J. Am. Chem. So@001,123,6953-6954 6953

Ultrafast Electron-Transfer Reactions between Absorptions 7« Emission
Thionine and Guanosine Bases ,’3_ N
A IR N
I :__ .
Gavin D. Reid,* Douglas J. Whittaker, Mark A. Day, S
Caitriona M. Creely, Eimer M. Tuitef John M. Kelly and NN
Godfrey S. Beddard )
School of Chemistry, Unersity of Leeds 560 600 640 680
Leeds, LS2 9JT, UK Wavelength/nm

) Figure 1. The absorption spectrum of the thionine-[poly(dG-dC)]
. Receied January 25, 2001 complex and the emission spectrum of free thionine in water. Pump and
Revised Manuscript Recegd June 8, 2001 probe wavelengths are shown. (The absorption spectrum of free thionine

. is blue shifted by ca. 15 nm, but the shape remains almost unchanged.
Femtosecond electron-transport processes in DNA have re- y P ged)

ceived renewed attention both experimentafiand theoretically.®
From an experimental perspective, optical excitation of an they bind near guanine bases. This quenching is believed to be
intercalated dye is one method by which electrons or holes candue to electron transfer from the guanine to the dye excited'State.
be rapidly injected into DNA strandsMoreover, it has been  Quenching by adenine is less favorablé® We report here, for
argued recently that DNA flexibility is the key to its functionality ~ the first time, that for thionine this process and the subsequent
and intercalated dyes can be used as probes of these dyrfdfnics. back reaction to reform the ground state (eq 1) both occur on a
Fiebig et al' have recently reported on the photophysics of femtosecond time scale in the polynucleotide, [poly(dG-¢C)]
ethidium complexes with mononucleotides and polynucleotides which adopts a B-DNA structur@,and slightly more slowly in
in water. In this study it was necessary to consider the interplay a thionine-5-guanosine monophosphate (GMP) complex and in
between orientational motion and electron transfer, since both thionine bound to DNA.
occurred on a picosecond time scale. In contrast, we present data
here with thionine, which illustrate that both the forward and
backward processes can be extremely rapid on the time scale of
orientational motion, provided that both the energetics and the
geometry are favorable.

The excited state of DNA itself is extremely short-livéend
it has been suggested that this may protect the molecule from
photodamage. However, photodynamic degradation of DNA may
also be induced by ultrafast redox reactidhslere, the pheno-
thiazine family of dyes has attracted considerable attetitigh
because the excited states of the dyes are strongly quenched wh

Th**G = [Th",G"] ~- Th*,G 1

Solutions of thionine (5Q:M, Aldrich) in 5 mM phosphate
buffer (pH = 6.9) containing either [poly(dG-dG)}0.5 mM),
GMP (100 mM), or calf-thymus DNA (ca. 1.2 mM) (Sigma) were
studied. Approximately 98% of the thionine is bound, and 1:2
complexes are expected to predominate for G¥Binding to
the polynucleotide and to DNA is intercalative under these
conditions, supported by experim&rand force field-based energy
€Calculations on methylene blue with a decamer of alternatin@G
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impossible that the dye molecules rotate through any significant
angle on the time scale of electron transfer.

Taking the reduction potential for the thionine ground state,
Ea, as—0.03 V25 its excited-state energgs as 2.03 V&7 and
the oxidation potential for guaninEp, in [poly(dG-dC)} as 1.15
V (vs NHEY® the Gibbs energy for the forward electron transfer,
AGs is calculated to be-0.85 eV, and for the revers@AG, is
—1.17 eV. If the observed quenching is due to electron transfer,
within the limits of a classical Marcus treatment we might assume
that the forward and return rate constamtsyould be given by
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Figure 2. Thionine intercalated with [poly(dG-dG)kshowing (a) the

4\7r2
loss of the stimulated emission signal at 670 nm (260 fs) and (b) the k=——V|
ground-state recovery at 600 nm (760 fs). hy/4mAks T

Solving for, the reorganization energy, af\, the electronic
coupling matrix element at 298 K, using the measured forward,
ks, and returnk, rates from the [poly(dG-dC)Jmeasurements,
gives crude estimates df~ 0.87 eV <7000 cn?t) and |V| ~
0.015 eV (120 cnt?l). The maximum classical rate, that is, when
the driving force is equal to the reorganization energyG (=
—A1) corresponds to a rate on the order of 1/260 fs, placing our
measured forward rate near the maximum on the Marcus éarve.
These parameters are typical of weakly coupled deacceptor
pairs, suggesting that a nonadiabatic treatment is not unreasonable,

Time Delay/ps notwithstanding that the observed rates are on the femtosecond
Figure 3. Thionine complexes with GMP showing (c) the loss of time scale. Itis clear that the quenching for the mononucleotide,
stimulated emission at 670 nm (880 fs) and (d) the ground-state recoveryWhile still very fast (880 fs), is slower than that for the
at 600 nm (1.2 ps). polynucleotide (260 fs). The oxidation potential for free GMP is
thought to be somewhat higher (1.29%%/}han for guanine in

0.00 [poly(dG-dC)} (1.16 V), giving values for the forward and reverse
AG of —0.71 and—1.32 V, respectively. Using these potentials

« 0054 we would predict slower rates for the forward and return steps in
% 0104 the GMP complex, assuming that the reorganization energy and
8 o015 the electronic coupling are similar to the polynucleotide, in
a agreement with our experimental observation.

-0.20 Solution of the Marcus equation for the thionin@MP

025 complex gives a similar reorganization energy of 8000 tand

a 100 cm? coupling energy. The slower measured rates could
also reflect a slightly larger separation between donor and acceptor
in the GMP complex than when intercalated in the polynucleotide.
Figure 4. Data showing the ground-state recovery (1.2 ps) at 600 nm of Using the same values df and |V| from the polynucleotide
thionine complexed with calf-thymus DNA. measurements and the quoted driving fore®.¢ eV), we can
also estimate the electron-transfer rate for the ethiciidiiP
complex, which would be ca. 60 ps in agreement within error of
the experimental valug.

Time Delay/ ps

880 fs and the bleach recovery is 1.2 ps. Preliminary data (Figure
4) show the ground-state recovery of thionine bound+ta®NA
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and base. In comparison, charge transfer along the DNA chain
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