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Base stacking in DNA is related to long-living excited states whose
molecular nature is still under debate. To elucidate the molecular
background we study well-defined oligonucleotides with natural
bases, which allow selective UV excitation of one single base in
the strand. IR probing in the picosecond regime enables us to
dissect the contribution of different single bases to the excited
state. All investigated oligonucleotides show long-living states on
the 100-ps time scale, which are not observable in a mixture of
single bases. The fraction of these states is well correlated with
the stacking probabilities and reaches values up to 0.4. The long-
living states show characteristic absorbance bands that can be
assigned to charge-transfer states by comparing them to marker
bands of radical cation and anion spectra. The charge separation is
directed by the redox potential of the involved bases and thus
controlled by the sequence. The spatial dimension of this charge
separation was investigated in longer oligonucleotides, where bridg-
ing sequences separate the excited base from a sensor base with
a characteristic marker band. After excitation we observe a bleach of
all involved bases. The contribution of the sensor base is observable
even if the bridge is composed of several bases. This result can be
explained by a charge delocalization along a well-stacked domain in
the strand. The presence of charged radicals in DNA strands after light
absorption may cause reactions—oxidative or reductive damage—
currently not considered in DNA photochemistry.

DNA photophysics | DNA damage | DNA electron transfer |
ultrafast vibrational spectroscopy

NA photophysics is crucial for the understanding of light-

induced damage of the genetic code (1). The excited state of
single DNA bases is known to decay extremely fast on the sub-
picosecond time scale, predominantly via internal conversion (2,
3). This ultrafast decay is assumed to suppress destructive decay
channels, thereby protecting the DNA from photodamage and
avoiding disintegration of the genetic information. In contrast to
this ultrafast deactivation of single nucleobases, the biological
relevant DNA strands show further long-living states (4, 5).
Several explanations for these long-living states and the size of
their spatial extent have been discussed in the literature (5-9).
Delocalized excitons (9); excitons that decay to charge-separated
states or neutral excimer states (10, 11); exciplexes located on
two neighboring bases (5, 8, 12, 13); or even excited single bases,
where steric interactions in the DNA strand impedes the ultra-
fast decay (14), have been proposed. Further computations sug-
gest a decay of an initially populated delocalized exciton to
localized neutral or charged excimer states (15-17). However, to
our knowledge, a final understanding of the nature of these long-
living states has not been reached. Related experiments were
performed in the last decade to investigate charge transport
processes in DNA, motivated by DNA electronics and oxidative
damage (18, 19). Charge transport was initiated by photoexcita-
tion of modified DNA bases or chromophores and followed by
transient absorption (20-23). The transport mechanism was de-
scribed by charge-hopping, superexchange, or transfer of charge
along delocalized domains in DNA (18).

www.pnas.org/cgi/doi/10.1073/pnas.1323700111

Until now, most experimental investigations of the long-living
state were performed with transient absorption spectroscopy in
the UV-visible (UV/Vis) regime (5, 9, 12) or with time-resolved
fluorescence (10, 24, 25). Due to the broad, featureless, and
overlapping absorption bands of the different DNA bases in this
spectral region, it is difficult to investigate the molecular origin
of the long-living states using these methods. A further drawback
is the unselective and simultaneous excitation of several bases
used in most experiments. To circumvent these problems, we
used for the present study well-defined oligonucleotides, which
enable selective excitation of one single base. Observation of the
long-living excited states was performed via time-resolved IR
spectroscopy, which can profit from the many “fingerprint” vibra-
tional bands (26, 27). IR spectroscopy is able to distinguish between
different DNA bases and their molecular states. It can also
reveal changes in the electronic structure and identify charge-
separated states.

In this study we used single-stranded DNA, in which = stacking
between neighboring bases leads to structured domains, similar
to the structure in a double helix (28). This interaction is known
to be crucial for the long-living states (5). The investigation of
single-stranded DNA enables us to construct special sequences,
where only one base can be selectively excited. We used the nat-
ural bases 2’-deoxyuridine (U), 2’-deoxyadenosine (A), 5-methyl-
2’-deoxycytidine (mC), and 2’-deoxyguanosine (G). The nucleo-
base U occurs naturally in RNA and is similar to the DNA base
thymine but shows a blue-shifted absorbance spectrum. mC occurs
with a frequency of 4-5% in mammalian DNA (29) and plays an
important role as an epigenetic marker (30). The UV/Vis absor-
bance of mC and G are red-shifted in comparison with A and U,
which allows selective excitation at 295 nm in oligonucleotides
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Fig. 1. Selective excitation of mCin mCUA and probing of characteristic A, U, and mC marker bands in the IR. (4, B, and E) Picosecond UV light pulses at 295 nm
allow selective excitation of mC (shown in bold) in mixed DNA sequences consisting of mC, U, and A. (B) Absorbance spectra of 2’-deoxyadenosine mono-
phosphate (A), 2’-deoxy-5-methylcytidine (mC), and uridine monophosphate (U). (C) Time-resolved absorption difference (color-coded) plotted vs. wavenumber
and delay time for mCUA and (D) for a mixture of the corresponding monomers. (E) Probing the individual contribution of each base is possible in the IR at
1,625 cm™" (A), 1,655 cm™' (U), and 1,667 cm™' (mC) (marked by dashed lines). (F) Transients at 1,667 cm™~' for mCUA and the mixture of monomers.

consisting of mC, A, and U (Fig. 1 4 and B) or G and A. This
selectivity can only be obtained in single-stranded DNA because G
and its complementary base mC have overlapping absorbance
bands in the UV range (Fig. S1). Selectivity in probing is based
on the significant differences in the IR-absorption spectra of
these bases, which display distinct marker bands for each base
(Fig. 1 4 and E).

With the combination of selective excitation and selective
probing we are able to elucidate the nature of the long-living states
in DNA strands. Investigation of dinucleotides clearly shows that
light absorption in DNA leads to charge separation between
stacked neighboring bases, which recombine on the 100-ps time
scale. In longer oligonucleotides we observe simultaneous bleach
of several bases, which points to a delocalization of the charges
along the strand. Our results show that charge transfer in DNA is
a natural process, induced by UV-light absorption of DNA.

Results and Discussion

In a first example, the trimer mCUA is used to demonstrate the
feasibility of the approach. In Fig. 1C, the evolution of the ab-
sorption transients in the IR is plotted vs. wavenumber and delay
time between UV excitation and IR probing pulses. After selec-
tive excitation of mC with light at 295 nm, two processes are
evident: an ultrafast decay within 10 ps and a much slower process
on the 100-ps time scale. The fast process can be assigned to the
decay of the excited electronic state (S;) of mC (31) with con-
comitant vibrational cooling of the molecule. These fast dynamics
resemble those found in a reference measurement of a solution
containing the monomers mC, A, and U (Fig. 1 D and F). In this
solution, slower transients are not observed. The slower process is
only found in the trimeric sample; its absorption change clearly
shows contributions of all three bases, although only the mC has
initially been excited. Apparently, the slow component is the
consequence of the connection of the bases in the trinucleotide.
The time constant in the 100-ps range agrees well with the dy-
namics found in previous investigations with UV probing (5).

A global fit (Materials and Methods) confirms the qualitative
view given above. The ultrafast decay of the excited electronic
state and the vibrational cooling are represented by the two fast
components with time constants in the one picosecond () and
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5- to 10-ps range (t;). Only in the oligonucleotide an additional
kinetic process in the 100-ps range (t, = 90 ps) is evident. The
decay-associated difference spectrum D,(v) related to 7, con-
tains the spectral information on the long-living species; it gives
an insight into the molecular nature of the state (see below) and
allows us to estimate the fraction F, of molecules involved.

Amplitude of the Long-Living State. The fraction F, of the long-
lived state is shown in Fig. 2 for different DNA oligomers. Values
of F, from 0.23 to over 0.4 have been found (Table 1). These large
numbers show that the long-lived states may play a significant role
in the photochemical reactions of DNA oligomers. In detail, the
fraction F, depends on the specific sequence of the compound.
Longer oligonucleotides show larger values of F, than shorter
ones. Adenine in direct neighborhood of the excited mC results in
a higher population of the long-living state in comparison with U
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Fig. 2. Comparison of the fraction of the long-living state in different oli-
gonucleotides. Fraction F, of molecules involved in the long-living state for
different oligonucleotides (mC is excited, shown in bold). The values F, are
obtained from two independent experiments, which show the same trend.
(A) Dependency on the type of the base neighboring to the excited mC and
on the length of the oligonucleotides. (B) Dependency on the sequence of
trinucleotides.
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Table 1. Fitting parameters and fraction F, of the long-living
state

Oligonucleotide 70/PS 74/ps 75/ps Fraction F,
mC+A+U 1.2 5

mCA 1.3 6 110 0.25
mCU 1.2 6 50 0.23
mCG 1.5 3 20

GA 1.7 3 300

mCAU 0.7 6 120 0.29
mCUA 1.1 6 90 0.24
AmCU 1.4 10 150 0.45
UmCA 0.7 8 110 0.32
mCAUUUU 1.3 6 170 0.34
mCUAUUU 1.4 8 120 0.27
mCUUAUU 1.6 5 110 0.32
mCUUUAU 2.0 5 90 0.30
mCUUUUA 1.7 6 100 0.28
mCUUUU 1.3 6 80 0.24

All experiments were measured in two independent experiments; time
constants are an average of both experiments. Selective excited base is
shown in bold. For samples with selective excitation of mC, the fraction F, was
calculated. The trend of F, is reproduced in the two independent experiments.

(Fig. 24). Even inverting the sequence has a major influence:
adenine at the 5’ end shows a much higher fraction F, than at the
3’ end (Fig. 2B). These observations are in line with the assump-
tion that base stacking is the prerequisite for the appearance of the
long-living component. Indeed, Kohler and coworkers (12) have
shown for dinucleotides that the amplitude of the long-living state
detected in UV experiments correlates well with stacking prop-
erties. In addition, CD spectroscopy (32) shows that the order of
the stacking probability o of dinucleotides follows the trend acy <
aca < aac, wWhich correlates exactly with the order of F, in our
study. Furthermore, the stacking probability is rising with the in-
creasing length (8) of the DNA strand, which is also observed in
our data. Apparently, the long-living state is only formed between
stacked bases, whereas unstacked bases show the reported ultra-
fast deactivation known from single bases.

Characterization of Marker Bands. From different simple dinucleo-
tides we obtain detailed information on the molecular properties
of the long-living state via the individual decay spectra D,(v) (Fig.
3B). Negative bands in these spectra represent the decrease of the
original absorption of the bases involved in the long-living state;
they compare well with the stationary absorption spectra of the
corresponding dimers (dashed lines) and show that both bases of
the dimer contribute to D,(v). Positive features reflect newly
formed absorption bands of the long-living state. For a possible
interpretation of the nature of these states we present in Fig. 34
experimental difference spectra of G and its radical cation G™
(33, 34) as well as mC and its radical cation mC™ (35). Both
spectra were obtained by two photon ionization of the bases
(for details, see Materials and Methods) and show characteristic
marker bands (Fig. 34). A™ does not possess any characteristic
absorbance band in this spectral region. The G marker bands
at 1,608 cm ™! and 1,704 cm™! are well recognized in the decay
spectra of GA and mCG. The marker bands of the mC™ at
1,586 cm™! and 1,692 cm™" occur only in the long-living state of
mCU and are absent in the decay spectra of mCA and mCG.
Anion radical spectra of the involved bases were calculated
with density functional theory. Clear marker bands are found for
the mC"™ and U"7; they are shown in Fig. 3C with their distinct
positive marker bands in the investigated IR range (for addi-
tional information and calculated spectra of all cations and
anions, see Fig. S2). A comparison of the anion radical marker
bands with the positive bands of the long-lived components (Fig. 3B)
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Fig. 3. Identification of cation and anion marker bands in the decay spectra

of different dinucleotides. (A) Two-photon ionization of G and mCyields the
difference spectra of G/G™* and mC/mC™* with the characteristic positive
marker bands at 1,608 cm™", 1,704 cm~" and 1,586 cm~', 1,692 cm~" for the
radical cationic form. The corresponding inverted absorption spectra of the
dinucleotides are overlaid (dashed lines). (B) Decay spectra D,(v) of GA, mCG,
mCU, and mCA [selectively excited base in bold (295 nm), mCG was un-
selectively excited at 266 nm]. The marker bands are highlighted in color.
The position of cation marker bands in the decay spectra is marked by
dashed lines. (C) mC™~ and U™~ absorption spectra calculated with density
functional theory. (D) Oxidation potential of G, A, mC, and U and resulting
charge-transfer states of the different dimeric samples. The species assigned
in the decay spectra are highlighted by the appropriate color.

shows that mC"™ is formed in the mCG and mCA dinucle-
otide, whereas the radical anion U™ can be detected in the mCU
dinucleotide. Combining the results of the anion and cation rad-
ical marker bands leads to the conclusion that the ion pairs G™*A™,
mC~"G™, mC™*U"", and mC"A™ are present after excitation of the
respective dimer. These experimental results are exactly in accor-
dance with the direction of charge separation imposed by the redox
potential (36, 37) of the involved DNA bases (Fig. 3D). We can
conclude that the charge separation is directed by the redox po-
tential, i.e., the positive charge moves toward the molecule with the
lower oxidation potential. The subsequent decay of the long-lived
charge separated states occurs on the 100-ps (20-300 ps) time scale
by charge recombination to the ground state.
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Spatial Extension. With longer oligomers we address the question
about the spatial extension of the charge transfer. In the tri-
nucleotide mCUA we observe a bleach of all three bases, although
mC was solely excited (Fig. 1C); this can only be explained by charge
migration or delocalization. To obtain further information about
this process, longer oligonucleotides of the type mCU,AUy4 _ 4y with
a = 04, were investigated (Fig. 44). In this case, mC is excited ex-
clusively and the bleach of the band at 1,625 cm ™" (ground state of
A) is used to show the participation of A in the charge-separated
state. This bleach decreases with the increasing number of U
molecules between mC and approaches a constant value for a >3.
This offset bleach may be assigned to a long-distance charge
separation. However, we cannot exclude a small shift of the ab-
sorbance band of A upon stacking, which might also lead to the
offset signal via direct excitation. In any case, the pronounced
bleach after mC excitation, directly observable up to a =2, reveals
that charge separation occurs over a distance of more than 10 A.

The time dependencies of the bleach at 1,625 cm™, i.e., the
transients at the position of the A band, are shown in Fig. 4B for
the longer oligomers. The decay of the first excited electronic
state (S;), accompanied by vibrational cooling of the hot ground
state, dominates the signal during the first 5 ps. The decay of the
charge-transfer state is observable after 5 ps. The normalized
transient absorbance at 1,625 cm™' (A) shows the same time
dependence for all samples independent of the mC-A distance.
In all cases, the absorption features due to the charge-separated
state are formed within the first 5 ps. Thus, charge-hopping,
which is known to occur on a much longer time scale of 10-100 ps
(38, 39), cannot explain the results. In all mCU,AU4 _ ,) oligo-
nucleotides, we observe not only the mC and A bleach but also
a very strong bleach of the bridging base U. As a consequence,
the base U must be involved in the long-living state and a direct
tunneling from the excited mC to the A base can be ruled out as
the exclusive reaction mechanism. The bleach of all involved bases

A A U mC
T

A Absorbance (a.u.)

——mCAUUUU
—— mCUAUUU
mCUUAUU
—— mCUUUAU
[ —— mCUUUUA
——mCUUUU

1600 1650
Wavenumber (cm™)

1700

A Absorbance (a.u.)

C

can only be explained by a charge delocalization over several ba-
ses. Such a behavior has been proposed in the literature, but
a direct experimental evidence has been missing (40, 41).

The decrease of the bleach signal of A with increasing distance
can be modeled using a heterogeneous ensemble of oligomers
with stacked and unstacked bases in the strands. Assuming a
fixed probability a for the stacking of two neighboring bases, the
probability of longer stacked parts rapidly decreases with in-
creasing length. For a = 0.5, the occurrence of longer stacked
strands is shown in Fig. 4C, red dots. In a model with de-
localization of the charges over the stacked parts the bleach of A
should reflect the probability of the corresponding stacked parts.
Indeed, the integrated bleach signal of the A band at 1,625 cm™
(black triangles) closely follows the behavior expected from stack-
ing; it also shows that the observation of charge delocalization is
limited due to the small occurrence of longer stacked domains.

The spectra of Fig. 44 display different marker bands of the
involved anions and cations. Though it is straightforward to deduce
the charge distribution for dinucleotides, the stacking heterogeneity
in the longer oligonucleotides prevents a quantitative analysis.
Because the experiment averages over the differently stacked
subensembles, a ready disentanglement of the heterogeneity
with a defined assignment of charge distributions is not possi-
ble; this is further complicated by the larger number of involved
bases, which leads to an increased overlap of the bands.

Conclusion

Selective UV excitation of DNA multimers combined with femto-
second IR probing has been used to obtain interesting information
on the nature of long-living electronic states in DNA strands (Fig.
5). Excitation of unstacked DNA bases by UV light is followed by
ultrafast deactivation via internal conversion, which is known to be
the dominating deactivation mechanism for single bases in solution.
However, DNA single strands contain a considerable amount of

——mCAUUUU
——mCUAUUU
01t mCUUAUU
——mCUUUAU
——mCUUUUA
-0.2 J
1 10 100 1000
Time Delay (ps)
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Fig. 4. Distance dependency of the A bleach in mCU,AU _ ) oligonucleotides. (A) Normalized decay spectra D,(v) of the oligomers mCU,AUs.,), (a = 0-4).
mC is selectively excited at 295 nm in all cases. Bleach of ground-state absorbance band of A at 1,625 cm™" is highlighted by the colored area. A, mC, and U
absorbance bands are marked with dashed lines. (B) Scaled transient absorbance at 1,625 cm™" for the mCU,AU(, _ 4 oligonucleotides. (C) Simple stacking
model. The stacking-length probability can be calculated by assuming a noncooperative stacking probability a of 50% (red dots), which reproduces well the

experimental bleach signal of A (integrated bleach signal, black triangles).
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Fig. 5. Reaction model for light absorption in DNA. Model for photoexcitation
of DNA: DNA bases are arranged in domains with well-orientated stacked bases
(gray background). If a base absorbs light in this domain (in this case the first
base), charge separation occurs during the first 5 ps. The direction of charge
transfer depends on the redox potential of the involved bases and is delocalized
in the domain. Only one possible charge distribution is shown. Charge re-
combination occurs within 20-300 ps, depending on the sequence.

well-stacked domains. Within a few picoseconds, the excitation of
these bases leads to a long-living charge-separated state formed
with high probability. This efficient charge transfer requires stacked
bases, and the direction of the charge movement is governed by the
oxidation potentials and thus by the base sequence. The charges
are delocalized in the stacked domains. These long-living ionic
states decay by charge recombination to the neutral ground-
state on the 100-ps time scale. The mechanism is related to the
charge transport observed in DNA double strands after exci-
tation of modified bases (18). However, the present inves-
tigation reveals that charge transfer in DNA oligonucleotides is
a natural process, occurring to a high probability after ab-
sorption of UV light.

The presence of charges along a DNA strand may have severe
consequences for the integrity of a DNA strand, because charged
base radicals form starting points for oxidative (42) and reductive
(43) DNA damage. Thus, the presented observation of charged
states with relatively long lifetime adds an important element to
the discussion of DNA photolesions and mutational hot spots (44).

Materials and Methods

Oligodeoxyribonucleotides. All oligonucleotides were purchased from Metabion
AG. The lyophilized samples were dissolved in 50 mM phosphate buffer in D,0.

. Taylor JS (1994) Unraveling the molecular pathway from sunlight to skin cancer. Acc
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The final concentration was ~3-6 mM, depending on the solubility of the
sample. The corresponding absorbance in the time-resolved experiments was
0.1-0.2 OD at 295 nm in a cuvette with 100-um path length.

Femtosecond UV-Pump IR-Probe Measurements. All time-resolved measure-
ments are based on a Ti:Sapphire laser amplifier system (Spitfire Pro; Spectra-
Physics) with 100-fs pulses at 800 nm and a repetition rate of 1 kHz. The pump
pulses at 295 nm were generated with a frequency-doubled two-stage non-
collinear optical parametric amplifier (45). The excitation energy was ~800 nJ
with a beam diameter at the sample position of 150 um.

The mid-IR probe light was generated by a combination of a noncollinear and
a collinear optical parametric amplifier and subsequent difference frequency
mixing in a AgGa$, crystal. The transmitted IR pulse was spectrally dispersed
(Chromex 250IS; Bruker) and detected on a 64-channel MCT array (IR-0144; In-
frared Systems Development). All experiments were performed at room tem-
perature and under magic-angle conditions. The excited sample volume was
exchanged between consecutive excitation pulses via a BaF, flow cuvette.

Data Handling. The data are collected as an array of absorption changes for
different probing frequencies v and delay times tp. The absorption changes
AA(y, tp) of all investigated oligonucleotides were globally fitted for delay
times >1 ps with three exponentials and a constant offset representing long-
lasting absorption changes from irreversible processes or triplet states.

2
A(to)= 3 D) - exp (— tﬂ) +Ds(0)
i=0 T

For each exponential component, amplitude spectra Di(v) are determined in
the fit, which represent the absorption changes related with this process
[decay-associated difference spectra (DADS)]. The time constants determined
by the fitting procedure are given in Table 1. For the mixture of single bases (Fig.
1), two exponentials were sufficient to model the data. For the oligonucleotides,
three time constants are required. The DADS D,(v) related to the time constant 7,
in the 20- to 300-ps range contains the information on the charge-separated long-
living states. For all oligonucleotides with selective excitation via mC we estimated
the fraction F, of the molecules in the long-living state by dividing the fitting
amplitude D, by the initial bleach signal at tp = 1 ps (representing the amount of
excited molecules) at the position of the mC absorption band at 1,667 cm™".

Radical Cation Spectra. The cation difference spectra were obtained by ex-
citing solutions of mC and G at 266 nm with a pulse energy of 2-4 pJ (pulse
length 300 fs). This excitation leads to ionization of the base, which is stable
in both cases in the observed time window (1 ns). The decay spectra D,
yields the difference spectra used in Fig. 3A. The G cation difference spec-
trum has been published previously (33, 34). The ionization conditions and
the characterization of the mC cation are in ref. 35.

Stationary Spectroscopy. FTIR measurements were performed with a Bruker
IFS 66 FT spectrophotometer in 100-um CaF, cuvettes. The UV/Vis spectra
were recorded with a PerkinElmer spectrophotometer (Lambda 750).

Density Functional Theory Calculations. Becke3Lyp 6-311-G** functional with
the solvent model PCM was used to calculate the harmonic vibrational fre-
quencies with the Gaussian 03 software (46). For simplicity, all calculations
were done for the 1-methyl-substituted nucleobases where all exchangeable
hydrogen atoms in the structure were substituted with deuterium. Each vi-
brational frequency analysis was preceded by a geometry optimization. The
frequencies were scaled with a factor of 0.9669 (47).
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