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Abstract: Transient absorption measurements of excited states in DNA and LNA were performed using a femtosecond
pump-probe arrangement with excitation at 266 nm and absorption monitored at 400 nm while varying the sample tem-
perature between 5 °C and 70 °C. Samples consisted of adenine monophosphate monomer, polyadenine 12-mer in single-
stranded form, and polyadenine 12-mer in hybridized form. Excited states decayed in a biphasic manner with short-lived
(11) and long-lived (1) components, while the monomer had only a ‘single’ short-lived decay time. Temperature increases
increased absorption intensities and reduced T, until they approached those of the monomer at high temperatures (where
stacking is minimal). These results suggest that the initial excitation in stacked regions is cooperative and involves several
bases and that the number of bases involved is reduced with increasing temperature. In contrast, increasing temperatures
had little effect on T, while absorption intensities decreased, suggesting that very few, perhaps only two, stacked bases are
involved and that their number is reduced at higher temperatures. We found no clear evidence of melting point transitions
indicating that those excited states probed with our arrangement were not dependent on base pairing. Our results are con-
sistent with and strengthen an emerging consensus model of excited state dynamics in DNA wherein a UV photon is ab-
sorbed collectively by electronically coupled and thus well-stacked intrachain bases. This collective excitation results in a
Frenkel exciton that is delocalized over these bases, and the Frenkel exciton then decays rapidly to a long-lived, lower en-

ergy, dark intrachain exciplex.
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INTRODUCTION

The canonical B-form DNA molecule has a deceptively
simple structural organization. Along one dimension, struc-
tural alignment and stability are provided by forces resulting
from the base-matching dipole-dipole interactions of Wat-
son-Crick hydrogen bonds [1]. Along the other dimension,
base stacking provides structural alignment and stability, but
here induced dipole-induced dipole (dispersion) forces are
relatively more important [2], especially between adjacent
adenines [3]. Insult from a variety of sources, including or-
ganic carcinogens [4], oxidants [5], cross-linking agents [6,
71, viruses [8], and radiation [9-11], can cause disarray in
this structural organization leading to transcriptional or rep-
lication failure. The prevalence of solar radiation and the
consequent exposure of genetic material to potentially dam-
aging ultraviolet (UV) rays [10] have generated considerable
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interest in this source of insult and its mechanisms of dam-
age, protection, and repair [10-13].

Despite its relatively simple structural organization, the
electronic properties of DNA are surprisingly rich, giving
rise to numerous phenomena that are not yet well integrated
into a comprehensive and coherent view. Previous and pre-
sent studies seek clarity on the nature of the ground- and
excited-state electronic properties of individual bases [14-
18], and the modifications brought about by pairing [19],
stacking [2, 20-30], and hydration [31]. Three specific ques-
tions of interest are the following. Are Franck-Condon (FC)
excited states localized to a single base or is the initial exci-
tation cooperative? To what degree do excitations have or
acquire charge-transfer (CT; excimer) character as opposed
to charge-distribution (Frenkel) character? What is the rela-
tive importance of base stacking compared to base pairing in
governing excited state dynamics?

Currently, we believe that views about the response of
DNA to UV excitation are converging on a consensus model
of excited state dynamics in DNA, key aspects of which are
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depicted in Fig. (1). In this view, DNA bases reside in re-
gions where they are either well stacked or poorly stacked
[32]. In poorly stacked regions, UV light excites bases indi-
vidually, but in well-stacked regions the bases are electroni-
cally coupled and their excitation is collective [32, 33]. This
collective excitation produces a Frenkel exciton distributed
over several bases [22, 32, 34] that quickly (t;) relaxes to
lower energy excited states with charge transfer character
[22], ultimately yielding long-lived (t,) dark excimers and
exciplexes [34, 35]. It is of interest that the consensus view
is rather quiet about the role of base-pairing despite the fact
that the contribution of base-pairing to the excited state dy-
namics in DNA is explicitly questioned [36]. We take this
absence, along with experimental evidence favoring stacking
over pairing [20], to indicate that base-pairing is not consid-
ered to be of major importance in excited state dynamics in
DNA.

If the consensus model is correct, one should expect an
increase in thermally-induced structural fluctuations to pro-
duce a more rapid decline in T, than in 7, since the probabil-
ity of finding regions with more than two well-stacked bases,
available for cooperative excitation, will decline more rap-
idly with increasing temperature than the probability of find-
ing pairs of adjacent well-stacked bases. Thermal structural
fluctuations within a given conformation have been shown
by Bouvier, ef al. [37] to reduce mixing of monomer excited
states between individual bases, hence the spatial extent of
the excitons and their lifetimes are reduced. On the other
hand, if the initial excitation is localized on a single base,
stacking disarray should not have a material effect on the
number of excitations or their phenomenological description.
Finally, if base-pairing materially influenced the excited
state dynamics in base stacks, differences in excited state
properties obtained before and after the melting point ought
to be noticeable; in the absence of such differences, one may
conclude that stacking interactions have greater importance
than base pair interactions in the excited state dynamics of
adenine stacks.

To test the model outlined above, we investigated the
excited state dynamics of single- and double-stranded ade-
nine homopolymers as a function of stacking. Temperature
increases were used to manipulate the amount of stacking
while following excited state dynamics with transient ab-
sorption measurements. Thus a range of ordered structures
was interrogated, ranging from relatively ordered to rela-
tively disordered (i.e. corresponding to temperatures below
and above the melting point of the double stranded samples,
respectively). Briefly, we found that temperature increases
resulted in a reduction of the short excited state lifetimes (7;)
until they approached monomer values while the absorption
intensities increased. The longer excited state lifetimes (1,)
remained little altered, but their absorption intensities de-
creased. The transition through the melting point did not
have a marked effect on the results; neither did conformation
produce qualitative differences (although the excited state
lifetimes in A-form were shorter than those in B-form).
Taken together, the results show that the FC state is coopera-
tive and extends over more than two bases and it evolves to a
final state, probably a CT exciton, that consists of only two
bases. There is little evidence of a melting transition indicat-
ing that intrachain base stacking is the dominant factor gov-
erning excited state dynamics in adenine stacks. Our results
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therefore support the emerging consensus model of excited
state dynamics in DNA.
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Fig. (1). Energy level diagram showing simplified relaxation path-
ways and excited state lifetimes. The energy levels on the left side
reflect a base under conditions where neighboring adenines are
poorly stacked, thus a monomer-like electronic structure prevails;
the energy levels on the right side reflect the same base in the same
oligomer, but under conditions where neighboring adenines are well
stacked and can accommodate delocalized exciton formation
(Frenkel exciton (F) and charge transfer exciton (CT)).

MATERIALS AND METHODS
Oligomer Sample Preparation

All samples used in this study are defined in Table 1.
Sample 1 (Sigma-Aldrich) and samples 2-5 (unpurified from
IDT, Coralville, USA) were used to investigate temperature
effects in both single- and double-stranded oligomers. We
follow here the convention [38] of denoting a monomer or an
oligomer containing one or more locked monomers as a
LNA; only adenines were locked.

Monomers, single-stranded DNA, and single-stranded
LNA were dialyzed in 10 mM phosphate buffer (pH 6).
Stock concentrations of single-stranded oligomers were de-
termined by measuring the absorbance at 260 nm and 80 °C
using a Cary 1E UV-vis spectrophotometer (Varian, Palo
Alto, CA). Double-stranded samples were prepared by com-
bining 1:1 molar equivalents in vials at 25 °C. The 0.036-
mg/ml (25 uM) oligomers in 10 mM phosphate buffer and
pH 6 were divided into 400 pL aliquots. Then double-
stranded aliquots of 12-mer AT DNA and LNA oligomers
were fully hybridized in a thermal cycler (Cetus 480, Perkin
Elmer, Wellesley, MA, USA). Hybridization was performed
by heating the oligomers up to 80 °C and then cooling them
down to 20 °C at a rate of 1 °C/min. A recording of UV ab-
sorbance at 260 nm when heating Sample 3 (Table 1) from
15 °C to 75 °C provided a melting curve for this sample us-
ing a concentration of 5 uM.

Femtosecond Pump-Probe Measurements

The pump-probe transient absorption measurements were
executed with a femtosecond Ti:Sapphire laser setup
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Table1. Oligomer Sequences Used; Locked Adenine Bases
are Bold-Underlined
Sample ID Sequence

1 5'-A-3"’

2 5'-AAA AAA AAA AAA-3'
5'-AAA AAA AAA AAA-3'

3
3'-TTT TTT TTT TTT-5'

4 5'-AAA AAA AAA AAA-3'
5'-AAA AAA AAA AAA-3'

5

3'-TTT TTT TTT TTT-5'

(Synergy, Femtolasers, Vienna, Austria; master oscillator
and SpitFirePro amplifier, SpectraPhysics, Mountain View,
CA, USA). The laser generated 60 fs laser pulses, 2
mlJ/pulse, 1 kHz repetition rate, at a central wavelength of
800 nm. The pump beam employed the third harmonic of the
main laser radiation at 266 nm with about 1 GW/cm? inten-
sity at the sample which was found to yield the best signal-
to-noise performance without inducing significant two-
photon ionization. The probe beam employed part of the
second harmonic (400 nm) in the third harmonic generation
stage. Polarization of the pump and probe beams were ori-
ented at the magic angle with probe and pump beams being
collinear. UV radiation was filtered out for probe detection
using UV-opaque Plexiglas. Every third pulse of the pump
radiation was transmitted using a mechanical chopper. The
probe radiation energy was attenuated by at least a factor of
10 compared to the pump radiation. The probe signal was
detected with an amplified silicon photodiode (Det 210,
Thorlabs, Newton, NJ, USA) connected to a lock-in ampli-
fier (Model SR830 DSP, Stanford Research Systems,
Sunnyvale, CA, USA). The time delay between pump and
probe was scanned in 67 fs steps and 667 fs as sample absor-
bance was measured in a quartz cuvette with a 4 mm optical
path length.

Data Analysis

Data were manipulated and analyzed using Origin
(OriginLab, Natick, MA, USA) and MATLAB (The Math-
Works, Natick, MA, USA) software running under Windows
XP (Microsoft, Redmond, WA). Excited state absorption
was used for data analysis as obtained (i.e. not normalized to
the maximum value at every temperature). Curve fitting pro-
cedures were performed in Origin and consisted of fitting
one or two exponential functions to the data. Note that since
the melting temperature, Ty, is concentration dependent [39],
a small correction (~ + 4 °C) has to be made to align the UV
data to the excited state absorption (ESA) data. However,
since this correction is small relative to our temperature reso-
lution, it was not performed.

RESULTS AND DISCUSSION

The results show the same trends as functions of tem-
perature for all the samples in Table 1, Sample 1, the adenine
monomer, excepted. Specifically, the results are qualitatively
similar for polyadenine in both single stranded and hybrid-
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ized DNA configurations. LNAs have much shorter excited
state lifetimes than DNA [40], but otherwise LNA samples
show qualitative results similar to those of DNA, whether
single- or double-stranded. The results for DNA and LNA
are therefore not discussed separately in the more detailed
analyses below.

Co-Operative Excitation

For the adenine monomer (Sample 1, Table 1) one fast
relaxation time (T;, 0.9 ps) was observed at all temperatures
(Fig. 2). This result shows that there are no significant influ-
ences, within experimental error, of the temperature on the
electronic level structure in the adenine monomer.
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Fig. (2). The excited state absorption intensities (a) and lifetimes

(b) of the adenine monomer at different temperatures obtained with

a femtosecond experiment using a pump at 266 nm and probe at
400 nm.

The electronic excited state dynamics are quite different
for 12-mer samples (Samples 2-5) as shown in Figs. (3-6).
At least two relaxation times (T, up to a couple of picosec-
onds) and (T, up to sub- hundred picoseconds) are observed
for single and double stranded DNA (Samples 2, 3; Table 1)
and LNA (Samples 3, 4; Table 1). The fast component (t;) is
the same for both single- and double-stranded DNA, a vari-
ant of B-form denoted B* [38, 41, 42] (Figs. 4a, 6a). It
shortens with increasing temperature from ~ 1.3 ps at ~10 °C
to ~ 0.9 ps at ~60 °C (i.e. above the melting temperatures of
Samples 3 and 5 near 50 °C) to a value in line with that of
the monomer. The ESA intensities (A,), in contrast, increase
over the same temperature range (Figs. 4b, 6b). Furthermore,
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these observations are not non-specific, i.e. occurring univer-
sally, as discussed for (1,) further below.
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Fig. (3). The excited state absorption intensities at short (a), (¢) and
longer (b), (d) timescales for Samples 2 and 4, respectively.
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Fig. (4). The short-lived excited state lifetimes (a) and absorption
intensities (b), as well as long-lived excited state lifetimes (¢) and
absorption intensities (d), of Samples 2 and 4 at different tempera-
tures obtained using a femtosecond pump at 266 nm and femtosec-
ond probe at 400 nm. The short-lived excited states appear to in-
volve several bases since their lifetimes decline with a loss of tem-
perature-dependent stacking, but the long-lived excited states ap-
pear unaffected by temperature changes although fewer such states
are formed at higher temperatures.
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Fig. (5). The excited state absorption intensities at short (a), (¢) and
longer (b), (d) timescales for Samples 3 and 5, respectively.
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Fig. (6). The short-lived excited state lifetimes (a) and absorption
intensities (b), as well as long-lived excited state lifetimes (¢) and
absorption intensities (d), of Samples 3 and 5 at different tempera-
tures obtained using a femtosecond pump at 266 nm and femtosec-
ond probe at 400 nm. The results are very similar to those for
(dA},) indicating that structural order exists in the single strand and
that excited state dynamics is dominated by stacking.
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We have previously shown that T, generally increases
with the number of adenines in the chain [40], thus a reduc-
tion in T; is consistent with a reduction in the number of
stacked adenines. The number of stacked bases is also
known to decrease with increasing temperature [43, 44].
Thus, based on the consensus model, one would expect the
lifetime of the initial excited state in adenine stacks to
change with increasing temperature so that it conforms more
to that of the monomer. This occurs because well-stacked
domains become smaller and co-operative excitation in-
volves fewer bases (see below), leading to a reduction in T;.
One would also expect the number of single bases available
for non-cooperative excitation to increase since more of the
bases are now unstacked. Because electronic coupling (i.e.
blue shift) [21, 45] is now reduced, their excitation threshold
is also lowered. Both of the preceding effects would lead to
elevated ESA intensities as observed for A;. Co-operative
excitation of the FC state [32, 35] receives therefore strong
support from these results.

Excited State Character

The absence of a clear double exponential decay at short
time scales (Figs. 3a, 5a) implies that there is no sharp bor-
der between unstacked bases with monomer relaxation dy-
namics and stacked bases with exciton relaxation dynamics.
Excitation in stacking domains incorporating a different
number of adenines produces excitons distributed over these
bases [22, 45], thus each exciton has its own relaxation time
depending on the number of bases involved as well as the
strength of coupling between these bases. The observed fast
relaxation (T;) is therefore a superposition of these different
exciton relaxation times. At higher temperatures, fewer bases
are stacked [44], thus the stacking domains are smaller and a
concomitant reduction of T; occurs with temperature (Figs.
4a, 6a), approaching that of the monomer. The general in-
crease in T; with oligomer chain length [40] and the reduc-
tion in T; with increasing temperature, thus with inferred
decreasing stack length, clearly demonstrate that the initial
excited state is delocalized over several bases. Because
Frenkel excitons can migrate coherently [46], in this case,
between adjacent adenines [36], delocalization over several
bases can occur [22, 45]. Frenkel exciton states should also
reflect the singlet excitation energies of the ensembles being
cooperatively excited [33], thus more Frenkel excitons are
formed as the blue shift diminishes with temperature result-
ing in increased absorption intensities (i.e. increases in Aj).
Delocalized interchain CT excitons [47] can be ruled out
because the same behavior is observed in both single and
double-stranded samples. This leaves the difficulty of ex-
plaining intrachain CT excitons delocalized over several
bases. Taken together, we therefore consider the temperature
dependence of 7; as an indication that the FC state is coop-
erative (as explained in the preceding subsection) and spe-
cifically here, that it produces Frenkel excitons delocalized
over several bases.

The long-lived component 1, like the short-lived compo-
nent T;, is also qualitatively the same for both single- and
double-stranded DNA. However, the attributes of 1, differ
clearly from those of ;. Most importantly, there is only a
rather mild reduction, if any, in the excited state lifetime of
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the long-lived component. Based on findings that the long
decay times in dA;; [40] and poly(A) [33] are nearly identi-
cal to those in dA, and ApA, respectively, it is inferred that
only two bases are involved in the long-lived excited state.
In contrast to the excited state yielding T;, where energy is
distributed over several bases and where a reduction in life-
time with increasing temperature indicates a reduction in
delocalization length, the relatively constant lifetimes of the
excited state yielding T, indicate that it is less affected by
temperature as one would expect for an exciton that involves
only two bases. The ESA intensities (A,), however, do de-
crease with increasing temperature and appear to mirror the
increase in Aj, the latter reflecting an increase in absorption
by unstacked bases that cannot relax to the ground state via
an excimer. Therefore, we conclude that the nature of the
exciton remains unchanged, i.e. it remains an exciton dis-
tributed over two bases, but fewer are formed at higher tem-
peratures.

Furthermore, we consider this exciton to have CT charac-
ter. This inference is consistent with the aforementioned
theoretical calculations of polyadenine in water showing an
evolution of excitation from the delocalized FC state, via
intermonomer charge transfer between two stacked bases, to
a dark excimer energy minimum [35]. It is also broadly con-
sistent with the aforementioned model of poly(dA)-poly(dT)
where intraband scattering causes a reduction in excited state
energies, a loss of delocalization length, and an increase in
CT character with concomitant increase in lifetime [22]. Fi-
nally, it is in agreement with conclusions drawn, from the
correlation between experimentally obtained excited state
lifetimes and gas phase ionization potentials corrected for
gas phase electron affinities, that UV excitation produces
exciplex states between two stacked bases [33].

Base Stacking and Base Pairing

Hybridization in DNA occurs when two complementary
strands combine into a double helix through hydrogen-
bonded base pairing [48]. The close agreement between calo-
rimetric and UV absorption measurements means that the
loss of hypochromicity [24, 28] in DNA with increasing
temperature can be used as an index of hybridization [48].
Consequently monitoring absorption of a sample at 260 nm
permits determination of its melting temperature [39] - the
temperature where only 50 % of the molecules are still hy-
bridized.

Fig. (7) shows a UV melting curve for Sample 3 (Table
1) superimposed on ESA lifetimes, expected to be affected
by H-bonding [49, 50], for the short-lived excited states (7,
Fig. 7a) as well as the long-lived excited states (T,, Fig. 7b).
If base-pairing played a significant role in the efficient deac-
tivation of excited states [49-52], evidence of pronounced
changes in ESA attributes occurring near the melting point
of the hybridized sample ought to be evident. More specifi-
cally, an increase in excited state lifetimes should be ob-
served as the temperature approaches Ty,. There is a lack of
correlation between the gain in absorbance, indicative of a
loss of H-bonding between base pairs, and the observed ex-
cited state lifetimes. In fact, there is, contrary to expectations
based on H-bonding deactivation of excited states, a decrease
in the observed excited state lifetime ;.
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Fig. (7). Further evidence that excited state dynamics in adjacent
adenines is dominated by base stacking, but not base pairing, de-
rives from the lack of evidence of melting transitions in both short-
lived (a) and long-lived (b) excited state lifetime data for
(dA2)(dT}y). The increase with temperature in the short-lived ex-
cited state absorption intensities for double-stranded DNA shows a
greater similarity to that of the corresponding single stranded poly-
adenine sample than to the melting curve (¢). The UV absorption
melting curve is superimposed in all panels for comparison. Note
that the melting temperature is concentration dependent and a small
correction (~ +4 °C) has to be made to align the UV data to the
ESA data (UV absorption and ESA sample concentrations were 5
uM and 25 puM, respectively).

If any changes were to be observed, one may expect ESA
intensities to increase with increasing temperature since ex-
cited states should persist longer if H-bonding no longer ef-
ficiently deactivated them. Although ESA intensities (A;)
increase for the short-lived excited states, it is clear from Fig.
(7¢) that no evidence of a melting transition, within experi-
mental error, is observed in the double-stranded sample. In
fact, Fig. (7¢) shows these intensities to be rather more simi-
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lar to the change in absorption intensities of the short-lived
excited states in the corresponding polyadenine single strand.
No evidence is found for a melting transition in the absorp-
tion intensities of the long-lived excited states (A,; data not
shown). Indeed, again contrary to expectation based on H-
bonding deactivation of excited states, the latter intensities
decrease with temperature. Taken together, our results are
therefore consistent with a dominant role for base stacking,
as opposed to base pairing, affecting electronic excited state
relaxation in DNA.

CONCLUSIONS

Current understanding of excited state dynamics in DNA
appears to be converging on a model wherein a UV photon is
absorbed collectively by electronically coupled and thus
well-stacked intrachain bases. This collective excitation re-
sults in a Frenkel exciton that is delocalized over these bases,
and the Frenkel exciton then decays rapidly to a long-lived,
lower energy, dark intrachain exciplex.

Femtosecond pump-probe (266 nm and 400 nm, respec-
tively) transient absorption measurements in DNA and LNA
12-mers of single-stranded and double-stranded oligomers,
performed under conditions of increasing temperature to
destabilize intrachain base stacking, yielded results that are
consistent with this model and thus strengthen it. We ob-
served a reduction in short-lived excited state lifetimes with
increasing temperature as would be expected when fewer
bases are coupled and available for collective excitation to
form Frenkel excitons. We observed an increase in the ab-
sorption intensities for these short-lived excited state life-
times consistent with the expected increase in the fraction of
unstacked bases that could absorb UV photons individually.
Moreover, at high temperatures, the fast component of the
ESA signal approached the excited state decay time of the
monomer, hence providing confirmation of absorption by
unstacked bases.

We observed no discernible effect of temperature on the
long-lived excited state lifetimes. This observation is consis-
tent with the expectation that only two bases are involved in
the long-lived excited state and that higher temperatures
would disrupt stacks involving more than two bases to a
greater extent than stacks of only two bases. A reduction in
the absorption intensities of the long-lived states show that
fewer of these exist at higher temperatures. This is also con-
sistent with the expectation that they derive from Frenkel
excitons of which fewer are formed at elevated temperatures.

A lack of noticeable changes in ESA attributes related to
the melting points of the double-stranded samples is indica-
tive of the dominance of stacking, rather than base pairing, in
governing the excited state dynamics of those samples
probed in this work. This confirms previous observations
that the manner of base stacking, and the accompanying de-
gree of coupling between bases, has a strong effect on ex-
cited state dynamics [40, 53, 54]. In addition, stacking is also
the dominant force imparting structural order to sequences of
adjacent adenines, thus the relative lack of differences in
excited state dynamics between poly(dA) and poly(dA)-
poly(dT).

The emerging model of excited state dynamics reconciles
different views regarding single or collective excitation,
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Frenkel or CT exciton formation, and the relative roles of
base stacking and base pairing in excited state relaxation. It
will provide a point of departure for studies aimed at gaining
a more detailed understanding of how these phenomena con-
tribute to the generation of UV-induced photodamage in nu-
cleic acids.
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