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DNA-mediated charge transport (CT), both in designed as-
semblies1 and in biological milieus,2 cannot simply be described
by superexchange or purine hopping models derived from the redox
energies of isolated DNA bases.3 DNA CT is exquisitely sensitive
to base stack structure and dynamics.4 In fact, rapid (ps-ns)
conformational motions of an intercalated DNA photooxidant,5 and
bridging DNA bases,6 modulate the rate constants, yields, and
distance dependence of CT. We have suggested a model where
DNA CT is gated by base motions,6 with only certain well-coupled
arrangements of the DNA bases being active toward CT.7 We
describe a CT-active conformation as a domain, an extended
π-orbital formed transiently as a function of sequence-dependent
DNA dynamics.6b Here, to establish the significance of such CT-
active conformations, we examine the yield of base-base CT at
77 K, where base rearrangement is effectively eliminated.8,10

Photoexcited 2-aminopurine (Ap*) probes how base stack
structure and dynamics influence CT.6,11 In DNA, Ap forms a well-
stacked base pair with T,12 providing a nonperturbing fluorescent
reporter whose emission is strongly quenched in a sequence- and
structure-dependent manner;13 CT with DNA bases contributes
significantly to Ap* reactivity in DNA.14 We focus here on CT
between Ap* (Ered ≈ 1.5 V vs NHE)11a and G (Eox ≈ 1.3 V vs
NHE),15 either directly, or through an intervening (A)n bridge (Table
1).16 In DNA, we distinguish this CT by comparing G-containing
(redox-active) duplexes to otherwise identical (reference) duplexes
where the G hole donor is replaced by 2′-deoxyinosine (I), a G
analogue, that, due to its higher oxidation potential (Eox ≈ 1.5 V
vs NHE)11a is much less reactive toward CT with Ap*.11b The yield
of CT between Ap* and G (Fq) is obtained from fluorescence
quantum yields as Fq) 1 - ΦG/ΦI, whereΦG/ΦI is the relative
fraction of G-containing duplexes fluorescing and thus not undergo-
ing CT. For CT through intervening A bridges, localized injection
onto A (i.e., hopping) does not contribute to Fq, since this pathway
exists in both redox-active and reference duplexes.

To examine low-temperature CT in DNA, we have used 10 M
aqueous LiCl since this medium forms a stable and reproducible
transparent glass at 77 K (Supporting Information) and is expected
to be relatively nonperturbing to DNA structure.17,18 Our charac-
terization of the local DNA environment using Ap* is consistent
with this expectation. In 10 M LiCl at ambient temperatures, the
fluorescence quantum yields, anisotropies, and excitation spectra,
as well as the yields of CT, are comparable to those observed in
100 mM sodium phosphate buffer (Supporting Information),
indicating that the stacking interactions and solvent accessibility
of the DNA bases are similar. Upon cooling to 77 K,19 the
fluorescence anisotropies of Ap* in all samples become comparable
(r ) 0.35(2)) and approach the theoretical maximum of 0.4,20

confirming the expected loss of rotational and translation motion
of Ap* at 77 K. The Stokes shift also decreases by∼900 cm-1

upon cooling to 77 K, indicating that conformational modes present

in DNA at ambient temperatures become kinetically frozen at
77 K.21

Table 1 presents the relative quantum yields (Φrel) of Ap at
77 K. As expected,Φrel is enhanced upon cooling, due at least in
part to decreased thermal deactivation of Ap*. For free Ap, the
enhancement inΦrel is rather modest, about 1.5-fold. In duplex
DNA, however,Φrel increases by 15-45-fold (Table 1, Figure 1a).
This increased emission is not due to a structural perturbation, such
as extrusion of Ap from the duplex, associated with cooling. At
77 K the fluorescence excitation spectrum reveals significant energy
transfer from the natural DNA bases to Ap (Figure 1b) indicating
that Ap is well stacked within the duplex.22 Instead, the dramatic
enhancement in emission intensity reflects the loss of Ap* quench-
ing in duplex DNA upon cooling to 77 K. The fluorescence
enhancement is remarkable: The quenching of Ap* in DNA that
has been so extensively exploited13 is eliminated in rigidified
duplexes, unless Ap* is directly adjacent to G.

Various mechanisms have been proposed to account for quench-
ing of Ap* in DNA, including stacking interactions, hydrogen
bonding, collisional deactivation,23 electron transfer,6,11,14 and
enhanced population of a nonfluorescent dark state.24 Here, the
simple observation of suppressed reactivity upon cooling suggests
that, irrespective of mechanism, quenching of Ap* in duplex DNA
is largely a dynamic process. Static quenching is not significant.
Instead, mechanisms involving conformational motion of the DNA
bases dominate Ap* reactivity in these duplexes.

The yield of CT is also dramatically altered upon cooling to
77 K (Table 1, Figure 1, c and d). Significantly, no DNA-mediated
CT is detected at 77 K. Only in the ApG assembly, where Ap* is
in direct contact with G, does CT persist at 77 K, albeit at a lower
efficiency than at ambient temperatures. As Fq is determined in
10 M LiCl at both ambient and low temperature (Table 1), the
vanishing yield of CT at 77 K cannot be attributed to LiCl. These
results indicate that CT between DNA bases involves more than
simple tunneling. They are also not rationalized by a loss of
thermally induced hopping, since localized hopping is not included
in our CT yield (Vide supra). These data suggest instead that CT,

Table 1. Ap* Fluorescence Yields and Yields of CT with G in 10
M LiCl

Φrel 77 Kb Φ 77 K/Φ 298 Kc

samplea Y ) I Y ) G Y ) I Y ) G Fq 77 Kb Fq 298 K

ApY 0.95 0.45 15 25 0.47 0.68
ApAY 0.98 0.95 25 45 0.03 0.47
ApA2Y 1.1 1.1 30 38 0 0.23
ApA3Y 1.1 1.0 30 39 0 0.18
ApA4Y 1.1 1.1 34 38 0 0.14

a 25 µM Ap in 35-mer DNA duplexes, 5′-GAT TAT AGA CAT ATT
IAp(A)n YIT ATT AAG TAC ATT AC-3 ′, Y ) I,G, pH 7. b All
fluorescence yields relative to free Ap in 10 M LiCl at 77 K (λex ) 325
nm). Evaluated from 2 to 4 replicates, uncertainties(0.05. c For free Ap,
(Φ 77 K)/(Φ 298 K) ) 1.5.
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like quenching of Ap*, requires conformational motion. Contrary
to the notion that dynamic disorder hinders the ability of DNA to
transport charge,25 these observations are consistent with confor-
mationally gated CT.26 It is noteworthy that structural fluctuations
are also key elements in mechanisms for DNA CT involving polaron
formation.27 Interestingly, the requirement of base dynamics for
CT may, in addition, explain the much slower CT in stilbene-
DNA systems, where the stilbene linker imposes an unnatural
rigidity onto the double helix.28

In our model, the yield of conformationally gated CT reflects
the sum of two probabilities: the probability of being in a CT-
active conformation upon excitation, and the probability of access-
ing a CT-active conformation, via base rearrangement, in the
lifetime of Ap*. At 77 K, the latter probability is close to zero,
and we can address the likelihood that the static structures adopted
upon cooling are CT-active. For DNA-mediated CT, even through
a single A, this likelihood appears to be very small, and it is not
altered by lengthening the bridge up to four intervening A’s.29 While
the stack of heterocyclic aromatic base pairs is requisite for DNA
CT, our static picture of B-DNA may not represent an optimum
CT-active conformation.

We have thus demonstrated that quenching of Ap* in DNA is
strongly suppressed at 77 K, and we propose that this suppression
is due to restricted conformational motion of the DNA bases.
Through base motion, CT-active conformations, delocalized do-
mains, rapidly form and break up in the DNA duplex, both
facilitating and limiting CT. Just as all biological functions of DNA
depend on its rich dynamics, so too does its ability to transport
charge.
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Figure 1. Steady-state fluorescence of Ap* in 10 M LiCl pH 7. Emission
(a,λex ) 325 nm, 25µM) and normalized excitation (b,λem ) 370 nm, 2.5
µM) spectra of ApAG and ApA4G duplexes, respectively, at 298 K (open
black circles) and 77 K (closed blue circles). (c) Emission spectra of ApAG
(closed blue diamonds), and ApAI (open red circles) at 298 K. (d) Emission
spectra of the same samples as in (b), along with free Ap (black circles),
obtained at 77 K.
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