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An excess electron was attached to naphthalimide (NI) modified 12-mer oligodeoxynucleotides (ODNs) and
the electron transfer in DNA was investigated by monitoring the transient absorption of NI radical anion
(NI*7) during the pulse radiolysis. Formation of the transient absorption vf \Whs observed according to

the reaction of g~ with NI-modified ODN. Only 25% of g~ reacting with NI-modified ODN were observed

by the transient absorption of N| which corresponds to electron transfer over no more than three base
pairs, suggesting a low mobility of an electron attached to DNA. Electron transfer in DNA was also studied
by y-radiolysis of ODN containing 5-iododeoxyuridingJj as a second electron acceptor. Electron transfer
in DNA was estimated by the protection of dehalogenatiotasffered by NI during the/-radiolysis of NI-
and'U-modified ODNs where the spacing between the NI Hhdvas varied. The protection effect became
very low by the insertion of three or four-AT base pairs between NI afid. The results driven from both
pulse radiolysis ang-radiolysis experiments were consistent with the low mobility of an excess electron in
DNA, which is in strong contrast to the occurrence of the long-range hole transfer in DNA.

Introduction to DNA is a prerequisite, and contribution of the unbounded
free electron acceptors should be also taken into account.
Furthermore, since radical anion of the electron acceptor is
cF]ydrophilic compared to the unreduced form, it is necessary to
give consideration to the dissociation of the electron acceptor
radical anion from the hydrophobic base stacks in DNA, which
leads to increase the absorbance due to the recovery of
hypochromism. Here, to overcome these ambiguities, we
synthesized ODNs covalently bonded with naphthalimide (NI)
as an electron acceptor at the defined position. The electron
transfer from the DNA radical anion to NI was investigated by
monitoring the transient absorption of radical anion of NI*()I
during pulse radiolysis of the NI-modified ODNs at 23. The

and phenothiazine-modified oligodeoxynucleotides (ODNS). Excess el_ectron tr_ansfer in DNA has beer_1 also studied by
y-radiolysis experiments using bromouracil as an electron

Direct observation of the hole transfer in DNA has been also acceptoP®? Therefore, 5-iododeoxyuridinélf) was incorpo-

reported by Barton et 42 and Shafirovich et &' on the basis rated to ODN as a second electron acceptor in which elimination
of transient absorption measurements. On the other hand, there ;.= .~ ~. . -CEPLO X
. . . . of iodine ion and formation of uracil radical occur with the
are few direct transient spectroscopic observations of the excess - . .
. electron attachment. Several ODNs with different distances

electron transfer in DNA.

. . . between NI andU were synthesized and the electron transfer
The excess electron transfer in DNA has been mainly studied . . . . -

- - . - in DNA was investigated from the protection of the reaction of
by radiation chemistry using the reactions of the solvated

electron (gq") with DNA during radiation-induced reactions. U by NI during they-radiolysis of NI- andU-modified ODNs

: . X . at 0 °C. It has been demonstrated that, in contrast to the
Excess electron transfer in DNA in glasses, ices, and solids at
) > ““occurrence of the long-range hole transfer up to 280 R over
low temperatures (from 4 to 195 K) has been studied by Sevilla . .
. o1 a period of 10Qs® in DNA, excess electron transfer occurs for

et al. during they-radiolysis? They have reported the ) . L

. . - ; only three or four base pairs and accomplishes withirs in
occurrence of single-step tunneling with overall distance decay DNA
constanj of approximately 0.9 AL As for the experiments at '
room temperature, the electron transfer from the DNA radical Experimental Section

anion to the randomly intercalated electron acceptors has been peasurement of Melting Temperature. Thermal denatur-
investigated during the pulse radiolysis:® However, inthose  ation profiles were obtained with Jasco V-530 spectrophotometer
studies, noncooperative random binding of the electron acceptorsequipped with a Peltier temperature controller. Absorbance of

C ding authors. Tel461.6-6670-6406, FaxcoL6.0670. e OPN sample (M duplex in 20 mM phosphate buffer

* Corresponding authors. Tel.+81-6- - . Fax+81-6- - ] S

8499. E-mail: kiyohiko@sanken.osaka-u.ac.jp (K. K.). Tet81-6-6879- (p![:] 73)) ‘t’YaS nlon'zo;gd ?tEG_?hnr_?\z(ﬁo)lfrom 1Odt?[ 70 .C .
8495. Fax: +81-6-6879-8499. E-mail: majima@sanken.osaka-u.ac.jp (T. WIth a heating rate ot IL min =. 1he 1, value was determine
M.). as the maximum in a plot chAxs/ AT versus temperature.

Generation and motion of electrons and holes in DNA have
attracted considerable interest, because they are related t
mutation and strand scission of DNA, which lead to carcino-
genesis and agink? Furthermore, DNA-mediated electron
transfer is interesting from the viewpoint of using DNA as a
building block for nanoelectronic and biosensoric devitEbe
kinetics of the hole transfer in DNA has been well established,
and the single step hole transfer rate constants from G to GG,
and GG to G in DNA have been determined by Lewis et al. to
be in the range of 13-10° s~1.# Recently, we have demon-
strated the occurrence of hole transfer in DNA over the period
of 100 us on the basis of the pulse radiolytic study of pyrene-
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Pulse RadiolysisAn excess electron in DNA was generated SCHEME 1
from electron attachment during the pulse radiolysis (28 MeV, OH 0.,-O(CHz)2CN

8 ns, 0.7 kGy pulse!) of Ar-saturated aqueous solution 0. N N__O  NGPr),

containing 100 mM-BuOH and 20 mM Na phosphate buffer © P(N-iPr5),0(CH,),CN ©
(pH 7.0), and ODN at 23C. A xenon flash lamp (Osram, XBO- —_—
450), which was synchronized with the electron pulse, was OO tetrazole / CH,CN OO

focused through the sample as a probe light for the transient NI 1 o
absorption measurement. Time profiles of the transient absorp- coon
tion were measured with a monochromator (CVI, DK-240) r fl\iﬁ

equipped with a photomultiplier (Hamamatsu Photonics, R928) Oy, -0. 20 ) O _N_0O HO o
- ; . , glycine o

and digital oscilloscope (Tektronix, TDS 580D). For the time- -

resolved transient absorption spectral measurement, the monitor OO DMA OO

light was focused into a quartz optical fiber, which transported HO NH,

the light to a gated-multichannel spectrometer (Unisoku, TSP- 2 3: 2-amino-2"-deoxyuridine
601-02).

y-Radiolysis. Aliquots (10uL) of oligonucleotide solutions [ [
containing 100 mM-BuOH, 20 mM Na phosphate buffer (pH HO o NNo DMTrO o NNo
7.0), and 0.1 mM ODN (unless otherwise stated) in 0.5-mL tubes ~ 3/DCC/HOB k—? DMTrCI/ TEA \k_?
were irradiated with®Co y-ray for 1.8 kGy at 0°C and DME HO DMF HO

subjected to HPLC analystéThe reaction ofU was determined
as the average of three measurements.

o™ o
0 _N_0O 0 _N_0O
Results and Discussion g g
For direct observation of an excess electron generated in Oe Oe
4 5
0

DNA, we synthesized NI-modified ODNs, since radical anion

of NI (NI*7) has a large molar extinction coefficiertyfp ~ 4

x 10* M~ cm™) at a distinct absorption pealifax = 400 fk,g
nm) (Scheme 1). Introduction of NI at-Bnd of ODN (ODN DMTrO o N 70
8) and 2 sugar position of uridine (ODNO) caused an increase P(N-iPr2)20(CH2),CN

in T, compared to that of unmodified ODN (ODRN). Thus, — > NC(CHy0- O M

NI was attached to DNA without disturbance of the duplex tetrazole / pyridine / CH;CN P

stability. Because the reduction potential of M = —0.84 (iPrpN - O

V vs NHE in H,0)?8 s less negative than those of C or iy Oy N0
~ —1.1 V vs NHE in H0),?° electron transfer from ‘T and ii

NH

C*~ to NI is expected to occur. An excess electron in DNA

was generated from electron attachment during the pulse 6
radiolysis, and the electron transfer in DNA was investigated

by monitoring the transient absorption of *NI(Scheme 2). SCHEME 2

Time-resolved absorption spectra observed during the pulse e

radiolysis of ODN8 were shown in Figure 1. Concomitant with H,0 "W\ H, €., «OH
the decay of the broad transient absorption f eformation

of the transient absorption was observed with a maximum peak

at 400 nm, which was assigned to *NI(Figure 1, inset). path a Caq-

Formation of Nt~ was accomplished within s, and Ni~ was NI-ODN w‘ODN

observed to 50@s and out to that time it was stable.*Nkan

be formed by two processes, direct electron attachment at NI N N

(Scheme 2, path a) and electron transfer from @nd C- NI~-ODN < path b NI-ODN

generated in the ODN moiety to NI (path b). To clarify the

electron-transfer process in DNA, pulse radiolyses of ODN  plots of kezp versus [ODN]. The value oke for ODN 8 was
and8 were examined at several ODN concentrations. The decaysimilar to that for unmodified ODN7, suggesting that the
of eaq~ and formation of Nt~ were monitored by the transient  electron attachment occurs competitively at NI and ODN moiety
absorption at 630 and 400 nm, respectively, and analyzed byfor ODN 8. This is consistent with the result of pulse radiolysis
the first-order rate equation to give the decay rate constant of of the 1:1 mixture of ODNB and unmodified ODN (Table 1,
keso for eaq~ and the formation rate constantlago for NI*~. A ODN 9) where the yield of NI~ (AAOD4qq) decreased by half
linear dependence oks3o on the ODN concentration was though similarkesp was observed compared to that of OBN
observed for all ODNs studied here, akghy was in good alone. The yield of g reacted with ODN¢) is described by
agreement withoo (Table 1). These results suggest that either eq 1

electron transfer occurs from nucleotide radical anion to NI

conjugated at the'&end faster than the diffusional collision ¢ = kJODN]/(kJODN] + Ky se0 Q)
process betweeng and ODN (Scheme 2, path b), or the low

contribution of the electron transfer from the nucleotide radical wherekyuser is the decay rate of.g in the absence of ODN.
anion to NI, that is, NI forms mainly from direct collisonal ~ Taking thee of NI*~ (€400 & 4 x 10* M~ cm™) and gq
process (Scheme 2, path a). The bimolecular rate constant of(egzo &~ 2 x 10* M~1 cm™) into account, only 25% of the
€.q With ODN (k) was obtained from the slope of the linear electrons reacted with NNJODN were observed as the transient

H H
(CH,),CO +CH,(CH,),COH

H,0
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TABLE 1: Melting Temperatures (Tn), Decay Rate Constant of g~ (kes), Formation Rate Constant of NI~ (Kaog), Bimolecular
Rate Constant of g4~ with ODN (k¢), and the Yield of NI*~ (AAOD4q)

ODNSs Tm (OC) |(530(571)a k400(§1)a ke(M -1 Sfl)b AAODgqoat 2//{33
7 d(AC)Jd(TG) 42 4.2x 1P 1.5 101
8 NI-d(AC)¢/d(TG) 45 3.8x 10P 3.6x 10° 1.3 101 0.21
9 7+ 8° 3.7x 10° 3.8x 10° 0.11
10 d(AC)Jd(TGLGUN (TG 46

aFrom th pulse radiolysis of Ar-saturated aqueous solutions containing 108-Bu®H, 20 mM phosphate buffer (ph 7.0), and 0.2 mM ODN.

b Determined from the linear plot d&so vs [ODN] in the range of 0.050

50 ns
0.4 €
0.3 o
029
200 ns
0.2 1
o 0 0.5
<] time (us
NI- (us)
0.1} y 500ns

450

500
wavelength (nm)

550 600

Figure 1. Transient absorption spectra observed at various times after
an electron pulse during the pulse radiolysis of O8N'he inset shows

the time profiles of the transient absorption monitored at 630 and 400
nm. The peak at 400 nm is assigned toNwhile the broad band
over 400 nmis to & .
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Figure 2. Plots of reaction yield ofU vs n during they-radiolysis of
aqueous solutions of (A)JU—ODNn and NI—='U—ODNn, (B) 'U—
ODNnR and'U—Uy—ODNN.

absorption of Nf~. This value corresponds to the electron
attached at three base pairs (25% of 12-mer ODN), assuming
nonselective and random electron attachment te®IDN. Thus,

.2 mM. ¢ Mixture (1:1) of 7 and8.

SCHEME 3
'U-ODNn: AAAAAAGTGCGC
(n=1~5) /T,-U-T, ,CACGCG
NI-'U-ODNn:  NI-AAAAAAGTGCGC
/T,-U-T,, CACGCG
'U-U,,-ODNn: AAAAAAGU,,GCGC

/T,-U-T, ,CA-CGCG

eaq_
NI-'U-O‘DN/ wju-ooN

NI'U-ODN <————  NI-'U-ODN-
E.T.
O, protection
O, t-BuOH -
no reaction NI-U-ODN

To further investigate the electron transfer in DNB, was
incorporated to ODN as a second electron acceptor. The
reactivity of'U in the absence of NI was compared with that in
the presence of NI, and the electron transfer in DNA was
discussed in terms of the protection effect of NI on the
deiodination of'U during they-radiolysis of doubly NI- and
'U-modified ODN (Scheme 3). The mobility of the attached
electron in DNA was examined systematically by changing the
number of A-T base pairsr{) separating th&J and NI moieties
(NI—='U—ODNn, 'U—=Un;—ODNN). y-Irradiated ODNs were
digested with snake venom phosphodiesterase/nuclease P1/
alkaline phosphatase and the consumptiottyofas quantified
by HPLC (Figure 2§° For the ODN containing oniUJ ('U—
ODNN), higher reactivity was observed ftiy incorporated at
the end of ODN, and the reactivity dfJ decreased with
increasing the distance from the end of ODN to tienoiety.
These results demonstrate a relatively favorable electron at-
tachment at the end of ODN, probably due to the unfavorable
electron repulsion between phosphate group of ODN agd e
at the side of ODN. In the presence of NI, deiodinationlbf
was suppressed, and the protection effect of NI was calculated
according to eq 2

Protection effect (%
(1 —(deiodination ofU in the presence of NI)/
(deiodination ofU in the absence of NI)x 100 (2)

Interestingly, highest suppression effect of NI at the&d
was observed fon = 1 ODN and the protection effect greatly
decreased as the distance betwé&éand NI increased (Figure
3). When NI was incorporated at the inside of ODN-{ Uy, —
ODNN), the protection effect of NI was the lowest for= 1,

the mean electron-transfer distance can be estimated as less thatemonstrating that the distance between NI dddplays a
three base pairs. These results suggest a low contribution ofcrucial role on the protection effegt.n both series of ODNSs,
the electron-transfer process on the formation of"Nand a the protection effect became very low by the insertion of three
low mobility of the attached electron in DNA. or four A—T base pairs between NI afid. Thus, NI exerts its
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Figure 3. Plots of the protection of the reaction & by NI vs n
during they-radiolysis of aqueous solutions &fl —'U—ODNn and
IU*Um*ODNﬂ.
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Supporting Information Available: Synthesis of naphthal-
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