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Electron-Transfer Oxidation Properties of DNA Bases and DNA Oligomers

Shunichi Fukuzumi,* Hiroshi Miyao, Kei Ohkubo, and Tomoyoshi Suenobu

Department of Material and Life Science, Graduate School of Engineering, Osakarsity,
SORST, Japan Science and Technology Agency (JST), Suita, Osaka 565-0871, Japan

Receied: September 7, 2004; In Final Form: January 6, 2005

Kinetics for the thermal and photoinduced electron-transfer oxidation of a series of DNA bases with various
oxidants having the known one-electron reduction potentialg)(in an aqueous solution at 298 K were
examined, and the resulting electron-transfer rate constkgtsvere evaluated in light of the free energy
relationship of electron transfer to determine the one-electron oxidation poteiiglof{ DNA bases and

the intrinsic barrier of the electron transfer. Although B value of GMP at pH 7 is the lowest (1.07 V vs

SCE) among the four DNA bases, the highEstvalue (CMP) is only 0.19 V higher than that of GMP. The
selective oxidation of GMP in the thermal electron-transfer oxidation of GMP results from a significant decrease
in the pH dependent oxidation potential due to the deprotonation of*GMRe one-electron reduced species

of the photosensitizer produced by photoinduced electron transfer are observed as the transient absorption
spectra when the free energy change of electron transfer is negative. The rate constants of electron-transfer
oxidation of the guanine moieties in DNA oligomers with Fe(kpyand Ru(bpyy*" were also determined

using DNA oligomers containing different guanine (G) sequences from 1 to 10 G. The rate constants of
electron-transfer oxidation of the guanine moieties in single- and double-stranded DNA oligomers with
Fe(bpy}*" and Ru(bpyy*" are dependent on the number of sequential guanine molecules as well as on pH.

Introduction determined by pulse radiolysi$in the case of electrochemical
measurements, the irreversibility of the electrode process due
to the facile follow-up reactions has precluded the accurate
determination of theéEy values of DNA base¥’ In any case,

the facile deprotonation of guanine radical cation has precluded
the direct determination of thEqx value. Thus, it is highly
desired to examine the electron-transfer dynamics of DNA bases
n detail to determine the one-electron oxidation potentijg) (

DNA is a polymer of deoxyribonucleotide units consisting
of a purine or pyrimidine base bonded to a sugar, and one or
more phosphate groups. Oxidation of DNA by free radiéals,
ionizing radiatior’3 chemical oxidant$,or photoirradiation is
a common source of damage’. There has been considerable
interest in understanding the chemical and physical mechanism

that control the extent, location, and chemical consequences o ; i
- ’ I of DNA bases under the experimental conditions that electron
4-11
DNA oxidation: he oxidation of DNA bases and the transfer is the rate-determining step.

oxidation mechanism have also been receiving increased atten- On the other hand. th ical and . | studies h
tion recently in both thermal and photochemical reactiénk! n the other hand, theoretical an gxperlmenta“ studies ave
demonstrated that 85G-3 sequences in DNA are “hot spots

Among DNA bases, guanine is known to be most readily S o

oxidized5-20 and guanine is the primary target of the one- for oxidative damagé?2°The proton-coupled electron-transfer

electron,oxidation of duplex DNA by chemical oxidation oxidation of guanine and other modified purine nucleobases has

electrochemical oxidation, or photooxidatib®: 24 To deter- " recently been reported to examine the driving force dependence

mine the driving force of electron-transfer reactions of DNA of the rate constants of proton-coupled electron trarfsfé.
However, dependence of the rates of the proton-coupled

bases, it is necessary to know the one-electron oxidation e -
potentials Eo) of DNA bases. There have so far been a number electron-transfer oxidation of single- or double-stranded DNA

of reports on theEy values of DNA bases, which correspond °llgomers on various DNA base sequences has yet to be
to the one-electron reduction potentiasef) of the radical reported.
cations of DNA base¥ 28 However, the reporteé,, values We report herein the detailed kinetic investigations on both
of DNA bases vary Significant]y depending on the determination phOtOinduced and thermal electron-transfer oxidation of DNA
methods and experimental conditions (e.g., pH). For example, bases to determine the one-electron oxidation potentialg (
the standard one-electron oxidation potential values of guanosinend the intrinsic barriers of electron transfé&rG), both of
and adenosine were determined by pulse radiolysis as 1.58 VWhich would otherwise be difficult to obtain. Once tiigy
(vs NHE) and 2.03 V (vs NHE), respectively These values  Values of DNA bases are determined, the free energy changes
are significantly higher than the previously reported values of (AGey) of photoinduced electron-transfer reactions of DNA bases
guanosine and adenine (1.33 and 1.73 V vs NHE, respec-With various one-electron oxidants can be readily estimated.
tively).2528 The standard one-electron oxidation potential of When the AGe values are negative, the electron-transfer
guanosine was also determined by cyclic voltammetry as Products would be detected as the transient absorption spectra.
1.49 V vs NHE, which is also different from the values In contrast, no electron-transfer products would be detected
when theAGg; values are positive. This is confirmed by laser

* To whom correspondence should be addressed. E-mail: fukuzumi@ flash photolysis measurements of photoinduced electron-transfer
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10.1021/jp0459763 CCC: $30.25 © 2005 American Chemical Society
Published on Web 03/25/2005




3286 J. Phys. Chem. A, Vol. 109, No. 15, 2005 Fukuzumi et al.

values of DNA bases. We also report the kinetic investigations spectrophotometer for fast reactions with half-lives shorter than
on thermal electron-transfer oxidation of single-stranded and 10 s and for the slower reactions with half-lives much longer
double-stranded DNA oligomers with one-electron oxidants. By than 10 s, respectively. Rates of electron-transfer reactions from
changing the number of sequential guanines, the influence of DNA bases and DNA oligomers to Ru(bg¥) and Fe(bpy**
guanine sequence on the electron-transfer oxidation has beerin a buffer solution were followed by an increase in absorbance
examined guantitatively. These data provide the solid energeticat Amax= 452 nm due to Ru(bpy)" and atlmax= 520 nm due
basis for the selective oxidation of guanine in DNA as well as to Fe(bpy)}?", respectively. All the kinetic measurements were

a valuable insight into the oxidation mechanism.

Experimental Section

Materials. GMP (guanosine "smonophosphate) and AMP
(adenosine 'smonophosphate) were obtained from Nacalai
Tesque, Japan. TMP (thymidinémonophosphate) and CMP
(cytosine 5monophosphate) were obtained from Sigma-Aldrich.
Oligonucleotides are obtained commercially from Proligo, Japan.
Duplex of the DNA oligomers were formed as a 1:1 mixture of
the complementary strands by heating t®8Cfor 2 h followed
by slow cooling to ambient temperature over a tini2d in
20 mM Tris/HCI buffer (pH 7.0). Tris(2,2bipyridyl)ruthenium-
(I chloride hexahydrate [Ru(bpy@¢l;] was obtained from
Sigma-Aldrich. Tris(2,2bipyridyl)ruthenium(lll) hexafluoro-
phosphate [Ru(bpy)PFs)s] was prepared by oxidizing Ru-
(bpy)?t with lead dioxide in aqueous 330, followed by the
addition of KPF.33:34 Tris(2,2-bipyridyl)iron(lll) hexafluoro-
phosphate [Fe(bpy(PFs)s] was prepared by adding three
equivalents of 2,2bipyridine to an agueous solution of ferrous
sulfate and then by oxidizing the iron(ll) complex with lead
dioxide in an aqueous43$0, solution, followed by the addition
of KPFs.3* 10-Methylacridinium iodide (AcrHl~) and 1-methyl-
quinolinium iodide (QuHl1~) were prepared by the reactions
of acridine and quinoline with methyl iodide in acetofiehe

resulting iodide salts were converted to the perchlorate salts

(AcrHTCIO4~ and QuHCIO4™) by addition of Mg(ClQ), to
the iodide salt, and purified by recrystallization from meth&fol.

carried out under pseudo-first-order conditions by using more
than 10-fold excess nucleotide in a deaerated buffer solution at
298 K. Pseudo-first-order rate constants were determined by
least-squares curve fit using a microcomputer.

Fluorescence QuenchingQuenching experiments of the
fluorescence of organic photosensitizers were carried out on a
Shimadzu RF-5300 spectrofluorophotometer. The excitation
wavelengths were 321, 358, 390, 311, 280, and 333 nm for
1-methylquinolinium ion (1.0< 10~* M), 10-methylacridinium
ion (1.0 x 104 M), 9,10-dicyanoanthracene (5:0 105 M),
naphthalene (1.& 1074 M), triphenylene (1.0x 104 M), and
pyrene (1.0x 104 M), respectively. The monitoring wave-
lengths were those corresponding to the maxima of the
respective emission bands at 394, 453, 487, 460, 335, and
374 nm, respectively. The solutions of 5 mM Tris/HCI buffer
(pH 7.0)/MeCN = 1:1 (v/v) were deoxygenated by argon
purging for 10 min prior to the measurements. Relative emission
intensities were measured for solution of each photosensitizer
with a nucleotide quencher at various concentrations. There was
no change in the shape but there was a change in the intensity
of the fluorescence spectrum by the addition of a quencher. The
Stern-Volmer relationship (eq 1) was obtained for the ratio of

/1 =1+ Kg[D] Q)
the emission intensities in the absence and presence of an
electron donorlg/l) and the concentrations of nucleotide donors

Organic photosensitizers (9,10-dicyanoanthracene, naphthaleneysed as quenchers [D]. In the case of fluorescence quenching

triphenylene, and pyrene) were obtained commercially from
Nacalai Tesque, Japan and purified by the standard méthod.
5 mM Tris/HCI buffer (pH 7.0, 7.5 and 8.0), 5 mM potassium
hydrogen phthalate [§E14(COOK)(COOH)]/NaOH buffer
(pH 5.8 and 5.0), 5 mM [gH4(COOK)(COOH)]/HCI buffer
(pH 4.0 and 3.0), and 5 mM KCI/HCI buffer (pH 2.0) were

of AcrH* by some quenchers, the Stetviolmer plot showed

a deviation from a linear correlation betwekyi and [D] in

the high concentrations of donors, which absorb light at the
excitation wavelength. In such a case, the longer excitation
wavelength (e.g4 = 486 nm) was selected and the quenching
constant was determined from the initial slope of the Stern

used for measurements of pH dependence of electron-transfeVolmer plot. Time-resolved fluorescence spectra were measured
rate constants. The pH of the solution was determined by a pH by a Photon Technology International GL-3300 with a Photon
meter (TOA; HM-20J) equipped with a glass electrode (TOA; Technology International GL-302 and a nitrogen laser/pumped
GST-5725C). Tris(hydroxymethyl)aminomethane was obtained dye laser system equipped with a four-channel digital delay/
from Nacalai Tesque, Japan. Water was purified (183 &/n) pulse generator (Standard Research System Inc. DG535) and a
with a Milli-Q system (Millipore; Milli-Q Jr.). Acetonitrile was motor driver (Photon Technology International MD-5020). The
purified and dried with calcium hydride by the standard excitation wavelengths were 358 and 425 nm usifaterphenyl
procedure, and stored under nitrogen atmosp¥ere. and POPOP (Wako Pure Chemical Ind. Ltd., Japan) as a laser
Spectroscopic MeasurementsChanges in the UVvis dye, 311 and 284 nm for Rhodamine 650 and Rhodamine 590
spectra in electron-transfer reactions were monitored using a(Exciton Co, Ltd.) with the output pulses were frequency
Hewlett-Packard 8453 diode array spectrophotometer. Thedoubled by GL-303 frequency doubler, and 337 nm from a
reaction of GMP with Fe(bpy}" was examined by measur- nitrogen laser without laser dye. The fluorescence lifetimes
ing the change in the UWvis spectra of Fe(bpy)" were fitted by a single-exponential curve fit using a microcom-
(e = 8400 M1 cm! at 520 nm38 in the presence of various  puter. The observed quenching rate constepts-Ksyz 1) were
concentrations of GMP (0 to 8.8 1075 M). The reaction of obtained from the SteraVolmer constant&sy and the emission
GMP with Ru(bpy)** was examined by measuring the change lifetimes .
in the UV—vis spectra of Ru(bpyj™ (¢ = 14600 M cm™! at Electrochemical Measurements.The cyclic voltammetry
452 nm¥8 in the presence of various concentrations of GMP (CV) measurements were performed on a BAS 100B/W
(0t0 8.0x 107> M). electrochemical analyzer in a deaerated aqueous solution
Kinetic Measurements. Kinetic measurements were per- containing 0.10 M BkNCIO4 and 5 mM NaSQO, as supporting
formed using a UNISOKU RSP-601 stopped-flow rapid scan electrolytes. A conventional three-electrode cell was used with
spectrophotometer equipped with a MOS-type high sensitive a gold working electrode (surface area of 0.3 fhrand a
photodiode array and a Hewlett-Packard 8453 photodiode arrayplatinum wire counter electrode. The gold working electrode
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(BAS) was polished with BAS polishing alumina suspension  (a)

and rinsed with acetone before use. The reference electrode 10
was Ag/0.01 M AgNQ or Ag/0.01 M AgCIl. The values
(vs Ag/AgNG;) and (vs Ag/AgCl) are converted to those versus
SCE by adding 0.29 V and by subtracting 0.04 V, respectitely.
The values vs SCE is converted to those versus NHE by
subtracting 0.24 V, respectively.

Photophysical MeasurementsThe measurements of tran-
sient absorption spectra in photoinduced electron transfer from
DNA bases to pyrene were performed according to the following
procedures. The degassed@MeCN = 7:3 (v/v) solution
containing pyrene (5.0< 1074 M) and a DNA base (5.0«

1072 M) was excited by Nd:YAG laser (Continuum, SLII-10,
4—6 ns fwhm) at 355 nm. Time course of the transient , , ,
absorption spectra were measured by using a continuous 9100 450 500 550 600
Xe-lamp (150 W) and an In GaAs-PIN photodiode (Hamamatsu Wavelength, nm

2949) as a probe light and a detector, respectively. The output
from the photodiodes and a photomultiplier tube was recorded
with a digitizing oscilloscope (Tektronix, TDS3032, 300 MHz).
The transient spectra were recorded using fresh solutions in each
laser excitation. All experiments were performed at 298 K.

Absorbance

1.2

Results and Discussion

Thermal Electron-Transfer Oxidation of DNA Bases.The
electron-transfer oxidation properties of DNA bases are exam-
ined by thermal electron-transfer reactions with one-electron
oxidants such as Fe(bpy) and Ru(bpy}*". The one-electron
reduction potentialsH.q) of Fe(bpy}*" and Ru(bpy¥®t in H,O
are determined by the cyclic voltammetry measurements as
E°(F§+/Fé+) =0.90V andEO(RL]s+/RL12+) =118V (VS SCE), 0 I I I I
respectively (see Experimental Section). Among four DNA 0 02 04 06 08 1.0
bases, only GMP can be oxidized by Fe(kpy) The spectral [GMP/[Fe(bpy)s3*]

titration is shown in Figure 1, which indicates that two-electron Figure 1., (a) Visible spectral changes observed upon addition of GMP

H 7 H H Igu . ISI u I
Oxfk?etl?gtgfocf;'\e/llzc(t)r((:)cnu;favr:/;tfr]e :V;,'%r?]qg\l\//lalljegslzzf(gg ;)t:,jjz )s (0to 7.0x 10°° M) to a 5 mM Tris/HCI buffe_r (p_H 7.0) solution of

. . . Fe(bpy}*" (1.0 x 107 M). (b) Plot of spectral titration for the electron-

determined from an increase in absorbance at 520 nm due toyansfer oxidation of GMP (0 to 7.0 10°5 M) with Fe(bpy)**
Fe(bpy}?*. The rate obeys pseudo-first-order kinetics in the (1.0 x 1074 M) in 5 mM Tris/HCI buffer (pH 7.0) at 298 K.
presence of large excess GMP (see Supporting Information S1).
The pseudo-first-order rate constant increases linearly with
increasing GMP concentration (S2). From the linear plot of the 6 |
pseudo-first-order rate constant vs GMP concentration is
determined the rate constant of electron transiey) (as
3.0x 1° M~1slat pH=7.0. The pH dependence kf; was
examined, and the results are shown in Figure 2. Theklpg
value of GMP increases with an increase in pH in the region
pH > 4.0 to reach a constant value in the region, pH.0.
This indicates that the electron transfer from GMP to Fe(§py)
is endergonic and the uphill electron transfer is followed by
the deprotonation of GMP, because the acid dissociation
constant value of GMP (pK:) is known to be 3.9° In such
a case, the overall rate constant of electron transfer increases 0 ! ! !
with increasing the deprotonation rate as pH increases to reach 2 4 6H 8 10
a stage (pH> 7.0), where electron transfer becomes the rate- P

determining step, followed by the fast deprotonation of GMP Figure 2. pH dependence of the observed second-order rate constant
as shown I% Figure 2 y P (key) for the electron-transfer oxidation of GMP with Fe(bgy) at

When Fe(bpy¥* is replaced by a stronger one-electron 298 K-
oxidant, Ru(bpy3®", not only GMP but also AMP and TMP  a large excess GMP. The pseudo-first-order rate conktasat
can be oxidized, but no electron-transfer oxidation of CMP takes proportional to the GMP and AMP concentrations. The rate
place. The spectral titration confirms that two-electron oxidation constants of a series of nucleotides in the electron-transfer
of GMP, AMP and TMP occurs by Ru(bpy) (S3). The rates  reactions with Fe(bpyj"™ at pH = 7.0 and Ru(bpyf' at
of electron transfer from GMP, AMP and TMP to Ru(bg¥) pH = 5.0 are listed in Table 1.
in a deaerated aqueous buffer solution can be readily followed As the case of the electron-transfer oxidation of GMP with
by an increase in the absorbance due to Ru@py)he rate Fe(bpy}®™, the logke value for the electron-transfer oxidation
of electron transfer also obeys pseudo-first-order kinetics with of GMP with Ru(bpy)}®* increases with an increase in pH in

[Fe(bpy)s*1[Fe(bpy)s®*]

log(ksy, M1 87T
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TABLE 1: Rate Constants of Electron-Transfer Oxidation are conventional. The dependence\@* on the Gibbs energy
of DNA Bases with Fe(bpy)*" in 5 mM Tris/HCI change of electron transfehGe) has well been established, as

i 3+ i . A . . .
%;e:(é%"okg()(’:grg%m a%uébgﬁ)ffser EB: L?(%I at 208 K given by the Gibbs energy relationship (eq 7), wha@*, is

Kops M2 571 AG" = (AG,/2) + [(AG/2° + (AG')AY?  (7)
nucleotide Fe(bpyj™ Ru(bpy)®t

the intrinsic barrier that represents the activation Gibbs energy

E,{\,,AE r?éorzal(g?on 8'20; 186 when the driving force of electron transfer is zero, i&G* =
TMP no reaction 15 AG¥ at AGey = 0.43460n the other hand, th&Gg; values are
CMP no reaction no reaction obtained from the one-electron oxidation potential of the donor

(Eox) and the one-electron reduction potential of the acceptor
the region pH> 4.0 (S4). However, the instability of Ru(bp§) (Ered by using eq 8, wheré& is the Faraday constant. From
at pH > 5.0 has precluded the determinationkgf at higher
pH. In contrast to the electron-transfer oxidation of GMP, there AGy = F(Epy — Ered) (8)
is no increase in thk; value of AMP at pH> 4.0. Instead, the

: . 7 and 8 is derived a linear relation betwee®* + E
ket value decreases with decreasing pH atpH.0 (S4). Such €qs - ; red
a decrease ik at pH < 4.0 is ascribed to the protonation of and AG")™ (eq 9)* The AG* values are obtained from the

AMP (pKa1 = 3.7)41 guenching rate constants of photoinduced electron transfer to

Photoinduced Electron-Transfer Reactions of DNA Bases. + _ + 2 +
Because direct electrochemical measurements of DNA bases (AGT/F) + Ereq = Box + (AG'/F)NAGTF) )
tion, we have examined the rates of photoinduced electron- acceptors whosEeq values are known or readily determined.
transfer oxidation from which the fundamental one-electron Thys, the unknown values &, and AG*, can be determined

oxidation properties can be deduced (vide infra). from the intercept and slope of the plots AG*/F + Eeq VS

The one-electron reduction potentials of singlet excited states (AGH 1 by using eq 9, respectivef§49
of organic photosensitizer&t4excited)] were determined from A number of rate constantse) of photoinduced electron
one-electron reduction potentials at ground staffgg(bround)]  transfer from DNA bases to the singlet excited states of electron

obtained by the cyclic voltammograms, and the singlet excitation acceptors (QuK, AcrH*, 9,10-dicyanoanthracene, naphthalene,
energies obtained from eq 2, where transition energies of triphenylene and pyrene) are determined by the emission
. quenching in 5 mM Tris/HCI buffer (pH 7.0) and 5 mM Tris
Eedexcited)= E(ground)+ (hv s+ by, )12 (2) buffer/MeCN= 1:1 (v/v) at 298 K (see Experimental Section).
Typical Sterr-Volmer plots (eq 1) are shown in the Supporting
absorption lvapy and fluorescencehfn,) were obtained by  |nformation (S5, S6). Thi values and the knowR;eq values
maxima of UV-vis and fluorescence spectra, respectively. The of the excited states are listed in Table 2. THevalues of
significant increase in the acceptor ability of electron acceptors pycleotides with the same electron acceptor increase in the order
by the electronic excitation is well-known to result in electron- gMP > AMP > TMP > CMP 50,51
transfer quenching of the singlet excited states of acceptors by  The pH dependence of tig value for photoinduced electron
the ground-state donof$The emission quenching by electron  transfer from DNA bases to the singlet excited state of AcrH
transfer from an electron donor (D) to the excited-state acceptoryas also examined by fluorescence quenching of AcrFhe
(A*) has been formulated, as shown in eq 3, whiereandkz, pH dependence d¢;is shown in Figure 3, where the; values
) " K of GMP and TMP are r_athelr constant irrespective of pH, because
D + A* kzm (D A% k;.3 (D'+ A ZD+A 3) they are close to the diffusion-limited value. Qn the other hand,
21 32 the ket values of AMP and CMP decrease with decreasing pH

. ) . . in the region, pH< 4. Such a decrease in thg value may be
are the diffusion and dissociation rate constants in the encounteryscriped to the protonation of AMP Kg; = 3.7y and CMP

complex (DA®), ko3 and ks are the rate constants of forward — (hi | = 4 5)50

electron tr_ansfer from D to A* and th_e back electron transfer Dependence of loke; of thermal and photoinduced electron-

to the excited state, respectively, dadis the rate constant of  yransfer oxidation of GMP at pH 7.0 on the one-electron

back electron transfer to the ground stét@he overall rate  eqyction potentialsHeq) of oxidants is shown in Figure 4,

constant ke of the emission quenching by electron transfer is hich exhibits typical feature of the electron-transfer process:

given by eq 4, which is reduced to eq 5 under the conditions the logke value increases with an increase in gy value to
reach a plateau value corresponding to the diffusion rate

Kt = KyoKogf[Kog 1 Kq(1 + Kgp/Ks0)] 4) constanf?
The unknown values &, andAG*, of GMP are determined
Ker = Kz Kool (Ko3 + Kay) ®) from the linear plot ofAG* + Eeq Vs (AGH)™1 by using eq 9.

This plot is shown in Figure 5, where a linear correlation
that the back electron transfer to the ground state is much fastethetweem\G* + E,eqand AG¥) L is obtained. Th&y andAG*,
than that to the excited state, i.égo > ks From eq 5is  vajues of GMP are obtained as 1.07/0.02 vs SCE and
derived eq 6, wherdG* is the activation Gibbs energy of the 23 4.+ 0.4 kJ mot* from the intercept and slope by the least-

squares analysis. TH&y and AG*, values of the other DNA

AG* = 2.3RTlog[Z(k, * — ki, 9] (6) bases are also determined from the intercepts and slopes of linear
plots betweem\G* + E,eqand AG*) 1 (S7) and the values are
bimolecular electron-transfer procesk;kzakz1), Z is the listed in Table 3. TheEy, value of GMP thus determined at

collision frequency that is taken asx1 10t M~1 s71, the ko pH 7.0 (1.07 V4 0.02 vs SCE) agrees with the reported value
value in HO is 8.0 x 10° M~ s7145 and the other notations  determined by pulse radiolysis (1.294/0.03 vs NHE, which
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TABLE 2: Rate Constants for the Photoinduced Electron Transfer from Nucleotide to Organic Photosensitizer at 298 K

ket, Mfl Sfl
nucleotide  QuFi2(2.54V) AcrH"2(2.43V) DCA(1.95V) naphthalertg1.48 V) triphenylen®(1.43V) pyrené(1.17 V)
GMP 8.4x 1(° 1.0 x 10w 3.9x 10° 1.3x 1¢° 3.8x 10° 6.3x 107
(3.4 x 10°)° (5.7 x 107)°
AMP 6.6 x 10° 6.8 x 10° 2.8x 10 47 x 10° 8.0x 10/ 1.9x 107
(1.6 x 10°)° (2.2 x 107)¢
T™MP 51x 10° 5.0x 10° 1.6x 10° 8.0x 10° 1.3x 1¢® <1 x 107d
(1.1x 10°)c
CMP 4.2x 10° 45x 10° 7.0x 1C° 3.5x 10° 7.6 x 10 <1 x 107d
(5.0 x 108)c

a|n Tris/HCI buffer solution (pH 7.0)? In Tris/HCI buffer (pH 7.0): MeCN= 1:1 (v/v) solution.c Determined by fluorescence decdyloo
slow to be determined accurately.

11.0 25
105
o 20
£ 100+ Orm—o/o i
1]
T \D/D 8
= 95f ®
< - o 15
8 9ol ur
+
«©
85 5 1.0
2
80 1 1 1 1 1 1
i 2 3 4 5 6 7 8
05 : : .
pH 0 5 10 15 20
Figure 3. pH dependence of the rate constariktg (©f photoinduced (FIAG?), eV
electron transfer from GMP (open circle), AMP (open square), TMP Figure 5. Plots of AGY/F) + Eeq vs (F/AG) for the thermal and
(closed circle) and CMP (closed square) to Acrid 5 mM Tris/HCI photoinduced electron-transfer reaction of GMP.

buffer (pH 7.0) at 298 K.
TABLE 3: One-Electron Oxidation Potentials (Eox) of DNA

Bases and Intrinsic Barrier (AG%) of the Electron-Transfer
10 21 Oxidation in Tris/HCI Buffer (pH 7.0)
B OO
DNA base Eox Vs SCE, V AG¥, kJ mol
- GMP 1.07+£ 0.02 23.4+04
» AMP 1.184+0.02 23.8£ 0.3
'TE 8 TMP 1.21+ 0.03 25.5+ 0.6
- CMP 1.26+ 0.02 26.3£ 0.5
S
g
= 6 Although theEq value of GMP at pH 7.0 is the lowest among
the four DNA bases (Table 3), the difference in thg values
between GMP and the other DNA bases is not so large as
. . . . . generally believed: the highed,x value (CMP) is only
0.5 1.0 15 2.0 25 3.0 0.19 V higher than that of GMP2853 Thus, the selective

E;eq Vs SCE, V oxidation of GMP in the thermal electron-transfer oxidation of

Figure 4. Plot of logarithm of the rate constants (l&g) of thermal GMP bases with Fe(bpy)" at pH 7.0 (Figure 2) comes from
and photoinduced electron-transfer oxidation of GMP with the singlet @ significant decrease in the pH dependent oxidation potential
excited state of organic sensitizers (open circles: 1, 3-CNQuH due to the deprotonation of GMP (pK,; = 3.9)10240 The
AcrH*; 3, 9,10-dicyanoanthracene; 4, naphthalene; 5, triphenylene; 6'Validity of Ey values of DNA bases determined herein is

pyrene) and one-electron oxidants (closed circles: 7, Rugbpyg, . . . .
Fe(bpy)**) vs one-electron reduction potentiaE.&) of the singlet confirmed by the laser flash photolysis experiments (vide infra).

excited state of organic sensitizers and one-electron oxidants. Laser Flash Photolysis.The occurrence of photoinduced

corresponds to 1.05 ¥ 0.03 vs SCE¥® The pH dependence  electron-transfer reactions of DNA bases is confirmed by the
of the Eox value of GMP can be evaluated using eq240, laser flash photolysis experiments (see Experimental Section).
E. —E°+0.059x In the case of photoinduced electron transfer from DNA bases
pH ' to the singlet excited state of AcrH*AcrH™), the electron
KKK as T KK pl0 P + K, 1072PH + 107% transfer from all types of DNA bases is highly exergonic,
log K. K.+ K.10PH + 10721 (10) because th&q value of!tAcrH** (2.32 V vs SCEJ* is much
e more positive than thEq values of DNA bases (Table 3). Laser
where E° is the standard oxidation potential of GMP, excitation (355 nm from Nd: YAG laser) of an aqueous solution
PKar = 1.9, Kaz = 9.25, Kgaz = 12.33 for GMP and of AcrH™ (5.0 x 107% M) and DNA bases (3.6« 1073 M) at
pKr1 = 3.9, K2 = 10.9 for the corresponding radicaf$:4° pH 7.0 affords a transient absorption spectrum atslwith
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of laser pulse at = 355 nm with 10 mJ/pulse.
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triplet excited state of pyreneyrene*) with bleaching of
pyrene at 340 nm (S9f. Using GMP as a quencher, the
photoinduced electron transfer occurred efficiently and the
absorption band at 420 nm due Ypyrene* disappeared and
new absorption band at 490 nm due to pyrenappeared
together with the broad absorption at 5000 nm due to the
neutral oxidized radical (GMP{H)*) produced by deprotonation
of GMP* at pH 7.0, as shown Figure 7&.52 In the case of
the other nucleotides, photoinduced electron transfer does not
occur and only the absorption band at 420 nm dugyoene*
was detected, as shown in Figure—th These results indicate
that only GMP has a loweE., value than théceq value of the
singlet excited state of pyren&{q = 1.17 V) and the other
DNA bases have highdf,y values, demonstrating the validity
of the E,x values of DNA bases in Table 3. No transient
absorption spectra are observed in the photoinduced electron-
transfer oxidation of nucleotides (1:010-2 M) by the singlet
excited state of 9,10-dicyanoanthracene (DCA) at pH 7.0,
because back electron transfer from radical cation of nucleotides
to DCA*~ is too fast to be observed by the nanosecond laser
flash measurements.

Electron-Transfer Reactivity of DNA Oligomers Contain-
ing Guanine vs Guanine Monomer. The electron-transfer
oxidation properties of DNA oligomers containing guanines in
sequence 1, 2, 3, 4, and 10 were examined using one-electron
oxidants such as Fe(bpyy, the one-electron oxidation potential
of which is 0.90 V (vs SCE). The complete sequences of the
DNA oligomers are listed in Table 4. In the electron-transfer
oxidation of DNA oligomers, the amount of Fe(bp¥)
produced in the electron transfer was determined from an
increase in absorbance At= 520 nm, which increased with
increasing the amount of guanine in DNA oligomer (S10). The
stoichiometry of electron-transfer oxidation of DNA oligomers
with Fe(bpy}®" indicates that only guanine moiety can be
oxidized and that two equivalents of Fe(bgy)are consumed
to oxidize one guanine moiety (Figure 8a). Judging from the
Eox values of DNA bases (1.671.26 V vs SCE) and th&q
value of Fe(bpyy* (0.90 V vs SCE), the electron transfer from

appearance of a new absorption band at 500 nm due toall DNA bases to Fe(bpyi* is endergonic £Ge > 0). The

AcrH+,#70:54as shown in Figure 6 ((a) and (b) correspond to the
results of GMP and CMP, respectively). This indicates that
photoinduced electron transfer from DNA basestA@rH ™
occurs to produce Acrtand the one-electron oxidized species
of all types of DNA base® In the case of GMP (Figure 6a),
the broad absorption at 56000 nm is ascribed to the neutral
oxidized radical (GMP{H)*) produced by deprotonation of
GMP* at

pH 7.040:5657|n the case of CMP, the absorption band due to

facile deprotonation of the guanine radical cation makes it
possible that only the guanine moiety is oxidized with Fe-
(bpy)®t. Thus, the selective oxidation of the guanine moiety
is ascribed to the facile deprotonation of the guanine radical
cation rather than to the loweBty, value of guanine.

The rates of electron-transfer oxidation of DNA oligomers
with Fe(bpy}** were determined from an increase in absorbance
at 520 nm due to Fe(bpy)". The rate obeys pseudo-first-order
kinetics in the presence of large excess guanines in DNA

CMP* appears at ca. 670 nm together with the absorption at oligomers as shown in Figure 8b. The pseudo-first-order rate

500 nm due to Acri(Figure 6b). The absorption at 500 nm
due to AcrH decays, obeying second-order kinetics (S8). The
second-order decay rate constant is determined asx7.9
10° M~ s71, which is diffusion-limited. This indicates that
AcrH* decays via back electron transfer from Acrid DNA
base radical cations.

Judging from theE,y values of DNA bases in Table 3,
photoinduced electron transfer from GMP to the singlet excited
state of pyrene is slightly exergonidGe; = —0.10 eV), whereas
the photoinduced electron-transfer reactions from other DNA

constank! is proportional to the guanine concentrations (S11).
The second-order rate constant of electron trandtey) (is
obtained from the slope of plot & vs the guanine concentra-
tion. Thekgpsvalues are the rates per guanine residue. The rate
constants K9 of a DNA oligomer of AGT sequence in the
electron-transfer oxidation with Fe(bp§) at pH 7.0 is deter-
mined as 5.6x 166 M1 s,

When Fe(bpy$* is replaced by a stronger oxidant, Ru-
(bpy):®" (Ereq = 1.18 V vs SCE), not only guanine but also
adenine can be oxidized with the reduction of Ru(gpy}o

bases are endergonic. Thus, the products of the photoinducedRu(bpy)?*, which has absorbance at= 450 nm (vide supra).

electron transfer would only be observed in the case of GMP.
This is confirmed by the laser-flash photolysis experiments (vide
infra). Laser excitation (355 nm from Nd: YAG laser) of pyrene
(5.0 x 104 M) affords a transient absorption spectrum ats3

The rate of electron transfer from DNA oligomers to Ru(Bpy)

was determined from an increase in absorbance at 450 nm under
acidic conditions (pH 2.0) because of the instability of Ru-
(bpy)®* under neutral conditions. The second-order rate constant

with appearance of a new absorption band 420 nm due to the(k,g of the electron-transfer oxidation of AGT with Ru(bp¥/)
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Figure 7. Transient absorption spectra observed upon laser excitation of deaerated MEQR:Hv/v) solution of (a) GMP (5. 1072 M), (b)
AMP (5.0 x 1072 M), (c) TMP (5.0 x 1072 M) and (d) CMP (5.0x 1072 M) in the presence of pyrene (50 104 M) at 298 K at 3.Qus after
irradiation of laser pulse a@ = 355 nm with 1.0 mJ/pulse.

TABLE 4: DNA Base Sequence of DNA Oligomers

oligomer sequence (5' — 3")

AGT 5' —AGT—AGT—AGT—AGT—3'
AG(Q2)T 5'—AGGT—AGGT—AGGT—3'
AG(3)T 5 ' —AGGGT—AGGGT—AGGGT—3'
AG#HT 5'—AGGGGT—AGGGGT—3 '
AGI0)T 5'—AGGGGGGGGGGT—3 '

AT 5'—AT—AT—AT-AT—AT—AT-3'
CG 5'—-CG—CG—CG—CG—CG—CG—3'
sS-G(1) 5'—AGT—AAG—AGT—ATGT—3 '
3 G AN AT ATETS
dS-G(1) .
3'—TCA—TTC—TCA—TACA—5"
sS-G(3) 5' —AGGGT—AAGGGT-TGGGT—3 "
5 1-AGOGT-AAGSCA-100GT-3
dS-G(3) PR L
3'—TCCCA—TTCCCT—ACCCA—5"

at pH 2.0 is determined as 4:710° M~1 s71, which is smaller
than thekqps value with Fe(bpy$t (5.6 x 10° M~ s at

pH 7.0. Thekyps Value is expected to increase with increasing
pH in the region pH> 3.9, which is the K, value of guanine

radical catiorf? The kops value of a DNA oligomer of AGT
sequence at pH 2.0 (4% 10° M1 s7Y) is larger than théps
value of a guanine monomer (GMP: 3:91C® M1 s71) at

pH 2.0. This indicates that the guanine reactivity in the electron-
transfer oxidation is also enhanced in the DNA oligomer as
compared with the monomer under the acidic conditions (vide
supra).

Effects of Number of Contiguous Guanines on the
Electron-Transfer Reactivity. The effects of adjacent nucleo-
tides of guanine in DNA oligomers on the electron-transfer
oxidation with Ru(bpyy** at pH 2.0 are examined and the
results are shown in Figure 9. Plots of the pseudo-first-order
rate constants vs concentrations of guanine moiety afford
virtually the same slope between DNA oligomers of AGT
sequence and CG sequence. This indicates that the electron-
transfer reactivity of guanine moiety in DNA oligomers is not
affected by adjacent nucleotides, adenine, thymine or cytosine.

In contrast to the results in Figure 9, the electron-transfer
reactivity of guanine moiety in DNA oligomers is significantly
affected by the number of adjacent guanine (vide infra). The
kobsvalues of electron-transfer oxidation of DNA oligomers with
Fe(bpy}*™ and Ru(bpyy** were determined using DNA oli-
gomers containing different guanine (G) sequences: from 1 to
10 G. In the case of the oxidation by Ru(bg¥)at pH 2.0, the
Kobs Value increases in the order AGT AG(2)T < AG(3)T <
AG(4)T = AG(10)T, as shown in Figure 10. Under such acidic
conditions, the difference in thieys value is ascribed to the
difference in the electron donor ability of guanine depending
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Figure 8. (a) Plot of the spectral titration for the electron-transfer
oxidation of a DNA oligomer (AGT) with Fe(bpyJ™ (1.0 x 1074 M) 0 L I I L
in 5 mM Tris/HCI buffer (pH 7.0) at 298 K. (b) Time course of 0 2 4 6 8 10
absorbance change at= 520 nm due to Fe(bpy)" in the electron- Number of Sequential Guanine

transfer oxidation of AGT (6.0x 10°°% M) with Fe(bpy)*" .
(2.0 x 105 M) in 5 mM Tris/H(CI buffer (pH 7).0) at 298(K?)I/ﬁset: Figure 11. Sequence dependence of the observed rate conkgat (

ot : of the electron-transfer oxidation of various DNA oligomers
First-order plot based on the absorption changé &t520 nm. [AGT, AG(2)T, AG(3)T, AG(4)T and AG(10)T] with Fe(bpy)* in

20 5 mM Tris/HCI buffer (pH 7.0) solution at 298 K.

increases from AGT to AG(2)T but decreases significantly with
longer guanine sequences.
4 Electron-Transfer Reactivity of Single-Stranded DNA
Oligomers vs Double-Stranded DNA OligomersThe electron-
T"’, 1ok transfer reactivity of guanine in single-stranded (sS) DNA
~ oligomers is compared with the reactivity in the corresponding
double-stranded (dS) DNA oligomer. As shown in Figure 12a,
05 L the rate constants of electron-transfer oxidation of sS-G(1) and
dS-G(1) are virtually the sanfé.Thus, the electron-transfer
reactivity of guanine in the single-stranded DNA oligomers is
0 L L L not affected by formation of the double strand. In contrast, the
0 o2 3 4 electron-transfer rate of dS-G(3) is 8 times faster than that of
10%[guanine], M sS-G(3) as shown in Figure 12b.
Figure 9. Plots of pseudo-first-order rate constakd) (/s concentration
of guanine for the electron-transfer oxidation of AGT (open circle) and conclusions
CG (open square) with Ru(bpyy in 5 mM KCI/HCI buffer (pH 2.0)
at 298 K. The one-electron oxidation potentials,f) and the intrinsic
barriers of electron transfenG*) of DNA bases have been
on the number of guanine sequence. The electron donor abilitydetermined from the detailed kinetic investigations on both
of guanine increases with increasing the number of guanine photoinduced and thermal electron-transfer oxidation of DNA
sequence to reach a constant value when the sequence numbdrases. TheEy, value of GMP thus determined at pH 7.0
is larger than 4. (1.07 V vs SCE) is the lowest among DNA bases. However,
When the electron-transfer oxidation of DNA oligomers with the difference in theE,x values between GMP and the other
different sequential numbers of guanine is carried out using DNA bases is too small to account for the selective oxidation
Fe(bpy}*" as a one-electron oxidant under neutral conditions of GMP with Fe(bpy}**. The facile deprotonation from GMP,
at pH 7.0, the results are quite different from those in the case followed by the electron-transfer oxidation of the deprotonated
of Ru(bpy}** at pH 2.0 as shown in Figure 11. Thgsvalue radical may be the most essential origin for the selective

m]




ET Oxidation Properties of DNA Bases and Oligomers

(a)

3.0

K, s

10* [guanine], M
(b)

0 1 2 3 4 5 6

10* [guanine], M

Figure 12. (a) Plot of pseudo-first-order rate constari)(vs
concentration of guanine for the electron transfer-oxidation of sS-G(1)
(open circle) and dS-G(1) (open square) with Fe(bPy)n 5 mM
Tris/HCI buffer (pH 7.0) at 298 K. (b) Plot df* vs [guanine] for the

electron-transfer oxidation of sS-G(3) (open circle) and dS-G(3) (open

square) with Fe(bpyJ™ in 5 mM Tris/HCI buffer (pH 7.0) at 298 K.

oxidation of GMP among DNA bases. The guanine moiety is
also selectively oxidized in the electron-transfer reaction of DNA
oligomers with Fe(bpyf*™ via the facile deprotonation from

GMP following electron transfer. The rate of electron-transfer
oxidation of guanine is slightly enhanced in DNA oligomers as
compared with that of monomer guanine (GMP). The electron-
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