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The migration of positive charge (holes) can occur over long 1S2* A-A-G-A-G-G-A
distances in DNA Hole migration is of current interest both as K
it relates to oxidative strand cleavage in DNAnd in the \CS
development of molecular electronic deviéeSxperimental evi- Sa A-A-G'-A-G-G-A

dence for long-distance hole migration is based on strand cleavage K
studies in duplexes that possess multiple guanine-containing sites. k_t\\t

Strand cleavage occurs selectively at guanine, particularly at sites Ker . .
containing GG or GGG sequences. Preferential cleavage at GG or Sa’ A-A-G-A-G-G" A
GGG has been attributed to hole trapping at these 5iBueral
theoretical models have been proposed to account for these
experimental observatiofi€. The most widely employed is a hole- Sa-A-A-G-A-G-G-A

hopping model in which holes migrate between G (or GG, GGG) Figure 1. Kinetic scheme for charge separatidg)(and charge recombina-
sites more rapidly than they react with water, which ultimately leads tion (k) in hairpin 1b which can also undergo reversible hole transport
to strand cleavage. The dynamics of hole transport betweenfrr‘]’rn G* to GG ( andk-). Only the G-containing arm of the hairpin is
G-containing sites in DNA are expected to be dependent upon the """

number of base pairs separating the hole donor and acceptor, the

H o}
identity of the intervening bases (A vs T), and the location of the sa= /OHJ“'NH’O/
H

energy
=
<

sites in either the same strand or complementary strands. Previous Sa sa o sa Sa Sa s
reports indicate that rate constapts for hole transport fromt& -!l:___?% -!f.- .:'?\ -F._ .—,-; -i-—__ _2\ -!':__ _—'$ TI'__‘*_A
hole donors across short (T:A) bridges decrease ca. 10-fold for each T-A F-A T--A T--A T--A TF--A
it : 0 i id vi C 6 C-G CG T A F--A F--A

additional T:A base paif andétgat transport is more rapld via T-A T-A T-A 6-G ¢ 6 60
polyA versus ponT sequencés.We report here the kinetic T--A C-G F--A T--A T--A T--A
penalties for reversible hole transport froni*Go GG across AA T--A cg C---G T--A C---G G---C
versus A, across T versus A, and for inter- versus intrastrand g Ay F-A GG T A C-G G-C
transport 1a ib 1c 3a 3b 3c

We have employed transient absorption spectroscopy with kinetic “I;_S_“‘_} {_S_a_jlr AI’_S_a_} ﬁl:_s_a_jlr pf-s-a-jr
modeling to obtain ratg constants for reversible intrastrand hole ":\"‘T é" T A_ - '%‘"‘T :———T
transport betwaea G primary donor and GG (or GGG) secondary A--T A-T A-T A-T A-T
donor (Figure 1) in synthetic DNA hairpins possessing a stilbene- g_ i __J.‘% €C 6C 6C 6 66
dicarboxamide (Sa) acceptor (Figure'2pata for the hairpinda A-— é___'é 1_ __'R 'é___g é___ﬁ\
and1b are summarized in Table 1. Decay‘&a* is attributed to A——; ¢--G C--G C-G G———g
charge separation{* = k¢, which occurs with similar rates for c G

2a 2b 2c 2d 2e

laandlb. The single-exponential decay of Séor lais attributed
to charge recombination{* = k). The decay of Sa for 1b is
dual exponential, the fast component being attributed to the charge recombination is slower than that fax,b by virtue of a
occurrence of both charge recombination with the primary G donor longer distance between the Sa acceptor and the primary G hole
and charge transport to the secondary donor and the slow componentionor?3

to recombination with the secondary donor. The rate conskants The hairpin®2a and3a possess a singlé-& separated from Sa

k, andk_; are obtained from nonlinear fitting of the experimental by a TTT or AAA sequence, respectively. Both have significantly
data to the kinetic model in Figure 1 (see Supporting Information). longer!Sa* decay timesz() and Sa* anion radical decay times

Figure 2. Structures of synthetic DNA hairpins.

Charge recombination of the primary ion pair formed frbbn(kes) (7a) than doed a, indicative of slower charge separation and charge
is more rapid than hole transport from*Gto GG (), thus recombination (Table 1). Both charge separation and charge
accounting for the low amplitude of the longer-lived ns decay recombination are slower fdta than for3a, in accord with our
component. Attempts to observe hole transport betwetmna6d previous studies of superexchange electron transfer via polyT versus

GG in Lcwere unsuccessful. Presumably, charge recombination is POIYA sequences in Sa-linked DNA hairpiffsThe hairpins2b—d
more rapid than hole transport in this hairpin. This led us to and3b were designed to probe the dynamics of intrastrand hole

investigate the dynamics of hole transport in hairpins in which transport between G and GG sites, whereas hairpife and 3c
were designed to probe interstrand hole transport.™8a¢ decay

*To whom correspondence should be addressed. E-mail: lewis@ times (Tabl_e 1) olb—e and3b,c are similar to those o2a and .
chem.northwestern.edu. 3a, respectively, as expected for superexchange charge separation
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Table 1. Transient Decay Times and Rate Constants for Hole
Transport

1077ky, 1077k, 1077k,
hairpin? 75,NSP 7o NS s 1d s 1d s 1d

1laf 0.031 1.9 53
1be 0.039 1.5(77),170 (23) 60 5.6 0.75
2a (0.93) 250 0.40
2b (1.1) 60 (9), 790 (91) 0.40 0.84 0.54
2c (1.0) 220 (88), 3600 (12) 0.38 0.04 <0.08
2d (1.2) 240 (88), 1200 (12) 0.41 0.02 <0.04
2e (1.1) 223 (82), 4800 (18) 0.29 0.10 <0.03
3a 0.46 (0.60) 57 1.8
3b 0.61 (0.61) 29 (34), 233 (66) 15 1.3 0.90
3c (0.67) 53 (84), 3200 (16) 1.6 0.21 <0.04

aSee Figure 2 for hairpin structurgsStiloene singlet decay time as
determined by transient absorption or fluorescence decay (values in
parentheses}.Stilbene anion radical decay time(s) determined by transient
absorption (relative amplitude of kinetic components, 9ate constants
for charge recombinatiorkd), hole transportl), and return transpork(;)
obtained from kinetic modeling.Data from ref 12.

involving the same donerbridge—acceptor sequence. The Sa
decay times (Table 1) fd2b—e and3b,c are biexponential. Their
fast components decay more rapidly and their slow components
more slowly than those dla or 3a, respectively, in accord with
the occurrence of reversible hole transport betweenhdad GG
sites (Figure 1}2 The amplitudes of the slow components2if
and 3b are larger than those fdib, indicative of more efficient
hole transport for the former hairpins. The amplitudes of the slow
components oRc—2e and 3c are smaller than those f@b and
3b, respectively. This is indicative of slower hole transport via AA
or T versus a single A and slower inter- versus intrastrand hole
transport.

Nonlinear fitting of the Sar decay data foRb—e and3b,cusing
the analytical solution for the kinetic model in Figur& provides
the rate constants reported in Table 1. The valudg,dbr 2b—e
and3b,care similar to those fa2aand3a, respectively, as expected

for charge recombination involving the same base sequence. The

values ofk; are smaller fo2b and3b than forlb, as are the values

of k/k—; which provide the equilibrium constants for hole transport
from G to GG K = 7.5 for1b vs 1.5 for2b and3b). We attribute
these differences to the diminished stability of a terminal versus
internal GG. In the case d2c—e and 3c the slow Sa* decay
component is sufficiently long that alternate decay pathways (e.g.,
reduction of Sa’ by residual oxygen or by neighboring T or C
bases) may compete with;. Since the values df_; in Table 1
provide upper bounds for these hairpins, our analysis will rely on
values ofk; rather thark_;.

Comparison of the values & for 2b versus2c indicates that
hole transport from G to GG via an AA sequence is ca. 207
times slower than that via a single A base. This kinetic penalty is
similar to the values observed in several previous studies using
diverse hole donors and acceptdtgé!! In view of the errors
inherent in these measurements, which employ highly different
methodology (laser photolysidransient absorption, strand cleav-
age, and pulse radiolysidransient absorption), their agreement is
satisfying.

Comparison of the values &f for 2b versus2d indicates that
hole transport from & to GG via a single T is ca. 4@ 15 times
slower than via an A base. A large kinetic penalty has also been
reported by Shafirovich et at.for hole transport via a Jlversus

injection energy and solvent reorganization energy for a superex-
change electron-transfer reaction may be considerably smaller for
the former process. The charge-separation proce®a inay also
follow an interstrand pathway which has a much smaller kinetic
penalty (vide infra).

Comparison of the values d&f for either 2b versus2e or 3b
versus3c indicates that interstrand hole transport from ® GG
via a single T:A base pair is ca. Z 3 times slower than the
intrastrand process. This value is considerably smaller than the
kinetic penalty of 18 estimated by Bartdhon the basis of strand
cleavage data. However, analysis of these data by Bixon and Jortner
provides a penalty of ca. 30 for interstrand hole transport from G
to G across a single A:T base pair. A somewhat smaller value might
be expected for our system, in which the hole transport is more
exergonic. A relatively small penalty is consistent with the
observation in strand cleavage studies of efficient long-range hole
migration via a zigzag pathway involving multiple interstrand hops.

In summary, kinetic modeling of the transient absorption data
for the hairpin familie2a—e and3a—c has provided estimates of
the kinetic penalties for hole transport fromGo GG in several
different duplex structures. It should be emphasized that our kinetic
data applies to short hopping steps which are presumed to occur
via a superexchange mechanism and cannot be extrapolated to
longer hopping steps for which alternative mechanisms may be
operative®® Moreover, in the absence of hole trapping or fast
chemical reactions leading to strand cleavage, kinetic penalties of
the magnitude reported herein should not diminish the efficiency
of long-distance multistep hole-transport process in DNA.
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