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Abstract: Effects of base pairing on the one-electron oxidation rate of guanine derivatives, guanine,
8-bromoguanine, and 8-oxo-7,8-dihydroguanine have been studied. The one-electron oxidation rate of
guanine derivatives was determined by triplet-quenching experiments, using N,N'-dibutylnaphthaldiimide
(NDI) in the triplet excited state (3NDI*) and fullerene (Cso) in the triplet excited state (3Cgo*) as oxidants.
In all three guanine derivatives studied here, acceleration of the one-electron oxidation was observed upon
hydrogen bonding with cytosine, which demonstrates lowering of the oxidation potential of guanine
derivatives by base pairing with cytosine. When a methyl or bromo group was introduced to the C5 position
of cytosine, acceleration or suppression of the one-electron oxidation relative to the guanine:cytosine base
pair was observed, respectively. The results demonstrate that the one-electron oxidation rate of guanine
in DNA can be regulated by introducing a substituent on base pairing cytosine.

Introduction we designed an experiment in dichloromethane to evaluate the
effect of hydrogen bonding, separately from thestacking
effect, on the one-electron oxidation of guaniAdt has been
demonstrated that the oxidation potential of guanine is lowered
by selective hydrogen bonding with cytosine. In the present
work, the effect of base pairing on the one-electron oxidation
rate of guanine and its derivatives, 8-bromoguanine and 8-oxo-
7,8-dihydroguanine, was investigated. Furthermore, substituents

: ” Sy - were introduced to the base paired cytosine, and transmission
guanine with the lowest oxidation potential among four DNA ¢ the electron-donating effect of the 5-methyl and electron-

bases. Various studies suggest a lower oxidation potential Ofwithdrawing effect of the 5-bromo substituent of the cytosine

guanine in duplex DNA compared to monomer guanine or , g anine derivatives through hydrogen bonding of the guanine:
guanine in single strand DNA. The lower oxidation potential cytosine pair was demonstrated.

for guanine in the GG and GGG sequences has been theoreti-

cally” and experimentalf7 10 investigated and found to result ~Experimental Section

from z-stacking of guanines. As for other factors that control  \jaterials. Nucleoside rG was obtained from Yamasa Shoyu.
the one-electron oxidation rate of guanine in duplex DNA, a Nucleosides dC and T were purchased from Watd:Butyldimeth-
computational experiment has suggested that base pairing withylchlorosilane (TBDMS-CI) and 1,4,5,8-naphthalenetetracarboxylic
cytosine lowers the ionization potential of guaniA&ecently anhydride were purchased from Tokyo Kasei. Fullereng)(@as
purchased from Kanto Chemicals. Spectro-grade dichloromethane was
kiyohiko@ oObtained from Dojin Laboratories and used as received. Silylated

Site-selective oxidation of DNA is one of the goals for the
design of artificial photonuclease as therapeutic and diagnostic
agentst The regulation of the transfer rate and direction of the
hole generated in DNA by one-electron oxidation is of interest
from the perspective of using DNA as a building block for
electronic deviced.®

The one-electron oxidation of DNA causes the oxidation of
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nucleoside derivatives, ttert-butyldimethylsilyl guanine @), tri-tert-
butyldimethylsilyl 8-bromoguanineb(G), tri-tert-butyldimethylsilyl
8-0x0-7,8-dihydroguanineokG), di-tert-butyldimethylsilyl cytosine
(C), di-tert-butyldimethylsilyl 5-methylcytosine ngC), and ditert-
butyldimethylsilyl 5-bromocytosineb§C) were synthesized according

to the reported procedur&s?® N,N'-Dibutylnaphthaldiimide (NDI) was
prepared from the reaction of 1,4,5,8-naphthalenetetracarboxylic an-
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Figure 1. Structure of guanine derivatives, cytosine derivatives, and triplet sensitizers NDI and fullegghe (C

Table 1. *H NMR ¢ Values of the N(1)H of Guanine Derivatives

hydride with 1-aminobutane as reporteand recrystallized frorN,N- and Measured Association Constants (Ka)

dimethylacetamide three times.

Measurement of Association Constantdd NMR spectra were nucleoside O Oz’ Ocs® K
recorded on a JEOL-JNM-EX270 (270 MHz). THé NMR spectrum analogues (ppm) (ppm) (ppm) M
of 2 mM G was recorded to obtain the unbound chemical shift of N(1)H ~ G:brC 12.12 13.22 13.37 1.9 10¢
of G (dc). The concentration o was kept constant at 2 mM, and the GcC 13-51 13-73 i-3< 18:
chemical shift of N(1)H was measured in the presence of 2 @M G'm_c 3.59 38 X e
. . ) % bindin brG:brC 11.92 13.31 13.52 191
(02mm). The maximum (_:hemlcal sh_lft of N(_l)H @ at 1'00 () g brG:C 13.79 14.01 1.5 10°
to theC (dcg) was obtained by adding additional equivalent£afup brG:mC 13.71 14.02 1.5 104
to 80 mM), and the spectrum was recorded each time until the chemical oxG:brC 11.94 13.60 13.67 >2 x 10
shift of N(1)H no longer changed upon further addition®fThe data oxG:C 14.14 14.16 >2 x 10¢
oxG:mC 14.20 14.18 >2 x 10

were introduced into the following equation,

aUnbound chemical shift of N(1)H of guanine derivative€hemical
Ozmm = 0 T (dcg — 06)((0.002+ 0.002+ 1/K,) — ((0.002+ shift of N(1)H of 2 mM guanine derivatives measured in the presence of
2 _ /2 equivalent cytosine derivativesChemical shift of N(1)H of base paired
0.002+ 1/Ky) 0.008x 0'002)1 )/0.004 guanine derivatives! Chemical shift of N(1)H of 10 mMoxG measured
in the presence of equimolar cytosine derivatives.

which providedK,'” In the case of base pairing betweerG and

cytosine derivatives, the chemical shift of N(1)HaX{G became almost Scheme 1 K
constant at more than 2 mM of 1dxG and cytosine derivatives. 3NDI* . q o oot

. . + . _— R
Therefore, an accurakg could not be obtained from NMR experiments. D G:C NDI + G:C*
Thus,K, was estimated to be larger thark210* M~ for the base pair 3Cep" + 0XG:C ——> Gy + oxG:C™

betweenoxG and cytosine derivatives.

Laser Flash Photolysis.The third-harmonic oscillation (355 nm, 4
ns, 15 mJ) from a Q-switched Nd:YAG laser (Quantel Model Brilliant)
was used for laser flash excitation. A xenon flash lamp (Osram, XBO-
450) was focused through the sample as a probe for the transientResults and Discussion

absorption measurement. Time profiles of the transient absorption at ) o ] )
the UV-—visible region were measured with a monochromator (Nikon ~ For the experiments in dichloromethane, nucleoside deriva-

G250) equipped with a photomultiplier (Hamamatsu Photonics R928) tives with atert-butyldimethylsilyl group on the ribose unit were
and digital oscilloscope (Tektronics, TDS-380P). The monitor light for synthesized (Figure 1). To confirm the base-pair formation
the measurement of time profiles of the transient absorption at 1000 between guanine derivatives and cytosine derivatives under the
nm was passed through an interference filter (CVI, transmittance of experimental conditions, association constaKt$ (ere mea-
40%, bandwidth of 10 nm) and its intensity was monitored with a fast gyred (Table 1). In all nine combinations of base pairs between
InGaAs PIN photodiode equipped with an amplifier (Thorlabs, PDA255) 4 ;anine derivatives and cytosine derivatives studied Heége,
and digital oscilloscope. qu th(_e time-resolved tr_an3|ent absorpt!on was measured to be higher tharf M. Therefore, more than
spectral measurement, monitor light was focused into a quartz optical 85% of quanine derivatives are estimated to form the selective
fiber (diameter= 250um, length= 2 m), which transported the laser 9 . . . A

hydrogen bonding with cytosine derivatives under the present

induced transmittance changes to a gated-multichannel spectromete : o A :
(Unisoku TSP-601-02). experimental conditions. The chemical shift of the N(1)H of

Electrochemical Measurement.Cyclic voltammetry (CV) was  base-paireds (dcg) varied with the substitution on cytosine.
performed by using a CV50W potentiostat (BAS), with a single- Relative to theG:C pair, a downfield shift in the case of the
compartment cell equipped with a Pt working electrode, a Pt-wire G:mC pair and an upfield shift in the case of tkebrC pair
counter electrode, and an Ag/AgNQeference electrode. Dichlo-  were observed, and this trend was common for all three guanine
romethane was freshly distilled oves®, andn-tetrabutylammonium  derivatives, indicating that redistribution of electron density upon
perchlorate (0.1 M) was used as the eIectr_onte._The solution cqntaining hydrogen bonding leads to higher electron densit@dh the
5 mM substrates was degassed by purging with Ar for 10 min. CVS .1\ than in theG:C base pair and lower electron density for
the G:brC base paif®

were collected at a scan rate of 100 mV/s, and referenced to ferrocene
as an internal standafd.
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(17) Kelly, T. R.; Bridger, G. J.; Zhao, Q. Am. Chem. S0d.99Q 112, 8024. The one-electron oxidation rates of guanine derivatives were
(18) In general, the DDA-AAD (D= donor, A= acceptor) hydrogen bond . . . .
combination has an approximate association constant‘ab100® M~ in investigated by triplet quenching (Scheme 1). For the one-
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E W3 A Chom. SnG000 1927487 Indeed. & highe! atsosiation electron oxidation ofG andbrG proceeding slower than the
constant was suggested for the 8-oxo-7,8-dihydroguanine:cytosine pair
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Figure 2. Bimolecular quenching plots for the reaction of triplet sensitizers with nucleoside analogues as electron donors (D): the réN&isnwith
G (A) andbrG (B) and the reaction ofCso* with 0xG (C). Guanine derivatives in the absence (square) or presence of equimolar amGufitiafgle),
brC (open circle), andnC (closed circle).

Table 2. Bimolecular Rate Constants (k) for the Electron Table 3. Thermodynamic Driving Forces of the One-Electron
Transfer Quenching of 3NDI* by Nucleoside Analogues Oxidation of Nucleosides
nucleoside kq triplet AG
analogues (108 M~1s7Y) kq® @ nucleoside sensitizer (ev)2
G:mC 8.1 25 guanine SNDI* -0.3
G:.C 6.8 21 8-0x0-7,8-dihydroguanine 3NDI* -0.7
G:brC 3.0 9.1 8-0x0-7,8-dihydroguanine 3Ce0* -0.2
G 1.9 5.8
brG:mC 5.2 16 a Estimated from the Rhem-Weller equatiaG = [E(D**/D) — E(CA*/
brG:C 4.0 12 A*7)] + 0.085, using the reported reduction potentialdDI* (1.81 V vs
brG:brC 0.73 2.2 NHE)'? and 3Ce¢* (1.38 V vs NHE)Z2 and the oxidation potentials of
brG 0.33 1.0 guanir;ﬁe (1.47 V vs NHEY and 8-oxo-7,8-dihydroguanine (1.09 V vs
NHE).

a2 Relative to brG.
o . When3NDI* was used as an oxidant faxG andoxG:C, only
dlffusmnTcontrolled rate in dichlorometharf&|DI* was selected a slight change ik, was observed. Since the oxidation potential
asan F)X|dan%?'15As has already been reported, the one-electron ¢ g_qy4-7, 8-dihydroguanine is lower by ca. 0.4 V than that of
oxidation of G was accelerated upon selective base pairing with guanine?s26 thermodynamic driving forces of the electron
C. To investigate whether the electron-donating or electron- yansfer AG) are too negative and the one-electron oxidation
withdrawing effect of the substituent on cytosine can regulate rate of oxG reached the diffusion-controlled rate (Table?B).
the one-electron oxidation rate of guanine through the hydrogenTherefore, for the one-electron oxidation oXG to proceed
bond, the quenching rate &NDI* by G:mC andG:brC was more slowly than the diffusion-controlled rate in dichlo-
measured and compared with that@fC. Remarkably, when romethane3Cgo* was selected as an oxidatitUpon 355-nm
a methyl group was introduced as an electron-donating grouppulsed excitation of a dichloromethane solution ofp,Ca
at C5 of cytosine, the one-electron oxidation rate was acceleratedtransient absorption spectrum with a maximum peak of 740 nm
(Figure 2A, Table 2). On the other hand, a bromo substituent was observed at 100 ns after the laser flash (Figure 3A). The
on cytosine as an electron-accepting group led to the suppressiorspectrum formed is characteristic of the—TT, absorption of
of the one-electron oxidation rate. These results strongly suggestCso and assigned t8Ceso*. Figure 3B shows time profiles of
that the electronic substituent effects of cytosine can be the transient absorption at 750 and 1000 nm during laser flash
transmitted to the guanine partner through hydrogen bonding. Photolysis of the & solution in the presence @ixG andC.
To test the validity and the generality of this observation, gé:onfomitant with the dgcay of the.transient ab_sorption peak of
the one-electron oxidation rate dffG in the presence of 60" at 750 ”m’f"m?a“o'? .Of transient absorption in the 900
. - 1100 nm range was identified as the one-electron reduced form
equimolarC, mC, or brC was measured. A slower oxidation N
. . of Ceo (Cso").?% These results demonstrate the electron-transfer
rate was observed fdrG compared tdG, which arises from : 3~ * 12
. oy . quenching of3Cgg* by oxG.'?2 Thus, the electron-transfer
the higher oxidation potential obrG due to the electron-

. . . quenching ofCgso* by 0xG in the presence dE, brC, andmC
W|thdraW|ng effect of the bromo group. Similarly, the ON€- " was examined. Interestingly, the highest effect of hydrogen
electron oxidation rate dirG was accelerated upon base pairing bonding onk, was observed fooxG, compared to those @

with C and increased in the orderC < C < mC according  5nq prG, and as for the largest change, the one-electron
to the substituent of base-pairing partner cytosine (Figure 2B,

Table 2). Interestingly, relatively larger effects on the one- (21) Shibutani, S.; Takeshita, M.; Grollman, A. Rature 1991, 349, 431.
K . .. (22) Bernstein, R.; Prat, F.; Foote, C. 5.Am. Chem. S0d.999 121, 464.
electron oxidation rate were observedfioG upon base pairing (23) Meggers, E.; Dussy, A.; Schafer, T.; GieseOBem. Eur. J200Q 6, 485.

)
)
compared tas (diSCUSSGd below). (243 Steenken, S.; Jovanovic, S. V.; Bietti, M.; BernhardJKAm. Chem. Soc.
)
)

200Q 122, 2373.
Next, the hydrogen-bonding effect on the one-electron (25) Seidel, C. A. M.; Schulz, A.; Sauer, M. H. .. Phys. Cheml996 100,

o : . . . 5541,
oxidation ofoxG was investigated. Since 8-o0xo-7,8-dihydrogua- (26) Lewis, F. D.; Kalgutkar, R. S.; Wu, Y. S.; Liu, X. Y. Liu, J. Q.; Hayes,
nine is a major oxidation product of guanine, its biological R g Viller, . E.; Wasielewski, M. RJ. Am. Chem. 502000 122

effectg! and redox propertiéd22-24 have been widely studied.  (27) Weller, A.Z. Phys. Chem. NE982 133 93.
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Figure 3. (A) The triplet decays observed at 750 and 1000 nm after the
pulsed excitation of 5qM Cgg in argon-saturated dichloromethane. The
inset shows the transient absorption spectrum observed at 100 ns) (B) (
Decay of the transient absorption ¥#s0* observed at 750 nmbfj Time
profile of the transient absorption observed at 1000 nm involving decay of
3Ceo* and formation of Gy~ in the presence of 9 m\éxG and C. (c)
Formation of Gg'~ calculated from time profilesaj and p). Time profile

(a) was normalized by multiplication by 0.018 likeOD att = 0, the same

as that for b). This was subtracted from time profilb)(to extract the rise

of the Gso~ component¢ = (b — a x 0.018) x 20).

Table 4. Bimolecular Rate Constant (k) for the Electron-Transfer
Quenching of 3Cg* by Nucleoside Analogues and
Electrochemically Derived Half-Peak Oxidation Potential (Eox)

nucleoside kg Eox AEq
analogues (108 M~1s71) kq® (mV)P° (mV)
oxG:mC 114 37 540 —-22
oxG:C 62 20 549 -13
oxG:brC 8.3 2.7 583 21
oxG 3.1 1 562 0

aRelative to oxGP Referenced to ferrocene as an internal stanéfard.

oxidation rate ofoxG was accelerated 40 times upon base
pairing withmC (Table 4).

Y
4
o

log(ky)

e = - —— -

-0.4

.
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w

t 0.1

AG (eV)
Figure 4. Schematic representation of the relationship between bimolecular
quenching rate constanksf vs AG in the range of—0.4 to —0.1 eV
according to the RehmWeller equation. Inset: Calculated rate constants
vs AG in the wider range<0.6 to 0.3 eV) according to the Rehteller
equation.
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Figure 5. Cyclic voltammograms of 5 mMxG (dashed line) andxG in

the presence dirC (+), C (solid line), andmC (@) in dichloromethane,
n-tetrabutylammonium perchlorate carrier (0.1 M).

upon addition of equimolar cytosine derivatives are listed in
Table 4. The addition of equimola& to oxG resulted in a 13
mV negative shift in the oxidation potential okG. Further-
more,mC gave a larger negative shift compared to that of the
oxG:C pair, and in contrast, the addition bfC resulted in a
positive shift. The lowering of the oxidation potential of guanine
for the GG and GGG sequence is reported as 52 and 77 mV,

For all three guanine derivatives studied here, accelerationrespectivelyt® Therefore, the results indicate that the effect of
of the one-electron oxidation was observed upon base pairinghydrogen bonding on one-electron oxidation of guanine is

with C. However, the extent of the change lgfincreased in
the orderG < brG < oxG. This order was explained by the
difference in AG between these three guanine derivatives.
Generally, ad\G is more negativek, became less sensitive to
the change ofAG according to the RehmWeller equation
(Figure 4). SinceAG is the least negative for the one-electron
oxidation ofoxG by 3Cesg* (Table 3),kq is the most sensitive to

roughly as important as-stacking. These results demonstrate
that the observed effect of cytosine derivativeskgistrongly
reflects the oxidation potential @xG.3°

Conclusions

It has been demonstrated that the one-electron oxidation rate
of guanine derivatives can be controlled by base pairing with

the change of the oxidation potential of guanine derivatives upon cytosine derivatives. Although all guanines in DNA form a base
hydrogen bonding. Thus, the largest acceleration was observedair with cytosine, the results suggest that the oxidation potential

for oxG upon base pairing witlc.

To test whether the accelerationlgfupon base pairing truly
reflects the lowering of the oxidation potential of guanine
derivatives, the redox chemistry aixG was investigated
electrochemically using cyclic voltammet#§2° One-electron
oxidation ofoxG was irreversible and results were expressed
as the half-peak potential witBox of 0.56 V (vs ferrocene) in
dichloromethane (Figure 5). The shiftskg, observed fooxG

of guanine can be controlled by introducing a substituent on
cytosine on the complementary strand. To elucidate the effects
of the methyl or bromo group at C5 of cytosine on the one-

(28) Niemz, A.; Rotello, V. M.AAcc. Chem. Red.999 32, 44.

(29) Ge, Y.; Lilienthal, R. R.; Smith, D. KI. Am. Chem. S0d996 118 3976.

(30) In the case of thexG:brC pair, although the one-electron oxidation rate
was accelerated, a positive shift Bfx was observed compared ¢xG.
Therefore, some other factors, such as an increase of the cross section upon
base pairing, may also contribute on the changk,of
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