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Abstract: A series of naphthalimide (NI)- and 5-bromocytosine (°"C)-modified oligodeoxynucleotides (ODNs)
were prepared, and their lifetimes of the charge-separated states during the photosensitized one-electron
oxidation of DNA were measured. Various lifetimes of the charge-separated states were observed depending
on the sequence and the incorporation sites of ”'C, and the oxidation potential of G in the »C:G base-pair
relative to that of G in the C:G base-pair and in the GGG sequence was determined by comparing the
lifetimes of the charge-separated states. The change in the cytosine C5 hydrogen to bromine resulted in
a 24 mV increase in the oxidation potential of G in the P'C:G base-pair as compared to that of G in the C:G
base-pair, the value of which is comparable to a 58 mV decrease in the oxidation potential of G in the
GGG sequence. These results clearly demonstrate that hole transfer in DNA can be controlled through
hydrogen bonding by introducing a substituent on the cytosine.

Introduction the change in the lifetime of the charge-separated state. Base
stacking between G’s lowers the oxidation potentials of G as
é:ompared to that of a single isolated'GTherefore, when the
GGG sequence is located more distant from Sens than that of

Photoirradiation of DNA-bound photosensitizers (Sens) trig-

the radical anion of the Sens (Sensand the radical cation of o> . .
the nucleobase (ultimately yielding the radical cation of guanine the initially formed G, a hole shift occurs from G to GGG,
(G)) as a charge-separated state. Prior to the charge recomcausing the longer Ilfetlme of the charge-separated &tate.
bination, the hole can migrate along DNAE resulting in an As for the other factors, hydrogen bonding can play a role in
increase in the lifetime of the charge-separated $tdte. regulating the oxidation potential of G in DNA. On the basis
Recently, we have demonstrated that the yield of the DNA Of polyacrylamide gel electrophoresis analysis, Nakatani et al.
damage correlates well with the lifetime of the charge-separatedreported thaBamH modulates the oxidation potential of G in
state during the photosensitized DNA daméa®&hat is, hole ~ DNA through hydrogen bonding of the cationic guanidium
transfer helps to increase the DNA damage by providing longer group to G** Previously, from the experiment in dichloro-
times for G* and Sens to react with water or @ Therefore, methane, we have demonstrated that the oxidation potential of
to further understand the mechanism of the photosensitized DNAG can be controlled through hydrogen bonding by introducing
damage, it is important to investigate factors that modulate the & substituent on the base-pairing cytosih& The introduction
lifetime of the charge-separated state during the photosensitizedof & bromo group at the C5 position of cytosine as an electron-
one-electron oxidation of DNA. withdrawing group (5-bromocytosiné’C) leads to suppression
The difference in the oxidation potential of G in DNA causes ©f the one-electron oxidation rate of G in tHE€:G base-pair,
a shift in the equilibrium of the hole between G's, leading to according to the increase in the oxidation potential of G. Here,
to investigate the hydrogen-bonding modulation of the oxidation
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oligodeoxynucleotides (ODNs) was performed. The single
bromination of C was demonstrated to cause a change in the

lifetime of the charge-separated state comparable to that seenp brecc
in the GGG sequence during the photosensitized one-electron

oxidation of DNA. These results clearly demonstrate that the
oxidation potential of G and the hole-transfer rate and direction
in DNA can be controlled through hydrogen bonding by
introducing a substituent on the cytosine.

Experimental Section

A-, T-, C-, G-, and”C-cyanoethyl phosphoramidites were purchased
from Glen Research. Cyanoethyl phosphoramiditeNe(f3-hydroxy-
propyl)-1,8-naphthalimide was synthesized as previously repdited.

DNA Synthesis.ODNs used in this study were synthesized with
Expedite 8909 DNA synthesizer (Applied Biosystems). After the
automated synthesis, the ODN was detached by treating wiGOa
saturated MeOH for 1 day. Crude ODN was purified by reverse-phase
HPLC and lyophilized. The purity and concentration of all ODNs
studied here were determined by complete digestion with s. v. PDE,
nuclease P1, and AP td-8eoxyribonucleosides and-(3-hydroxy-
propyl)-1,8-naphthalimide.

Laser Flash Photolysis ExperimentsNanosecond transient absorp-
tion measurements were performed using the laser flash photolysis
technique for an aqueous solution containing 0 ODN (strand
concentration) and 20 mM pH 7.0 Na phosphate bufférhe third-
harmonic oscillation (355 nm, fwhm of 4 ns, 20 mJ/pulse) from a
Q-switched Nd:YAG laser (Continuum, Surelight) was used for the
excitation light. The light from a xenon flash lamp (Osram, XBO-450)
was focused into the sample solution for the transient absorption
measurement. Time profiles of the transient absorption in the-UV
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Figure 1. Structures of naphthalimide (NI) and 5-bromocytositi€), and

visible region were measured with a monochromator (Nikon, G250) the sequences of NI- arfiC-modified ODNs.

equipped with a photomultiplier (Hamamatsu Photonics, R928) and
digital oscilloscope (Tektronics, TDS-580D). Kinetic modeling was
carried out with MatLab software.

Results and Discussion

To evaluate the effect of a single substitiution of cytosine
C5 hydrogen by bromine on the hole-transfer process in DNA,
the laser flash photolysis of the NI- aftC-modified ODNs
was performed (Figure 1). NI in the singlet excited stai*)
can oxidize adenine (A) because of the negative free energy
change for the electron transfer betwédit* and A based on
the Rehm-Weller equatiort’ Therefore, by attaching the NI
at the consecutive A sequences, the excitation of the NI-modified
ODN produces the NI radical anion (N) and A radical cation
(A*™) to promote the hole transfer by the adenine(A)-hopping
mechanism (Figure 2y.18-24 After the hole hopping between
As, the hole is trapped at G with the lowest oxidation potential
among the four bases nearest to N} @ form G**. Because
the charge recombination proceeds between Bhd G** by
either super-exchange or A-hopping following the slow A
oxidation by GT,22-26 the charge-separated state exhibits a
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Figure 2. Kinetic scheme for photoinduced one-electron oxidation of A,
hole transfer from the C:G pair to tHéC:G pair & andk—y;), the C:G
pair to the C:G pairKg), single G to GGG Kzec andk-ccg), and charge
recombination from the C:G base-pair&g), and that from thé'C:G base-
pair (k-tcg) for ODNs, (a) AP CCC, (b) ACPCC, and (c) ACGGG.

k—CG

(c)

lifetime sufficiently long to be observed in nanosecond LFP
experiment3?19 Before the completion of the charge recom-
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Figure 3. (a) Time profiles of the transient absorption offNmonitored Figure 4. (a) Time profiles of the transient absorption offNmonitored
at 400 nm during the 355-nm laser flash photolysis of an Ar-saturated at 400 nm during the 355-nm laser flash photolysis of an Ar-saturated
aqueous solution of NI- aniC-modified ODNs: ACCC (red), AP"CCC aqueous solution of NI- anC-modified ODNs: ACCC (red), APCCC

(green), ACPCC (black), ACGGG (blue), and £'CGGG (cyan). The inset (green), ACP'CC (black), ACGGG (blue), and £ CGGG (cyan). (b) Time
shows the transient absorption spectrum of Nibtained at 400 ns after profiles of the transient absorption of Nifor ODNs A*"CCC (green) and
355-nm flash excitation of ACCC. (b) Time profiles of the transient ~ A4sCPCC (black). The smooth red curves superimposed on the decay curves
absorption of Nf~ for ODNs A"CCC (green) and 4CP"CC (black). The are the fit to the kinetic model depicted in Figure 2 uskgg= 2.5 x 10’
smooth red curves superimposed on the decay curves are the fit to the kinetics™%, k-pr = 6.5 x 107 s7%, andkg = 6 x 10" s™%.

model depicted in Figure 2 usirg, = 2.5 x 10" s7%, k_p = 6.5 x 10’

s, andks = 6 x 10"s™. contrast, bromo substitution ab@sulted in a decrease in the
lifetime of the charge-separated statgQXCC). The lifetime

of the charge-separated state is dependent on the relative
concentration of the hole on;@nd other G’s. The introduction

of a bromo group at C(A,P"CCC) caused an increase in the

bination, the hole can migrate to more distal G's (G-hopping).
The difference in the oxidation potential of G in DNA causes
the shift in the hole equilibrium between G's, leading to the
change i_n the I_ifeti_me of the _charge-s_eparated state. Thereforeoxidation potential of G thereby leading to a decrease in the
the relative oxidation potential of G in tHeC:G base-pair 8 (o|ative hole concentration omGand a subsequent increase in
compared to that of G in the C:G base-pair can be determinedy,q |ifetime of the charge-separated state. On the other hand,
by comparing the decay curves of*Nfor the appropriate NI- .54 substitution at £resulted in a decrease and an increase
and”C-modified ODNS. in the relative hole concentration on, @nd G, respectively,
Immediately upon the excitation of the NI-modified ODN  causing a decrease in the lifetime of the charge-separated state.
with a 355-nm laser flash, a transient absorption spectrum  The lifetime of the charge-separated state increased when the
assigned to NT" with a peak maximum at 400 nm was observed A—T base-pair between Gand G of A,.CCC was replaced
(Figure 3a, inset), indicating that the charge separation (hole with a G-C base-pair to construct a GGG hole trapG&GG).
injection on G) occurred within a laser flash duratior§ ns). The change in the lifetime of the charge-separated state induced
The formation and decay of Nifor the ODN series with three by the GGG hole trap was similar to that induced by a single
intervening A-T base-pairs between NI and the (B3 series substitution of cytosine C5 hydrogen by bromine ifP’"@CC.
ODNSs) are shown in Figure 3, and those of the corresponding The combination of a GGG sequence and a bromo substitution
ODN series with four intervening AT base-pairs (4 series on G, resulted in a further increase in the lifetime of the charge-
ODNSs) are shown in Figure 4, respectively. Because the chargeseparated state (KCGGG). Thus, our results clearly showed
recombination proceeds between*Nland G-t mainly by that the hole equilibrium in DNA can be controlled by
super-exchange, the lifetimes of the charge-separated states wer@troducing a bromo group on cytosine C5.
consistently longer for the Aseries ODNs than those for the The rate constants of hole transfer across orel Adase-
A3 series ODNSs. Interestingly, when a bromo group was pair have been determined by Lewis et al. to be in the range of
introduced at the C(AP"CCC), the lifetime of the charge- 10°—1C® s1.79 Hence, for the A series ODNs, the charge
separated state increased as compared to that,©C8. In recombination rate is much slower than the hole-transfer rate
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between G’s. Therefore, the decay rate of Nkop9 reflects
the equilibration of the hole over all Gs and can be describe
by eq 1.

kops = K_[G," U(G, 1 +[G, T +[G ) (1)
In the case of ODN ACCC and AP'CP'CP'C, all G’s are located
in the identical sequence contextAGA-3'. Therefore, it can

Table 1. Relative Populations of Holes ([G*]), and Relative
d Oxidation Potentials (E) for G in P'C:G, C:G, and GGG
[G]? Erer (mV)?
bC.G 0.39 +24
C:G 1 0
GGG 9.6 (20) —58 (—77)

a2The numbers in parentheses are the values reported by Lewis et al.
using the synthetic DNA hairpins with stilbenedicarboxamide linkers

be assumed that all of the G's in these ODNSs have an identical (ef 12).

oxidation potential and that the hole is equally distributed in
three G’s ([G*"] = [G2*T] = [G3"T]).2"28 Thereforek_ is given
by eq 2.

k.= 3kobs (2)
The k- value was slightly greater for £CC K-cc = 4.59 x
10° s71) than for APPCP'CP'C (K-treg = 4.26 x 10°P s71). The
faster charge recombination betweertNand C:G" is con-

Kees = 9.63° The relative oxidation potentials f8iC:G, C:G,

and GGG obtained using the;Aeries ODNs in this study, and
those for G and GGG reported by Lewis et’@lare shown in
Table 1. It was shown that the change in cytosine C5 hydrogen
to bromine causes a 24 mV increase in the oxidation potential
of G in theP'C:G base-pair as compared to that of G in the C:G
base-pair in DNA. The obtained value was consistent with the
34 mV increase in the oxidation potential of oxG in the

sistent with the smaller free energy change for the electron bic:oxG base-pair as compared to the C:0xG base-pair which

transfer in the Marcus inverted regiéhUsing the equilibrium
constanKy,, (= k—p/kyy) for hole transfer between the C:G base-
pair and’'C:G base-paitkopsfor A,L'CCC krce) and ACP'CC
(kevec) can be described by eqs 3 and 4, respectively.

Kicce = Kooed/(1 1 2K,) 3
Kevce = Koed/(2 + 1Ky, 4)

According to eqgs 3 and &y, was determined to be 2.5. Based

was determined from the experiments in dichlorometHane.
These results clearly demonstrate that the bromo substituent on
the cytosine C5 is as important as the GGG sequences in the
hole-transfer process in DNA.
Conclusions

Laser flash photolysis of the NI- aftC-modified ODNs was
performed to investigate the hydrogen-bonding modulation of
the oxidation potential of G b§/C in DNA, and the subsequent
change in the lifetime of the charge-separated state during the

on the kinetic scheme shown in Figure 2, and by using the valuesphotosensitized one-electron oxidation of DNA. The results

kor = 2.5 x 107 s7%, kepr = 6.5 x 107 s71 (wherek_pidkp is
2.5), andks = 6 x 107 s71, theoretical curves for the decay of
NI~ were obtained for the ODNs, JXCCC, and ACP'CC,

demonstrated that bromine substitution of the cytosine C5
hydrogen in the C:G base-pair causes a 24 mV increase in the
oxidation potential of G in DNA, which resulted in a significant

which are shown in Figures 3b and 4b, respectively. Good change in the lifetime of the charge-separated state during the
agreement between the experimental and theoretical curves waphotosensitized one-electron oxidation of DNA.

found for both the A and the A ODN series, demonstrating

Acknowledgment. This work has been supported in part by

that Ky, truly represents the hole equilibrium between the C:G 5 Grant-in-Aid for Scientific Research on Priority Area (417),

andP'C:G base-pair in DNA. Similarly, according to the decay
curve of ACGGG, the equilibrium constant for hole transfer

by 21st Century COE Research, and by others from the Ministry
of Education, Culture, Sports, Science, and Technology (MEXT)

between the isolated G and GGG was determined to be uf the Japanese Government.

(27) Senthilkumar, K.; Grozema, F. C.; Guerra, C. F.; Bickelhaupt, F. M;
Siebbeles, L. D. AJ. Am. Chem. So2003 125, 13658.

(28) Saito, |.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi, K;
Sugiyama, HJ. Am. Chem. S0d.998 120, 12686.

(29) Lewis, F. D.; Liu, X. Y.; Miller, S. E.; Wasielewski, M. Rl. Am. Chem.
So0c.1999 121, 9746.

12846 J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004

JA0475813

(30) The decay curve of £LGGG will give a largerKggg value than that
obtained from ACGGG. It was reported that the equilibrium constants for
the hole-transfer process between G and GGG are highly sequence
dependent (see ref 7).



