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There has been much debate on the efficiency of charge
transport (CT) mediated by DNAπ-stack, especially with regard
to the distance and sequence dependencies.1 Earlier studies of
DNA-mediated CT employed oligodeoxynucleotides (ODNs) that
were tethered to electron acceptors such as Rh(III) intercalator,2

anthraquinone derivative,3 stilbene,4 acridine,5 and ethidium
intercalator6 by flexible linkers, with guanine (G) base as an
intrinsic electron donor. Recently, improved ODNs that provide
more accurate donor-acceptor distance within DNA duplex have
been reported.7,8 We have recently developed ODNs that contain
a strong electron-accepting chromophore at predetermined sites
without perturbing base stack in B-form duplex by incorporating
cyanobenzophenone substituted 2′-deoxyuridine (dCNBPU).9,10We

have examined the photoreactions of a series of oligomer duplexes
containing both dCNBPU and GG hole trap,11 which were separated
by various intervening base sequences. We herein report that G
radical cation (G•+) was site-selectively generated at the G of
the core d(AG)/d(CCNBPU) sequence, and the hole migrated over
24 Å to the remote GG site via a successive hole-hopping between
guanine bases.

Photoreactions were carried out with a variety of duplexes
consisting of dCNBPU-containing 22-mer ODNs and their comple-
mentary strands. The GG step was incorporated into GGTTGA
(ODN 1), GGTTGTA (ODN 3), AGTTGG (ODN5), andATG-
TTGG (ODN 7) sequences, whereA (shown in italic) forms a
Watson-Crick base pair with dCNBPU (Table 1). Photocleavage
sites of ODNs1, 3, 5, and7 were summarized in Figure 1. For
clarity, the sites of strand cleavage are shown by the number of
bases separated from the A-CNBPU base pair with “plus” (toward
5′ side) and “minus” (toward 3′ side) signs. The cleavage effi-
ciency was determined from the band intensity relative to the
sum of total DNA band intensities.12 Remarkable strand cleavage
was observed only for ODN5 at the G of the position-4. Highly
selective cleavage occurred at 5′G of the GG step, suggesting
that the G cleavage proceeded via G•+.11 The efficiency of 5′G
oxidation of GG steps was sensitive to the position of the single
G (shown in underlined bold face) proximal to the dCNBPU. The
cleavage efficiency decreased about one-tenth when the single G
moved one base pair away from position-1 (ODN5) to position
-2 (ODN 7). Only weak cleavage was observed for ODNs1
and3 containing the single G at positions+1 and+2, respec-
tively. In a control experiment, photoirradiation of a duplex pos-
sessing a d(ATTGG)/d(CCAACNBPU) sequence containing no such
proximal single G resulted in no cleavage of the GG step,12 in-
dicating that direct single electron transfer (ET) to the photoex-
cited dCNBPU from Gs that are more than three bases away from
the A-CNBPU base pair is unfeasible. On the basis of these results,
it is apparent that the single G proximal to dCNBPU of the d-
(AGTTGG)/d(CCAACCNBPU) sequence was indispensable and
oxidized to G•+ via single ET to adjacent photoexcitedCNBPU.
The hole thus generated would undergo migration to the remote
GG site. Since the intervening 5′TT3′ sequence between the single
G and the remote GG sites was the same for ODNs5 and7, the
cleavage intensity at 5′G of the GG step directly reflects the
apparent efficiency of G•+ formation in both systems (positions
-1 and-2).

Having established that radical cation is most effectively
generated at the single G in the core d(AG)/d(CCNBPU) sequence,
we have examined the distance and sequence dependency of hole
migration through the duplex DNA. Oligomer duplexes used for
this purpose contained the core d(AG)/d(CCNBPU) sequence and
a GG hole trap which was seven base pairs apart from the initially
generated G•+ center. The intervening base sequences were
designed so as to have two GG steps in the same strand (ODNs
9/10) or one in an opposite strand (ODNs11/12). Other sequences
consisted of two single Gs instead of one GG step (ODNs13/
14) or only AT base pairs (ODNs15/16). Strand cleavage of ODN
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Table 1. dCNBPU- and GG-Containing Oligomersa

a X represents dCNBPU. The A-X base pair and the GG stite are shown
in boldface and red.
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9 occurred selectively at 5′G of both proximal and distal GG steps
(GG)p and (GG)d, respectively (Figure 2, lane 4). The relative
band intensity [GG]d/[GG]p was 0.84 in an average of seven
separate experiments. Cleavage at (GG)d of duplex11/12, where
(GG)p was in the opposite strand (ODN12), was roughly 2-fold
more efficient than that observed for duplex9/10, possessing two
GG steps and the G•+ center in the same strand (lane 5 vs lane
4).13 In a separate experiment, we have confirmed the cleavage
at 5′G of the GG step in opposite strand ODN12.12 The presence
of G in the intervening sequence was essential for hole migration
over 24 Å by comparing the cleavage at the GG step of ODN13
(lane 6) with that of ODN15 (lane 7). Thus, the intervening

5′TGTGTA3′ sequence in ODN13 is able to mediate hole
migration, whereas the 5′TATATA3′ sequence in ODN15 does
not.14 In a separate experiment, we have confirmed that the hole
migration from the G•+ to the remote GG step through four
intervening AT base pairs is extremely difficult.12 These observa-
tions are consistent with recent results reported by Giese and co-
workers that (i) long-range CT in duplex DNA proceeds via a
successive hole hopping process between G bases and (ii) the
efficiency of each CT process rapidly decreases with increasing
the number of AT base pairs separating individual G bases.3b,7,15,16

To know the chemistry of G oxidation at the remote GG site,
a reaction mixture obtained by photoirradiation of duplex d(GTC-
CACXATC)/d(GATAGTGGAC) followed by enzymatic diges-
tion (0°C, 12 h) was carefully analyzed by HPLC.12 A comparison
of the the peak areas of each nucleoside before and after
photoirradiation relative to adenine added as an internal standard
shows that approximately one molecule of total five dGs was
consumed during this photoreaction.17,18 The product eluted at
3.4 min was identified as 2-aminoimidazolone (dIz),11b,19 by

photodiode array assay and the comigration with the authentic
sample on HPLC.20 This is the first direct observation that dIz
was produced as a major detectable product in the remote
oxidation of the GG step in duplex DNA.21

In addition to base sequence dependency, base stack would
also be an important factor for the CT efficiency.8 As exemplified
by the present remote GG oxidation, the present dCNBPU-
incorporated DNA generates G•+ site selectively in a duplex
without perturbingπ-stack by photoirradiation and thus can serve
as a valuable tool for studying DNA-mediated charge transport.
Moreover, dIz was confirmed to be a major oxidation product in
the remote guanine oxidation, as previously demonstrated in one-
electron oxidation of ODNs by exogenous photosensitizers.10,11b,19
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Figure 1. Photocleavage of GG-containing oligomers complementary
to the corresponding dCNBPU-containing strands. dCNBPU was located
opposite to the A at position 0 (shown in red). Partial sequences of ODNs
are shown, and the sites of strand cleavage are underlined. Single G’s
proximal to the dCNBPU-A base pair are shown in boldface. Efficiencies
at the major cleavage sites were 18.5% (at position-4, ODN 5), 1.9%
(at position+5, ODN 1), and 1.5% (at position-5, ODN 7).

Figure 2. Autoradiograms of the denaturing sequencing gel for photo-
reactions of duplexes9/10, 11/12, 13/14, and15/16. Lanes 1-4, ODN
9; lane 5, ODN11; lane 6, ODN13; lanes 7 and 8, ODN15. ODNs in
lanes 3-7 were photoirradiated; all ODNs except that in lane 3 were
heated with piperidine. Lanes 1 and 8, Maxam-Gilbert G+ A sequencing
reactions for ODNs9 and 15, respectively. Partial base sequences of
oligomers are shown on the side. dCNBPU is located opposite to the A
shown with a box.
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