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Abstract: The dynamics of electron adducts of 2'-deoxynucleotides and oligonucelotides (ODNs) were
measured spectroscopically by nanosecond pulse radiolysis. The radical anions of the nucleotides were
produced within 10 ns by the reaction of hydrated electrons (e.q ) and were protonated to form the
corresponding neutral radicals. At pH 7.0, the radical anion of deoxythymidine (dT") was protonated to
form the neutral radical dT(H)" in the time range of microseconds. The rate constant for the protonation
was determined as 1.8 x 10" M~ s, In contrast, the neutral radical of dC(H)" was formed immediately
after the pulse, suggesting that the protonation occurs within 10 ns. The transient spectra of excess electrons
of the double-stranded ODNs 5'-TAATTTAATAT-3' (AT) and 5'-CGGCCCGGCGC-3' (GC) differed from
those of pyrimidine radicals (C and T) and their composite. In contrast, the spectra of the electron adducts
of the single-stranded ODNs GC and AT exhibited characteristics of C and T, respectively. These results
suggest that, in duplex ODNs, the spectral intermediates of G—C and A—T anions complex were formed.
On the microsecond time scale, the subsequent changes in absorbance of the ODN AT had a first-order

rate constant of 4 x 10* s~

1, reflecting the protonation of T.

Introduction

In the early stages of radiation-induced DNA damage, high-
energy radiation ionizes the nucleic acid bases, generating
positive holes and electrons within the DNA strand.' ~* Iden-
tification of the DNA sites that trap these holes and electrons is
essential to understanding the progression of radiation-induced
damage. The positive holes migrate to guanine (G) sites,* which
have the lowest oxidation potential among the four bases. The
cationic radicals of G participate in further irreversible reactions,
which may lead to oxidative DNA damage.’ Less is known,
however, about the complementary excess electrons, with most
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of the knowledge of their behavior coming from ESR studies
of y-irradiated frozen solutions of DNA.*¢"® These studies
revealed that when DNA was irradiated at <77 K, cytosine (C)
was the primary site for trapping excess electrons.®”® At
annealing temperatures, the irreversible protonation of T'
competes with electron tunneling®*’¢ and acts as a stable
trapping site for reductive damage caused by the formation of
the 5,6-dihydrothymine 5-yl radical.® In contrast, protonation
of C*™ is reversible and electron transfer proceeds as the thermal
activation process which involves C*~ as the intermediate
electron carrier.'*"

Excess electrons have recently been shown to migrate through
duplex DNA by a hopping mechanism, in which the pyrimidine
bases T"~ and C*~ act as intermediates.'®”'* During this process,
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G—C, but not A—T, base pairs reduce the efficiency of electron
transfer. Using pyrene-modified nucleosides as model com-
pounds, interference with electron migration was found to be
due to protonation of C"~."* However, protonation of T°~ and
C*” in DNA at room temperature has not been observed directly.

Radiation-induced DNA damage results not only from the
primary impact of high energy quanta but also from secondary
particles generated during the ionization process. Recent
experimental and theoretical studies have shown that even very
low energy electrons may induce strand breaks in DNA.'* This
process can occur via several pathways, including dissociative
electron attachment, in which electrons formed as secondary
products of radiation bind to nucleobases and cause bonds to
break. Thus, knowledge of the distribution of excess electron
sites and of reliable electron affinities for DNA is of great
importance.

The energetics and structures of radical anion states of
nucleobases and their complexes have been studied intensively
by theoretical methods.'>'® The electron affinities of 2'-
deoxyribonucleosides, as determined by theoretical calculations,
range from 0.44 to 0.06 eV and are in the order dT > dC > dG
~ dA. In a solution of dichloromethanone, however, the
reduction potential of C is lowered by base pairing with G."?
The situation in DNA likely differs significantly from that of
isolated nucleosides. The electron adduct nucleobases may be
affected by the interaction fields caused by base pairing and
base stacking, as observed in cation radicals of G in DNA 202!
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Table 1. Sequences of the Oligonucleotides Examined in This
Work

name sequence (5'—3')

AT 5" TAATTTAATAT 3'
3" ATTAAATTATA S’
5" ATAATTTAAATTAT 3’
3' TATTAAATTTAATA 5'
GC 5" CGGCCCGGCGC 3"
3" GCCGGGCCGCG 5'
5" GCGGCCCGGGCCGC 3’
3" CGCCGGGCCCGGCG 5

Pal AT

Pal GC

In duplex DNA, excess electrons of nucleobases can be
generated by pulse radiolysis of a deaerated aqueous solution.
Hydrated electrons (e,q ) can react with all four nucleobases,
and the resulting products of the nucleic acids have been
identified spectroscopically.?> >* This paper describes the use
of nanosecond pulse radiolysis to investigate the dynamics of
excess electrons in duplex DNA. Differences in the dynamics
of ODNSs and corresponding isolated nucleotides are reported.

Experimental Section

Materials. ODNs (Table 1) were synthesized at Sigma Genosis
Biotech Co., Ltd., Japan, dissolved in 20 mM sodium phosphate
buffer (pH 7.0), and the two strands were annealed by heating the
samples to 90 °C for 5 min and allowing the samples to cool slowly
to room temperature over 1 h. The formation of double-stranded
ODNs was confirmed by monitoring absorbance at 260 nm. All
other reagents were of the highest purity available commercially.

Pulse Radiolysis. Samples for pulse radiolysis were prepared
by deoxygenating aqueous solutions of double-stranded ODNs
(0.5—2 mM) or deoxynucleotides (5—150 mM) in 20 mM sodium
phosphate buffer containing 0.1 M fert-butyl alcohol (for scavenging
OH radicals) in sealed cells and flushing with argon. Pulse radiolysis
experiments were performed with a linear accelerator at the Institute
of Scientific and Industrial Research, Osaka University.?> 2’ The
pulse width and pulse energy were 8 ns and 27 MeV, respectively.
The light source was a Xe flash lamp (a continuous spectrum from
300 to 1600 nm). The analyzing light was monitored with a Ritsu
MC-10N monochromator and detected by PIN Si (Hamamatsu
S1722) or InGaAs (Hamamatsu G3476) photodiodes. The signals
were corrected using a Sony/Tektronics SCD transient digitizer.
For time-resolved transient absorption spectral measurements, the
monitored light was focused into a quartz optical fiber, which

(20) (a) Saito, I.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi,
K.; Sugiyama, H. | 1998. /20, 12686-12687. (b)
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2005, 44, 13567-13572. (e) Muetafa G.; Ishikawa, Y.; Kobayashi,
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M. M 2008, 283, 22215 22221.
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Figure 1. Absorption spectra at 200 ns after pulse radiolysis of Ar-saturated
aqueous solutions at pH 7.0 containing 0.1 M tert-butyl alcohol, 20 mM
phosphate buffer, and 10 mM of each nucleotide, dA, dC, dT, or dG (5
mM).

420 nm

320 nm
D

lps | AA=0.I

Figure 2. Absorbance changes after pulse radiolysis of a solution containing
20 mM dT and 0.5 mM N-methylnicotinamide. Experimental conditions
were the same as those described in the legends for Figure 1 .

transported the electron pulse-induced transmittance changes to a
gated spectrometer (Unisoku, TSP-601-02).2!-2¢

Radiation chemical dosimetry was performed with the KSCN
system by measuring the optical density due to e(SCN), " at 480
nm (7600 M~ cm™!).22 The extinction coefficients were deter-
mined by the absorbance changes at 420 nm due to electron transfer
from electron adducts of deoxynucleotides to N-methylnicotinamide
(NMA).?® The concentrations of deoxynucleotides and NMA were
5—10 and 0.5—1 mM, respectively.

Optical absorption spectra were measured using a Hitachi U-3000
spectrometer with temperature control.

Results

Electron Adduct of Deoxynucleotides. Electron adducts of
nucleotides were produced by pulse radiolysis of a deaerated
aqueous solution of dA, dG, dC, or dT 5—10 mM and tert-
butyl alcohol 0.1 M to scavenge OH radicals. Under these
conditions, a hydrated electron (e, ) reacts with the nucleotides
within 10 ns, assuming that the rate constants of e,q  with the
nucleotides were ~10'° M~ s7!.2272* The absorption spectra
recorded after complete decay of e,y are shown in Figure 1.
These spectra are essentially similar to those reported previously,
although we observed small differences at longer wavelengths
(>500 nm). Each extinction coefficient (¢) could be determined
by the charge-transfer reaction between the electron adduct of
each nucleotide and NMA. A typical example is shown in Figure
2. The formation of the electron adduct of dT was complete
within <50 ns, and its decay at 320 nm was due to transfer of
an electron to NMA. The formation of the NMA radical could
be observed as an increase in the transient absorption at 420
nm, the wavelength at which the NMA radical has an extinction

(28) Kosower, E. M.; Swallow, A. J.; Land, E. J. il 1972.
94, 986-987.
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coefficient of 4300 cm ™' M™'.?® The extinction coefficients of
pyridium-derived electron adducts were less than those of purine
derivatives.

The protonation and deprotonation of pyrimidine radical
anions T"~ and C* have been regarded as important for electron
hopping through DNA duplexes.”®'"!* Below pH 7, following
the spectral changes due to the reaction of e, with dT, other
spectral changes occurred in the time range of nanoseconds. A
typical absorbance change at 350 nm is shown in Figure 3A.
Above pH 7, the absorbance at 350 nm was unchanged (Figure
3B). Figure 4 shows the spectra recorded at 1 us after the pulse
at pH 3.5, 7.0, and 10.5. To confirm the pH-dependence of the
spectra, absorbance changes after the pulse were plotted against
pH (Figure 5). These changes fit well to a pK profile with an
inflection point at 6.8, which is similar to the pK value 6.9
determined by kinetic measurement.?* Therefore, the spectra at
pH 3.5 and 10.5 can be identified as those of T(H)" and T,
respectively. These findings indicate that T" formed transiently
within the pH range and that the change in absorbance shown
in Figure 3A was due to the protonation of T to T(H)", as
shown in eq 1.

T +H =TH (1
The apparent rate constant of the protonation at pH 7.0 was
4.3 x 10° s~'. This rate constant was likely due to the direct
combination of T* with solution protons, because the plot of
the apparent first-order rate constant versus H' was linear
(Figure 6). From the slope and intercept in Figure 6, the rate
constants for protonation and deprotonation could be calculated
as 1.8 x 10" M ' s and 2.4 x 10° s, respectively. The
pH-dependent changes in the absorbance changes (Figure 5)
and kinetic results (Figure 6) indicate that the change of T*
was due to reversible protonation (reaction 2).22

O

C s
| NH
S

|

Hs

e}

OH
HaC.
° “SNH
O =— | /l\ @
N" o

A similar experiment was performed using dC. We found
the species with an absorption maximum at 425 nm did not
change over the pH range 3.4—12.0 and decayed without any
observable intermediates on a time scale of hundred of
microseconds (data not shown). Conductance measurements
have shown that the electron adduct of C is protonated at pH
6—10.6,%° indicating that protonation occurs very rapidly and
this process is complete within <20 ns.”'*2°

Electron Adduct of ODNs. A similar experiment was per-
formed using a systematic series of double-stranded and single-
stranded ODNs. We compared the kinetic difference spectra at
400 ns after pulse radiolysis of ODNs GC and AT with those
of single-stranded ODNs and the isolated nucleotides (Figure
7). A control experiment using single-stranded ODNs showed
that the transient spectra of the electron adducts of 5'-
CGGCCCGGCGC-3' (GC) and 5'-TAATTTAATAT-3' (AT)
were essentially similar to those of C and T, respectively,
indicating that the electron adduct centers become localized
mainly at C or T. An analogous situation exists for the di(2'-
deoxy) nucleotide phosphates cytidylyl (3'—5") deoxyguanosine
CpdG) and dT and di(2'-deoxy) nucleotide phosphates thymidy-
lyl (3'—5") deoxyadenosine (TpdA) (data not shown). In these

(29) Hissung, A.; von Sonntag, C. i 1979, 35, 449-458.
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Figure 3. Kinetic difference spectra of pulse radiolysis of dT at 10 ns (blue), 100 ns (red), and 1 us (green) at pH 3.5 (A) and 10.5 (B). Inset: Absorption

changes at 350 nm after pulse radiolysis of dT.
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Figure 4. Kinetic difference spectra at 1 us after pulse radiolysis of dT at
pH 3.5 (green), pH 7.0 (red), and pH 10.5 (blue).
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Figure 5. pH-dependence absorbance changes at 350 nm after pulse
radiolysis of dT.

systems, electron transfer from the adducts initially formed at
the C or T sites is completed within 10 ns.

The spectrum of double-stranded ODN GC has a broad
absorption at 450 nm and longer wavelengths (>600 nm),
whereas that of dC shifts slightly to a shorter wavelength (420
nm) and has no absorption at longer wavelengths. The transient
spectrum of double-stranded AT has an absorption maximum
at 480 nm and a broad absorption above 600 nm, which differs
from that of the single-stranded ODN AT.

Following spectral change due to the reaction of e,y with
ODN AT, other spectral changes took place in the time range
of microseconds. A typical change in absorbance at 350 nm is

Ty (XIOO) (5

0 ) ] 1 ] ] 1 L
1 2

[H1x 10+ (VD

Figure 6. ki, vs pH plot in the protonation of T~ determined at 350 nm.

shown in Figure 8. The decrease in absorbance fits well with
an exponential curve, yielding a rate constant of 4 x 10* s~ .
Figure 8 shows the kinetic difference spectra after pulse
radiolysis of ODN AT. The kinetic difference spectra for the
subsequent process have an absorption maximum at 350 nm,
indicating that spectroscopic change at 100 us accounts for the
protonation of T°~ in ODN. This species which is generated at
500 s, similar to T, was stable, persisting for at least 2 s after
pulse radiolysis.

Discussion

The results presented here strongly suggest that the transient
spectra of the ODNs GC and AT correspond to the electron
adducts of G—C and A—T base pairs in double-stranded DNA,
not to the corresponding composite spectra of G plus C or A
plus T. This is supported by the significant differences between
the spectra of single-stranded and double-stranded ODNs. The
spectra of the single-stranded ODNs primarily reflect the spectra
of the one-electron reduced C and T moieties. An analogous
situation was observed for CpdG and TpdA. In these systems,
€y Treacts with both bases unselectively, with subsequent
electron transfer from G " to C or from A~ to T occurring at
millimolar concentrations of ODNs and the process driven by
the redox potential of the bases.'® In contrast, our findings
suggest that the transient species generating the 200 ns spectra
in the double-stranded ODN may be a resonance structure of

J. AM. CHEM. SOC. = VOL. 130, NO. 44, 2008 14775
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Figure 7. Kinetic difference spectra following pulse radiolysis of (A)
double-stranded (red) and single-stranded GC (black) and dC green line,
and of (B) double-stranded (red) and single-stranded (black) AT and dT
blue line. Samples contained 3 mM ODNs, 0.1 M fert-butyl alcohol, and
20 mM phosphate buffer (pH 7.0). The spectra were taken 200 ns after
pulse radiolysis.
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Figure 8. Kinetic difference spectra of pulse radiolysis of ODN Pal AT
at 10 (black), 50 (red), and 150 us (blue). Inset: Absorption changes at 350
nm after pulse radiolysis of ODN Pal AT.

(G—C) " and (A—T) . The spectra of excess electrons did not
significantly differ from those of dC and dT. This result is
consistent with theoretical calculations, in which the unpaired
electrons of G—C'® and A—T"® base pairs are localized to C
and T, respectively. However, the base pair intermediates of
ODN AT is characterized by an absorption maximum at 480
nm and the broad absorption from 600 to 900 nm. In contrast,
the corresponding single-stranded ODN AT and dT had no
absorption in this range. The transiently formed electron adduct
of T is stabilized by base pairing with A. Alternatively, it may
be due to the spectral changes caused by the stacking interactions
of neighboring nucleobases as observed in G cation radicals of
ODN .?! Theoretical calculations show that the anion radicals
of pyrimidines are strongly influenced by neighboring nucleo-
bases and that 5'-TTT-3" and 5'-TCT-3' are the strongest electron
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sinks.’® An alternative theoretical calculation showed that excess
electrons in DNA are confined to a single pyrimidine, not
localized over several nucleobases.'” In the present experiment,
however, the spectra were due to the excess electrons of C in
GC and CC or T in TT and AT. We are currently investigating
the dynamics of excess electrons using a systematic series of
ODNeE.

H
E-H o) \’ T o /N\I
/—_\<N ¢ \ N e (/\‘<N_H ______ N// \ N 6
N"< %N /N\< %N
Q- H- N\ O ------H- N\H
Co d C(H)- GLHY

Proton-transfer reactions are important for the stabilization
of initial DNA ion radicals.'*'~>*-*53! In regard to excess
electrons of DNA, attention has focused on the protonation state
and protonation sites of C and T. In the G—C pair, C™ " rapidly
acquires a proton at N3 through hydrogen bonding with the HN1
of G. From the pK, values of the N3 protonated C(H)" (pK, >
13) and the N1 proton of G (pK, = 9.5),? the equilibrium
constant for the proton transfer is estimated to be 3.16 x 10°.
Therefore, as shown in eq 3, the equilibrium of GC*™ in ODN
GC is far to the right, and the spectrum shown in Figure 7A is
regarded as corresponding to G(—H) —C(H)". Theoretical
calculations also indicate that transfer of the central proton in
the G—C base pair anion radical is energetically favorable with
a small activation energy.®" Moreover, the protonation of free
dC occurs before 10 ns. Such a rapid reaction may be due to
protonation by water-bound N3 of C. Similar results were
observed using conductance techniques,?® and in ESRZ/ENDOR
studies of cytosine monohydrate single crystals irradiated at 10
K.32 In contrast, since T " is only a weak base, it was present
transiently in a neutral aqueous solution and protonated to form
the neutral radical T(H)" in the time range of microseconds.
The resulting products of dT decayed without any observable
intermediates (data not shown). Under our experimental condi-
tions, T(H)" is a protonation species of T ", whereas another
chemical species, resulting from protonation at C6, appeared
after the reaction of e,y with uracil at high buffer concentra-
tion.*® Thus, protonation of dT occurs reversibly at O4 by the
direct combination of T~ " with protons in solution. This is
consistent with studies of anhydrous thymine single crystals
irradiated at 10 K, in which the primary reduction product was
an O4-protonated thymine anion.** In double-stranded ODNGs,
since the pK, values of the O4 of protonated T(H)" (pK, = 6.9)
and the N6 of A (pK, > 13.75),* T is not be protonated by
its complementary base, A. Thus, the spectrum of the electron
adduct of ODN AT in Figure 7B corresponds to A—T"". The
process of the protonation of T in ODN AT is thus consistent
with a slower process spectroscopic change observed on a scale
of hundreds of microseconds. Remarkably, however, this process
revealed a substantial difference between the ODN AT and free
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dT. At pH 7.0, the rate constant of the former (4 x 10* s™")
was 10-fold slower than that of the latter (4.3 x 10° s !). In
addition, the rates of ODN AT were independent of the change
in pH from 5.8 to 8.3. This difference may be due to the
differences in the protonation sites of T in DNA and free dT.
ESR studies using low-temperature glasses yielded strong
evidence that when DNA was exposed to ionizing radiation at
77 K, an ESR doublet associated with T~ " was converted into
a readily identifiable eight-line spectrum of the 5,6-dihy-
drothymine-5-yl radical ®*** a conversion due to the irreversible
protonation of T° at C6. A water molecule bound to DNA
would participate in this protonation. Thus, irreversible proto-
nation by water at C6 is both pH-independent and relatively
slower.

Our results have important implication for electron transport
through DNA. Recently, electron transport in DNA was shown
to proceed similarly to hole migration.*®*’ Both hole and
electron transport display a shallow dependence on distance and
perturbation in the intervening base stack significantly altering
the efficiency of transfer. Thus, the electron transfer along DNA
would occur in the time range 10°—10'° s7', as does hole
transfer. Transfer rates decrease as distance increases, and
transfer competes with the protonation of T" and C . The long-
distance migration is possible in the microsecond time scale.
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1153.

(37) Valis, L.; Wan .. Ravtchev. M.: Buchvarov, I.; Wagenknecht, H. A.;
Fiebig, T. . 2006, 7103, 10192-10195.

Our results show that the protonation of C™ " in DNA occurs
very rapidly, suggesting that long-range electron migration is
unlikely, once an electron has localized on the C residue,
consistent with results showing that the G—C base pair inhibits
the efficiency of electron transfer. In contrast, protonation of
thymine occurs on a 100-us time scale, suggesting that the
electron transfer along DNA 1in this time range occurs prior to
the protonation of T* .Thus, the rate of electron transfer should
be greater than 10* s~', making long-range electron transfer
possible across the intervening A—T bridge.

Conclusions

We observed spectrophotometrically that electron adducts of
G—C and A—T in double-stranded DNA were formed tran-
siently. Subsequent absorbance changes due to the protonation
of T in ODNSs were detected on a time scale of microseconds.
In contrast, unprotonated dC™ was not a stable intermediate in
water, both isolated nucleobases, and DNA.
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