreement with the calcu-
lated HOMO. However, the ab initio calculations indicated
that the most stable cation radical is—G,—G; - —Gz—owingto
the stacking stabilization by the two G bases.

Onthe basis of experimental dataand ab initio calculations
[10], we propose a very important and general rule for pre-
dicting most electron-donating sites, i.e. the most readily
oxidizable sitesin B form DNA [3,11]. Thisrule, referred
to asthe ‘ guanine—guanine (G-G) stacking rule’, showsthe
DNA sites which are most susceptible to one-electron oxi-
dations such as those in ionizing radiation or numerous
chemical and photochemical oxidations.

Guanine-Guanine Stacking Rule

1. Electron-donating ability of G-containing sequences increases in the following order.

5 5 : . .
-GGGG- > GGG > GG > G . Sca > G

2. The largest HOMO of (G), sequences is always localized on the G at 5' side.

5 '-Q}GG- 5:&; G- 51({,0_

3. Electron-transfer from the G at 3' side of (G), sequences is least likely to occur.

4. The most readily oxidizable sites of (G)y, sequences are the G being stacked
with two G from both sides

5’.&;},&.@. 5-'&(;- > '-i,G-

Recent results of GG-selective DNA damage [ 12] induced
by direct photoionization using powerful 193 nm excimer
laser can also be explained by this GG-stacking rule. Fur-
thermore, this rule is very important in understanding
HOMO-LUMO interaction of B form DNA. In such a
HOMO-LUMO or a chargetransfer interaction with
electron-accepting molecules, the 5’ side G of contiguous (—
G,—) is the most electron-releasing and therefore most
strongly interacting site (Fig. 4) [13].
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