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ABSTRACT: Transfer of the electronic excitation energy
in calf thymus DNA is studied by time-resolved
fluorescence spectroscopy. The fluorescence anisotropy,
after an initial decay starting on the femtosecond time
scale, dwindles down to ca. 0.1. The in-plane depolarized
fluorescence decays are described by a stretched
exponential law. Our observations are consistent with
one-dimensional transfer mediated by charge-transfer
excited states.

t is well established that absorption of UV radiation by DNA

bases induces carcinogenic mutations, triggered by photo-
chemical reactions. The DNA lesions at mutational hotspots are
not randomly distributed but depend on the base sequence
around them." This dependence could be related to the
redistribution of the electronic excitation energy among the
bases. Energy transfer was shown to take glace in model
duplexes on the femtosecond time scale.® The ultrafast
character of the observed process is due to the delocalized
nature of the Franck—Condon excited states, rationalized by
theoretical calculations.* ® These studies deal with model
duplexes composed of one type of base pairs in a repetitive
sequence pattern, favoring a collective behavior. The same
behavior has been questioned in the case of natural DNA,
where the base sequence is far from regular.” Here we show
that energy transfer indeed takes place in genomic calf thymus
DNA (CT-DNA) excited at 267 nm. The onset of this process
was found to be faster than 150 fs. The transfer proceeds within
the nanosecond time domain as may be inferred from the time
dependence of the fluorescence anisotropy. This conclusion is
also supported by the fit of the fluorescence decays with a
stretched exponential function, typical for dispersive rate
processes.®

CT-DNA (Sigma), composed of 58% adenine-thymine and
42% guanine-cytosine pairs, was purified using a Chelex ion-
exchange resin and subsequent extensive dialysis. It was
dissolved in phosphate buffer (0.1 M NaH,PO, 0.1 M
Na,HPO,, and 025 M NaCl). Two different detection
techniques, fluorescence upconversion (FU) and time-corre-
lated single photon counting (TCSPC), with instrumental
response functions of 330 fs and 80 ps, respectively, were used.

Fluorescence anisotropy decays r(t) were recorded at 22 °C,
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whereas fluorescence decays I(t) were also studied as a function
of temperature.

Under excitation at 267 nm, the steady-state fluorescence
spectrum of CT-DNA peaks at 327 nm (Figure la). This
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Figure 1. (a) Steady-state fluorescence spectrum of CT-DNA and (b)
temperature dependence of the fluorescence quantum yield. Excitation
wavelength: 267 nm. The gray line indicates the wavelength at which
time-resolved measurements were performed.

spectrum is very similar to that observed for the stoichiometric
mixture of mononucleotides.” But in contrast to the monomeric
constituents characterized but the fluorescence decay on the
sub-picosecond time scale, the CT-DNA fluorescence exhibits
multiscale decays ranging from the femtosecond to the
nanosecond time domains.” When temperature is below the
melting point and increases from 22 to 64 °C, the fluorescence
quantum yield decreases by 50% (Figure 1b), whereas the
shape of the spectrum remains the same.

The fluorescence anisotropy determined for CT-DNA by FU
at 330 nm is presented in Figure 2a, together with the signal
obtained for the stoichiometric mixture of mononucleotides.”>
As has been found earlier for model helices, the zero time
anisotropy of CT-DNA is lower than that of the monomer
mixture. Subsequently, the duplex anisotropy decreases whereas
the anisotropy of mononucleotides remains constant. The
fluorescence depolarization observed on the femtosecond time
scale, when molecular motions are hindered, reveals that CT-
DNA exhibits ultrafast energy transfer similarly to the model
duplexes. As explained in detail elsewhere,®'® this ultrafast
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Figure 2. Fluorescence anisotropy decays recorded by FU (a) and
TCSPC (b) for CT-DNA in high (phosphate buffer; red) and low
(pure water; blue) ionic strength. The black line in (a) corresponds to
stoichiometric mixture of a noninteracting mononucleotides. The gray
line in (b) represents the instrumental response function.

process results from intraband scattering (internal conversion
among exciton states) which is associated to a change in the
polarization of the transition vectors.

The fluorescence anisotropy determined for CT-DNA at 330
nm by TCSPC drops down and reaches a constant value of ca.
0.1 in a few hundred picoseconds (Figure 2b). Thereafter, r(t)
remains constant over several ns. This time behavior is
observed if the ionic strength of the solution is high (phosphate
buffer), thus favoring stacking of base pairs. At low ionic
strength (ultrapure water), where motions with larger
amplitude are possible, r(¢) decreases slowly below 0.1 (Figure
2b). Note that in contrast to the long time behavior of the
fluorescence anisotropy, the r(t) values at short times are larger
for solutions with low ionic strength than for solutions with
high ionic strength.

The r(t) value equal to 0.1 is typical for in-plane
depolarization of the fluorescence. This implies that the
transition dipoles related to photon absorption and emission
are randomly distributed perpendicular to an axis.'' In-plane
depolarization may result either from physical rotation of a
molecule or from the energy transfer in a multichromophoric
system. In both cases, the electronic transitions involved remain
orthogonal to the rotation axis or the axis of the transfer
process, respectively. For linear DNA segments, the az*
transitions of the bases are indeed orthogonal to the helix axis.
But such segments cannot rotate freely because CT-DNA is a
very long macromolecule exhibiting multiple folding. Moreover,
fluorescence depolarization due to torsional motions is
observed on much longer time scale'” than the time scale
studied in our experiments. In contrast, energy transfer can
occur in linear DNA segments, as reported for CT-DNA with
intercalated dye molecules."”® Our data reveal that the same
process takes place when photons are absorbed and emitted
directly by DNA.

The dimensionality of the transfer process should be
reflected in the associated kinetics. For many one-dimensional
disordered systems, the long-time behavior of the kinetics is
described by a stretched exponential exp[—(t/7)?], where the

exponent /4 and the time constant 7 depend on the material and
fixed external conditions, such as temperature and pressure."*
Therefore, we fitted the decays of CT-DNA in phosphate buffer
recorded as a function of temperature with functions exp(—t/
7)) + a exp[—(t/7,)] We assigned to 7, a value of 15 ps, which
corresponds to our time resolution after deconvolution, and set
B equal to 0.5. Note that the exploited fitting function with f =
0.5 does not support the assumption about the Gaussian
diffusion-controlled processes governing the fluorescence
decay. In the latter case, one should expect that I(t) ~ exp(—6t
— yt%%), with 6 and y being dependent on the diffusion
coefficient and the reaction radius (see e.g. ref 15). By using
two fitting parameters, o and 7,, we obtained reasonable fits; an
example is shown in Figure 3a. Upon increasing temperature
from 22 to 61 °C, the pre-exponential factor @ remains
practically constant (0.105 + 0.005), while 7, decreases from
0.55 to 0.32 ns.
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Figure 3. (a) Fluorescence decay of CT-DNA in phosphate buffer at
35 °C (black). In red: fit with the exp(—t/7;) + 0.11[exp—(t/7,)"]
function; 7, = 15 ps, 7, = 0.46 ns, > = 0.017. (b) Variation of 7, as a
function of temperature.

The above-mentioned behavior of the fluorescence aniso-
tropy and fluorescence decays could be attributed to the
localized n7™* excitations performing a random walk along the
axis of the double helix. However, two arguments do not
support this mechanistic picture. First, according to what is
known about model systems, the lifetime of z7* states does not
exceed a few ps,”'®'” Second, dipolar coupling, which would be
driving force for such random walk, allows both intrastrand and
interstrand hops, so that the one-dimensional character of the
process becomes questionable.”

Another plausible explanation is that the random walk
process does not take place in the emitting zz™* state but in a
state serving as a reservoir for the bright zz*. Such dark states
could be associated with excited charge-transfer states formed
with high yields from the initially populated states, as reported
from transient absorption studies on model helices.'®
Theoretical calculations have described various types of excited
charge-transfer states, located on the same strand or different
strands.® Their energy, very sensitive to environmental factors,
may be higher than that of zz™* states.

The various paths leading to fluorescence of CT-DNA are
presented schematically in Figure 4. Photon absorption results
in the formation of Frenkel excitons. “Prompt” zz*
fluorescence arises during the intraband scattering and/or the
localization of the excitation. However, this channel makes a
minor contribution to the total fluorescence. The main
contribution comes from the delayed zz* fluorescence
resulting from trapping of the excitation by charge-transfer
states, followed by charge separation and charge recombination.

dx.doi.org/10.1021/ja304328g | J. Am. Chem. Soc. 2012, 134, 11366—11368
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Figure 4. Schematic illustration of the processes underlying
fluorescence of CT-DNA. Photon absorption populates excitonic
states which may be trapped by excited charge-transfer states; charge
separation and charge recombination to zz* states gives rise to
delayed fluorescence (bold green). Minor contributions to mz*
fluorescence arise during intraband scattering and/or localization of
the excitons (thin green). Charge recombination to the ground state
(bold violet) is a major deactivation path.

These processes, which were shown to occur in stilbene-capped
DNA hairpins,'® take place in DNA segments with well stacked
bases favoring charge transfer. The channel involving charge
separation and charge recombination corresponds to an indirect
excitation energy transfer in the sense that different “sites”, and
thus different transition dipoles, are involved in photon
absorption and emission. These “sites” being randomly
distributed around the helix axis, the entire process results to
in plane-depolarization of the fluorescence.

Upon increasing conformational motions by decreasing the
ionic strength of the solution or by raising the temperature,
several of the processes depicted in Figure 4 may be affected.
For example, the degree of molecular exciton delocalization
diminishes due to increased structural disorder. Moreover,
overlap interactions which govern the formation of charge-
transfer excited states are reduced because of less efficient base
stacking. Consequently, trapping of #z* excitations by charge-
transfer states becomes less probable and “prompt” emission
increases, resulting in higher values of fluorescence anisotropy
values at early times (Figure 2b). Finally, charge recombination
becomes faster, leading to faster fluorescence decays and lower
fluorescence quantum yields.

In summary, we have demonstrated that energy transfer,
mediated by dark excited states, takes place in natural DNA.
Our study, suggesting interplay between charge and energy
transfer, poses new questions, which should inspire further
experimental and theoretical work. In particular, it is important
to determine the base sequences which may favor charge
separation and charge recombination to zz* states, the number
of sites involved in the transfer process, and its correlation with
the formation of UV-induced lesions.
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