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ABSTRACT: Direct DNA absorption of UVB photons in a spectral range of 290—320 nm
of terrestrial solar radiation is responsible for formation of cyclobutane pyrimidine dimers
causing skin cancer. Formation of UVB-induced lesions is not random, and conformational
features of their hot spots remain poorly understood. We calculated the electronic excitation
spectra of thymine, cytosine, and adenine stacked dimers with ab initio methods in a wide
range of conformations derived from PDB database and molecular dynamics trajectory of

thymine-containing oligomer. The stacked dimers with reduced interbase distances in T

curved, hairpin-like, and highly distorted DNA and RNA structures exhibit excitonic Tk

transitions red-shifted up to 0.6 eV compared to the B-form of stacked bases, which makes 300 hm \
them the preferred target for terrestrial solar radiation. These results might have important

implications for predicting the hot spots of UVB-induced lesions in nucleic acids. T

B INTRODUCTION

Direct absorption of ultraviolet (UV) radiation by nucleic acids
(NAs) can cause various types of damage to both DNA and
RNA: dimers formation, photochemical modification, cross-
linking, and oxidative damage."” Cyclobutane pyrimidine
dimers (CPDs)’ are considered as the major UV-induced
DNA lesion* causing skin cancer.”® UVB spectral range of
290—320 nm was shown to be of primary importance in CPD
formation under terrestrial solar radiation. The action spectra of
CPD formation in many cases””* differ from DNA absorption
spectrum, exhibiting a significant intensity in the range about
300 nm where the DNA absorption is very low (Figure 1). This
fact means that a minor, highly dimerizable fraction of
pyrimidine bases in DNA has a different absorption spectrum,
since the quantity of CPDs is the product of the absorbance
and the quantum efficiency. The difference between the action
spectrum of CPD formation for genomic DNA® and the
absorption spectrum of thymine containing oligomer’ (Figure
1) suggests that a fraction of dimerizable pyrimidines has
electronic transitions in the 290—300 nm range, ca. 0.5 eV
shifted to the red side from the absorption maximum. The
product of the action spectrum (or absorption spectrum) and a
solar flux spectrum'? is the effectivity spectrum for formation of
the dimers by the terrestrial solar radiation, which reflects the
rate of CPD formation (or absorption) at a given wavelength.
The effectivity spectra for both major ground state con-
formation, with the absorption spectrum coinciding with the
solution spectrum, and the minor fraction, with absorption
spectrum coinciding with the action spectrum, plotted in Figure
1, have a maximum at about 310 nm. The integral effectivity,
however, in the case of the minor fraction is much higher
compared with that for the major fraction. The minor fraction
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Figure 1. DNA absorption spectrum: (dT),,,” action spectrum for
formation of pyrimidine dimers (plotted from data of immunodot blot
assay’), UV spectrum of terrestrial solar radiation,'® and effectivity
spectra obtained as the product of the solar spectrum and the
absorption or action spectrum.

of stacked pyrimidines with electronic transitions at 300 nm
thus appears the most sensitive to solar radiation, and the hot
spots of CPD formation under solar radiation might be located
in those sites.

Properties of Franck—Condon excited states of NAs have
been a subject of extensive quantum mechanical (QM) studies
with the use of ab initio methods and time-dependent density
functional theory (TD DFT)."~*° NA stacked dimers, as a
main model system in the high level ab initio calculations of
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vertical transitions, exhibit no markedly red-shifted transitions
compared to monomer absorption, apart from a small ~0.1 eV
exciton splittin% in homodimers,"' ™" resulting in a weak
wavelength tail" relative to the monomer’s spectrum. Neither
increasinlg the amount of interacting bases in single DNA
strand'""” nor base pairing'' in the double strand affect the
calculated excitation energy of the lowest-energy excitonic state.
The experimental results also show that nearest base—base
interactions can indeed satisfactory describe absorption' and
circular dichroism spectra.”? It has also been shown that only
delocalized excitonic zz* states contribute to the low-energy
part of the absorption spectra, while charge-transfer (CT)
transitions appear to be blue-shifted relative to absorption
maximum.' "' *"*7'® Meantime, a significant deviation of the
fluorescence excitation spectra of some dinucleotides and
oligonucleotides from their absorption spectra in the 290—310
nm region,”””>** a long-wavelength tail in DNA absorption
spectra”*® suggested possible electronic transitions in that
spectral range. The authors of ref 26 stated that even in UVA
range above 330 nm CPDs were formed through direct DNA
absorption. On the basis of theoretical calculations with the use
of TD DFT approach considering also solvent effects, it was
proposed that charge transfer states contributed significantly to
the long-wavelength tail of DNA absorption due to higher
inhomogeneous broadening of CT states.”'>?%%° However, in
contrast to TD-DFT, QM/MM calculations performed for
DNA duplexes at high ab initio level show that spectral
broadening is mostly caused by intramolecular vibrations,'” and
CT states do not affect the low-energy part of the spectra.'”'®

All the theoretical studies however dealt with classical A or B
stacking geometries,n_m artificial," "> o timized or molecular
dynamics (MD) sampled geometries >~ with interbase
distances close to canonical stacking forms. As an exception,
it is worth noticing ref 14 where authors studied the geometry
dependence of the splitting, and also ref 15 in which the
distance dependence of CT states in heterodimers was
examined. In living organisms, NAs mostly exist in the
canonical forms indeed, but occurrence of some other
conformations is also possible, de%)ending on the sequence
and local environment conditions.”” DNA in cell is wound
around nucleosomes, being in partially distorted conformation
relative to the B form. Moreover, DNA is in single-stranded
form during replication process. An unusual stacking geometry
in the bent NAs might enhance electron overlap and thus
change significantly the electronic spectrum. It has been shown
indeed that exciton splittin§ is very sensitive to interbase
distance and rotation angle."

Experimental observation of ultrafast photodimerization of
thymine within ~1 ps*®* and QM’**" studies clearly show
that CPD formation is mainly controlled by conformation of
the stacked nucleobases. It has been suggested’”*’ that
dimerizable thymine dimers fall into a certain conformational
range determined by the distance between the midpoints of the
C6—CS bonds (d) and the dihedral angle CS—C6—C6—CS5 ()
marked in Figure 2 for the canonical structure of thymine dimer
in B conformation derived from PDB database (ID: 1ENN**).
Although MD simulations can explain the low quantum yields
of CPD formation by the rareness of reactive conforma-
tions,”>** MD is not able to give reasons for experimentally
observed nonrandom distribution of CPDs**~* and to predict
hot spots of the photolesions in genomic DNA.

In our study, for the first time we addressed the question
about the relationship between conformation of the stacked

Figure 2. Structure of thymine dimer in canonical B form of DNA
from PDB (ID: 1ENN).

bases and their electronic spectra in attempt to explain the
observed features in the CPD action spectra and to determine
the structures most sensitive to solar radiation. We calculated
the spectra of thymine, cytosine, and adenine dimers in a wide
range of conformations found in noncanonical NA structures
from PDB database and molecular dynamics trajectory of
thymine-containing oligomer in comparison with B-form
dimers. We based our studies on high level ab initio methods
that would eliminate uncertainties related to charge transfer
states and provide a reliable description for distorted
noncanonical structures, and analysis of the nature of the
excited states, which may not be accounted for properly in the
empirical dispersion correction methods. We found that all the
studied dimer conformations within the range of approximately
d <33 A and S 50° exhibited excitonic transitions red-
shifted up to 0.6 eV compared to canonical B-form of stacked
bases. Most of these conformations were found in hairpin-like
DNA and RNA motifs, and highly distorted B-form DNA
structures. We thus conclude that such sites with noncanonical
stacked geometries are the preferred spots for CPD formation
and other photoproducts under solar radiation.

B COMPUTATIONAL METHODS

MD simulations of single-stranded (dT),s oligomer were performed
with Gromacs 4.5.5** program package with the AMBER parmbscO
force field.** The initial structures of DNA oligomers were constructed
in the X3DNA package.*® The model for the DNA solution utilized
periodic boundary conditions for cubic box 14 X 14 X 14 nm and
explicit TIP3P water solvent. Negatively charged phosphate groups of
DNA were neutralized by the corresponding number of Na*
counterions. We also added 30 ion pairs of NaCl as ca. 50 mM
background electrolyte. The particle mesh Ewald (PME) algorithm®’
was used for calculation of long-range electrostatic interactions. The
system was minimized by first restraining the DNA, and then the
entire system was allowed to relax. The MD was performed in the
NVT ensemble using a Parrinello-Raman thermostat with a 2 fs
integration step. The trajectory frames were written every 24 000
integration steps. All H-bonds were constrained using the LINCS
algorithm.*® After 10 ns of the whole system heating up to 350 K and
equilibration, 30 ns MD simulations at 310 K were performed to
sample the conformational space of the DNA. Analyses of resulting
trajectories were performed using MDAnalysis* toolkit.

The initial structures of the adenine, cytosine, and thymine
homodimers were derived from the PDB structures of DNA/RNA
motifs and from the time-frames of MD trajectories. The final
geometries of the dimers were constructed by first optimizing the
corresponding monomers and then inserting them into an arrange-
ment of the initial PDB dimer geometries. Monomer geometry
optimization was performed using resolution of the identity second-
order Moller—Plesset perturbation theory (RI-MP2)*° and aug-cc-
pVDZ®' basis set as implemented in ORCA.>* In our calculations, we
refer to 9-methyladenine as an adenine monomer, 1-methylcytosine as
a cytosine monomer, and 1-methylthymine as a thymine monomer.
Electronic excitation spectra were calculated using different high level
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computational approaches in vacuum including doubles correction to
the excitation energy from configuration interaction with single
substitution CIS(D),” the approximate coupled cluster model CC2,>*
and the second-order algebraic diagrammatic construction ADC(2)*®
with the resolution of the identity approximation (R1).*° CIS(D),
CC2, and ADC(2) have been proven as reliable and efficient methods
for calculatin% and description of the excited states of DNA
fragments,"' " including also the conformations with strongly
distorted geometl‘ies.lz’l‘t_16 ADC(2) method, using a Hermitian
secular matrix constructed by many body perturbation theory, was
chosen in our study as the major reference method for comparison
with the CIS(D) and CC2 results. The calculations for monomers
have been performed using the cc-pVDZ, aug-cc-pVDZ, aug-cc-
pVTZ,51 TZVP,”” and 6-311++G**°® basis sets. The calculations for
the B-form dimers used cc-pVDZ, TZVP, 6-311++G**, and aug-cc-
pVDZ basis sets. Since aug-cc-pVDZ and aug-cc-pVTZ showed nearly
the same and the most close to experimental maxima results in the
case of monomers, we used the aug-cc-pVDZ basis set further when
calculating the spectra for the dimers in noncanonical distorted
conformations. Since we were interested in the low-energy states of
the noncanonical conformations, comprising the red tail of the dimers
absorption, 6—8 first states were included at the CC2 and ADC(2)
levels for these calculations. For the B-form dimers, we calculated 16
states at the CIS(D) level. Basis set superposition error (BSSE)
corrections were not considered since they do not greatly affect the
excitation energies.”” Attachment/detachment density plots were
calculated with ORCA program package and viewed utilizing
PyMOL.* Charts of the structures were prepared by use of
Chemcraft®’ and PyMOL. Analysis of the transition density matrix
in the atomic orbital basis has been performed with TheoDORE
package®® using the following descriptors:**~®> PR, the excitonic
participation ratio, representing delocalization; CT, the total amount
of charge separation (including charge resonance and directed transfer
contributions); and CTnet, showing the net charge shifted. CIS(D)
calculations were performed in ORCA; CC2 and ADC(2) calculations
were performed in TURBOMOLE.*® All the calculations were
performed in the Supercomputing Center of Lomonosov Moscow
State University.67

B RESULTS AND DISCUSSION

Thymine Dimers in MD Simulation. First we obtained
the distribution of thermally accessible thymine dimer
conformations at different values of d and 7 for (dT)s
oligonucleotide. The obtained distributions are shown in
Figure 3 and Figures S1 and S2. Our results are very similar
to that obtained earlier*>*® with somewhat different computa-
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Figure 3. Distributions of thymine dimers at different values of d and 7
for (dT) 4 oligonucleotide obtained from MD simulations. Plotted also
are the dots indicating d and 75 for selected thymine, adenine, and
cytosine dimers in noncanonical stacking geometries exhibiting the
lowest zz* states red-shifted by 0.4—0.6 eV from the corresponding B-
form maxima.

tion protocols. The number of conformations within the range
of d 5 3.6 A (dashed line in Figure 3) is about 5%, which is in
agreement with previous estimation. As already pro-
posed,”*>% this fraction of the stacked bases can be referred
to as dimerizable dimers since the experimental quantum yield
of CPD formation is also a few percent in magnitude.” Then,
we calculated the electronic spectra of the dimers in a wide
conformational range.

It appeared that all the thymine dimers obtained from MD
trajectories within the conformational range of approximately d
< 3.3 Aand 5 < 50° (highlighted area in the Figure 3), able to
produce the cys—syn isomer’ of CPD, exhibited electronic
transitions red-shifted by >0.4 eV from the absorption
maximum of canonical B-form dimer. Figure 4 presents

d=3.34 A
n=37.54°

d=3.16 A
n=50.55°,

Figure 4. Structures of the thymine dimers from 196th (left) and
518th (right) frames of MD simulation of ssDNA.

examples of two structures containing thymine dimers with
reduced interbase distances found in MD trajectory of (dT)s.
The results of our calculations with CIS(D)/aug-cc-pVDZ
approach are summarized in Table SI. CIS(D) calculations
with aug-cc-pVDZ basis set (Table S1) somewhat overestimate
(by 0.37 V) the energy of the 4.70 eV absorption maximum of
thymine in solution. The agreement with experimental results
could be improved by using a more complicated computational
approach as shown below and also including environment
interactions and considering vibrational effects on the
absorption spectrum.'” As it has been noted above, interaction
of adjacent bases and hydrogen bonding in the duplex
practically do not affect the position of the lowest-energy zz*
states (within 0.05 eV)."""* QM/MM calculations ?erformed
for B-DNA duplexes in solution predict ca. 0.1 eV'® and 0.4
eV'” red shifts of the spectra of adenine and adenine—thymine
dimers, respectively, relative to vacuum. The exciton splitting,
however, remains the same.'® One can reasonably assume that
the environment affects equally the B-form and the distorted
dimers. Such approximation, however, should be tested by
further QM/MM studies. In our study, we did not include the
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environment in the model since we were interested in the
impact of geometry factor on the shift of the lowest exciton
state rather than environment effects and absolute values of the
energies. Our calculations show that the value of this shift
practically does not depend on the computation approach used
(Table 1). Although more complicated basis set (Table S2) and

Table 1. Vertical Excitations Energies (in eV) for the 4
Lowest Excited Singlet States of Thymine Monomer and
Thymine Dimers in the Different Stacking Geometries
Obtained with CIS(D) (First Row), ADC(2) (Second Row),
and CC2 (Third Row) and the aug-cc-pVDZ Basis Set,
Exciton Splitting, and the Shift of the Lowest zz* State
Relative to the B-Form Dimer

n* nz* an* ar* AE shift
monomer 4.92 5.07
4.53 4.80
4.78 491
1ENN 4.83 4.86 4.98 5.08 0.10
4.44 4.45 4.68 4.81 0.13
4.70 4.71 4.80 491 0.11
518th fr. 4.77 4.80 4.64 5.08 0.44 0.44
from MD 4.35 4.38 4.32 4.80 0.47 0.48
4.60 4.63 4.44 491 0.47 0.47
1BAE 4.74 4.76 4.69 5.08 0.39 0.39

4.31 4.33 4.42 4.78 0.37 0.39
4.58 4.62 4.48 4.90 0.42 0.43

computation method tend to shift the transitions to lower
energies, thus approaching the position of the maximum to the
experimental value, the exciton splitting and the relative shift of
the lowest 7zz* state remains the same with accuracy of 0.05 eV
(Table 1). In principle, it is not surprising since it has been
demonstrated that absolute values of the exciton splitting in the
dimers with face-to-face geometry calculated in a wide range of
interbase distances and rotation angles are practically
independent of the ab initio method with accuracy of about
0.05 eV.'* Here we show that the relative position of the lowest
state also does not depend on the computational approach in a
wide range of conformations.

Figure S illustrates the exciton splitting of the thymine zz*
and nz* states in the different stacked conformations of the
dimer. It is worth noting that the splitting appears to be
essentially nonsymmetric, which increases the effect. Since low-
intensity nz* states are usually blue-shifted in polar environ-
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Figure 5. Diagram illustrating the splitting of nz* (blue) and zz*
(red) excited states in the stacked thymine dimers at different
geometries in comparison to the monomer excited state energies.
Energies are calculated with the ADC(2)/aug-cc-pVDZ level of theory.

ment with respect to gas phase and do not contribute
significantly to the absorption spectra, we do not pay special
attention to the nz™* states in the dimers.

Figures 6, S3, and S4 show the distribution of the shift of the
lowest zz* state from the B-form maxima for all the studied
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Figure 6. Geometry dependence of the shift of the lowest zz* states
from the B-form absorption maxima for all the studied dimers.

structures. As can be seen, decreasing both d and 7 tend to
increase the shift of the lowest-energy transition. The geometry
dependence of another important spectral parameter, namely
oscillator strength, of the lowest zz* state is shown in Figure
SS. Figure S6 demonstrates that the transition strength appears
to decrease on average with decreasing 7.

Thymine Dimers in PDB Structures. The results of MD
simulations of (dT),g strand show that relative amount of the
thermally achieved thymine structures possessing zz* tran-
sitions at about 300 nm does not exceed 0.2%. Such low
amount of the distorted stacking structures in (dT),g predicted
by MD simulations agrees with the fact that the apparent
quantum yield of CPD formation in (dT),, was found to be
practically constant within 20% experimental error in a wide
spectral range up to 310 nm’. This means that the action
spectrum in that case practically coincides with the DNA
absorption spectrum, thus implying a very insignificant amount
of the stacking structures absorbing at 300 nm. This is in
contrast with the results obtained in some cases for natural
genomic DNA, the CPD action spectrum of which differed
from the absorption in the 300 nm region, thus indicating more
amount of the structures absorbing at 300 nm. The next
question we addressed in our study was what structures in
natural NAs might favor the distorted dimers with reduced
interbase distance. In the (dT); case, our MD simulations
predict that the distorted dimers can be formed at the terminal
sites and also in curved and hairpin regions of the thymine
chain.

In PDB database we found several examples of noncanonical
structures containing neighboring thymines exhibiting red-
shifted zz* transitions. Thymine dimers with d < 3.3 A and 5
< 50° (blue dots in Figure 2) found in i-motif 1IBAE® (Figure
7), dsDNAs containing thymine—thymine mismatch (2LL9,”
Figure S7) and abasic site (1Fzs,”! Figure S8) revealed low-
lying zz* states red-shifted by 0.4—0.5 eV from the B-form
maximum (Tables 1 and S1).

Effectivity Spectra of the Dimers. To compare the
integral absorption rates of the bases stacked in different
geometries in the range of the spectrum of terrestrial solar
radiation, vibronic structure of the spectra (causing the major
broadening'’) was modeled by convolution of the spectra
obtained with ADC/aug-cc-pVDZ approach with experimental
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Figure 7. Structure of thymine dimer in i-Motif (PDB ID: 1BAE).

absorption spectrum of thymine fitted by extreme curve (Figure
$9).

Typical spectrum of the distorted thymine dimer (1BAE) in
comparison with the B-form dimer is shown in Figure 8.
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Figure 8. Absorption spectra of the thymine dimers in B-form (PDB
ID: 1ENN) and noncanonical stacking (PDB ID: 1BAE) geometries
obtained at the ADC(2)/aug-cc-pVDZ level and convoluted with the
monomer absorption spectrum to account for vibronic structure of the
transitions (vertical sticks indicate positions of 7#z* states), effectivity
spectra obtained as the products of the absorption spectra and the
spectrum of solar radiation.

Qualitatively, the difference between absorption spectra of B-
form and the distorted dimer is similar to the difference
observed between the CPD action spectrum and poly(dT)
absorption spectrum shown in Figure 1. A long-wavelength tail
is clearly seen in the absorption spectrum of the distorted dimer
in comparison with the canonical dimer. Progressively growing
intensity of solar radiation in this spectral range provides a
significant increase in the relative amount of the photons
absorbed by the distorted thymine dimers and, hence, their
relatively high sensitivity to the radiation. Quantitatively, it can
be clearly seen from comparison of the effectivity spectra
obtained for the B-form and distorted dimers by multiplication
of the corresponding absorption spectra and the spectrum of
solar radiation (Figure 8). Integral effectivity, ie., the
absorption rate, in the case of the distorted dimer is ca. 2
orders of magnitude higher than that for the B-form dimer.
However, one should be careful with such quantitative
estimation of the effect. Although the simplest assumption is
that the line-shape may be described by monomeric function
seems reasonable, since it accounts for both vibronic structure

and inhomogeneities using the experimental curve, the shape
might be changed for the dimer. While inhomogeneous
broadening has a minor effect on the line-shape,'” vibronic
structure of the band might be altered in the dimer with
reduced interbase distance and this should be further examined
at high ab initio level. Of course, more correct description of
vibronic transitions and environmental effects might alter the
ratio of the effectivities. However, one can believe that,
qualitatively, the difference between B-form dimer and a
dimer with reduced interbase distance will remain the same. It
should also be noted, that sensitivity of oscillator strength of the
lowest transition to the dimer conformation, especially to # as
can be seen from Figure S6, also affects significantly the
magnitude of the integral effectivity. For example, decreasing
in the structure of 518th frame dimer in comparison with 1IBAE
increases the red shift (Table S1), but decreasing # also lowers
oscillator strength of the transition (Table S1, Figure S6).
Absorption rate that dramatically increases in the distorted
dimers is not the only factor affecting the sensitivity of NA
structures to solar radiation. Rate of photochemical reaction is a
product of both absorption rate and quantum yield. Both
experimental”®*” and theoretical’>***" studies suggest that the
efficiency (quantum yield) of CPD formation is strongly
conformationally dependent, while solvent has no effect on the
photoreactivity.”’ The photodimerization proceeds via a singlet
excited state at a configuration near the conical intersection
(S0/S1—CI) geometry. Insignificant yield of CPD formation in
DNA from triplet state is probably also possible, since it takes
place in thymine solution.”” The triplet mechanism likely
becomes important in UVA range where sensitized photo-
reactions via triplet—triplet energy transfer”> are probably
dominant. The conformational range for thymine dimerization
is not quite understood. Theoretical QM studies predict that
the CI can be reached at d < 3.6—4 A,**°® which is close to the
empirical estimations of MD simulation.*”**%® MD simulations
also predict the cutoff for dihedral angle to be 30-50°.
However, QM calculations indicate that the dimer formation
can proceed at substantially higher values.””® Since the
observed dimer conformations with significantly red-shifted
transitions evidently appear to be within the predicted range for
the dimerizable dimers, it seems reasonable to assume that the
quantum yield in the dimers with unusual stacking geometry
with d < 3.3 A and 5 < 50° could be at least not less than that
for the major fraction of dimerizable dimers having the
absorption spectrum close to the B-form spectrum. In this
case, the obtained above effectivity spectra reflect indeed much
higher sensitivity to solar radiation for the distorted stacking
dimers found in some noncanonical DNA structures.
Adenine and Cytosine Dimers in PDB Structures.
Thymine is not the only potential target for solar radiation.
Cytosine, although to less extent, can also undergo
dimerization." The less photoreactivity for cytosine compared
with thymine was explained by the existence of stable excimer-
like states below (S1/S0) CL’* Though CPDs and also
pyrimidine (6—4) pyrimidone adducts' (with a 10-fold lower
yield) are the most frequent lesions in DNA, direct absorption
of terrestrial solar radiation in UVB range can also lead to other
photoproducts and photochemical reactions in DNA and RNA.
For example, adenine can undergo dimerization.”> UV-induced
formation of 8-hydroxy-deoxyguanosine in DNA (but not in
guanine) was also observed.”® It has recently been shown that
stacking and base gairing can lead to photoinduced electron
and proton transfer.”””® Possible photochemical events in DNA
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are thus not limited to pyrimidine bases. In this respect, it is
interesting to examine the spectra of other nucleobase dimers.
We studied below cytosine and adenine dimers, also able to
form photoproducts upon direct UV absorption, in both DNA
and RNA structures.

The observed red-shifted transitions in the distorted base-
stacking conformations are not a unique feature of thymine
staked bases in DNA. We also show that other bases in
noncanonical DNA/RNA structures can exhibit similar effect as
well. Red and yellow dots in Figure 2 indicate adenine and
cytosine dimers, respectively, in DNA/RNA structures derived
from PDB database, possessing the geometry that falls within
the range of d and # determined above. Figure 9 (at left) and

1SK5
d=3.58 A

1D8G

d=4.70 A
nN=27.78%

Figure 9. Structures of adenine (left) and cytosine (right) dimers in
canonical B forms (upper row) and noncanonical structures (bottom)
from PDB database.

Figure S10 show hairpin DNA aptamer 1OLD” and highly
distorted B-form DNA 1ZF0** structures containing adenine
dimers with unusual stacking geometry in comparison with the
B-form dimer (PDB ID: 1SKS). Figure 9 (at right) and Figure
S11 show ligand—DNA complex 2PIK®' and stem-loop RNA
1T28% containing distorted c;ltosine dimers in comparison
with the B-form dimer (1D8G®’). The excited states calculated
for the dimers are presented in Tables 2 and 3 in comparison
with the corresponding B-form dimers. Like in the case of
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thymine dimers, the spectra exhibit low-lying excitonic
transitions significantly red-shifted by ca. 0.5 eV from the
corresponding B-form maxima. Energies of zz* states and
geometric parameters of all the studied thymine, adenine and
cytosine structures are summarized in Table S1.

Nature of Low-Energy States. As already noted above,
CT states do not affect the long-wavelength part of DNA
absorption spectrum.''*">~'® Nevertheless, we addressed the
question of whether CT interactions contribute to the low-
energy states in the dimers with reduced interbase distances. To
investigate the nature of the red-shifted transitions, we
calculated the distributions of the attachment/detachment
electron density and performed the analysis of structure of the
low-lying excited states in the studied structures using the
descriptors suggested in ref 65. As can be seen from the
attachment/detachment density maps (Chart 1), the lowest-
energy nz* states in all the distorted dimers are delocalized
over two bases like in the case of the B-form dimers, and the
transitions are mostly of z7* excitonic character. The values of
participation ratio (PR), i.e., the number of coherently coupled
chromophores, close to 2 support that conclusion (Table 4). A
slight overlapping of the densities in the case of the distorted
dimers indicates a possible contribution of charge or charge-
resonance terms. The detailed description of the structure of
the excited states shows indeed that charge-transfer interactions
slightly contribute to the lowest zz* states (Table 4). This can
be seen from an increase in the CT values up to about 0.1-0.2
for the thymine and cytosine structures and up to 0.4 for
adenine 10LD dimer. However, for the thymine and cytosine
dimers, net charge shift (CTnt) remains negligible, which is
indicative of charge-resonance rather than charge transfer term.
For adenine 10LD dimer, the values of CT and CTnt indicate
that both charge-resonance and charge-transfer terms partly
contribute to the lowest zz* state. The above analysis shows
that the significant red shift of the low-energy transitions in the
distorted base-stacking conformations with respect to B-form
DNA is obviously caused by the enhanced excitonic coupling
due to reducing interbase distance in the case of noncanonical
stacking. The slight contribution of the CT and charge-
resonance interactions can alter the environment effects in the
case of the distorted dimers. The state character can also be
affected by interactions with neighboring bases.'” These
probable effects should be further examined, since they may
affect the spectra of noncanonical conformations of the dimers.

Noncanonical Stacking Geometries and Hot Spots of
UV-Induced NA Lesions. Many experimental studies reveled
that UV-induced DNA lesions were distributed not randomly in
DNA. It has been shown that formation of the photoproducts is
strongly sequence and conformation dependent.”>™* Most
studies on the conformation and sequence effects dealt with
UVC irradiation. However, the results on UVC-induced lesions
in some cases differ from that upon UVB and SSL
irradiation.”® "’ Our data provide one more insight on the
origin of the observed effects and potential hot spots of
photoproduct formation in NAs. As it follows from our
calculations, the stacked bases with reduced interbase distances
within the conformational range of d < 3.3 A and 5 < 50°
appear to be much more sensitive to the terrestrial solar
radiation due to significant value of exciton splitting and
consequently low-lying mz*states in those structures in
comparison with B-form stacked bases. Such stacking geo-
metries are obviously the preferred targets for terrestrial solar
radiation. In UVC range, where spectral difference between

DOI: 10.1021/jacs.5b05140
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Table 2. Vertical Excitations Energies (in eV) for the 6 Lowest Excited Singlet States of Adenine Monomer and Adenine Dimers
in the Different Stacking Geometries Obtained with CIS(D) (First Row), ADC(2) (Second Row), and CC2 (Third Row) and
the aug-cc-pVDZ Basis Set, Exciton Splitting, and the Shift of the Lowest zz* State Relative to the B-Form Dimer

nr* nz* b7
monomer 5.52
4.96
5.08
1SKS 5.42 5.43 S.13
4.89 492 4.83
4.98 5.01 492
10LD S.15 522 4.82
4.75 4.81 4.50
4.83 4.89 4.57

7 b7 b7 AE shift
5.28 5.29
5.01 5.07
5.11 S.11
5.26 5.27 5.29 0.16
4.96 5.02 5.05 0.21
5.06 5.07 5.09 0.18
5.22 5.25 5.28 0.46 0.47
4.90 493 5.04 0.54 0.55
4.92 5.09 S.11 0.54 0.53

Table 3. Vertical Excitations Energies (in eV) for the 4
Lowest Excited Singlet States of Cytosine Monomer and
Cytosine Dimers in the Different Stacking Geometries
Obtained with CIS(D) (First Row), ADC(2) (Second Row),
and CC2 (Third Row) and the aug-cc-pVDZ Basis Set,
Exciton Splitting, and the Shift of the Lowest 7z* State
Relative to the B-Form Dimer

nr* nrz* an* an* AE shift
monomer 5.10 4.59
4.63 4.35
4.83 4.53
1D8G 5.00 5.01 4.52 4.56 0.04

4.45 4.51 4.26 4.30 0.04
4.68 4.72 4.45 4.49 0.04

2PIK 4.75 4.96 4.22 4.65 0.43 0.34
4.38 4.44 3.97 4.29 0.32 0.33
4.60 4.66 4.14 4.49 0.35 0.35

stacking conformations is not essential, the photochemical
selectivity of the distorted stacked dimers might be caused by
their low-lying excited states serving as a trap for excitation
energy transfer from neighboring bases. The effect of just
energy trapping might be important in the UVB range as well,
especially in the case when oscillator strength of the lowest
state appears to be low enough. Efficient energy migration, seen
in some experiments with dyes*"** or in polarization studies on
femtosecond time scale,***’ to the lowest-energy states of such
dimers could in principle make them as the most probable
reaction centers of subsequent photochemistry.

Rare base-stacking forms with significant absorption in 290—
300 nm region due to large exciton splitting were observed in
our earliest experimental studies.”"”>** As in the case of the
most dimerizable thymine dimers absorbing in the long-
wavelength spectral range, seen in the action spectrum in
Figure 1, minor forms of stacked bases with significant
absorption above 290 nm were seen in the fluorescence
excitation spectra of polymeric forms of NAs due to their
relatively high quantum yield compared to the major fraction of
the bases. The comparison of the efficiency spectra for
canonical and distorted dimers (Figure 8) predict that such
distorted stacking conformations would become biologically
significant at concentrations above ~1% relative to the total
amount of the bases that can undergo a given photochemical
damage with the same quantum efficiency. For example, in the
case of thymine oligonucleotide, the concentration of all
dimerizable thymines is about 5%. The estimated above
amount of the conformations with the red-shifted transitions
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Chart 1. Attachement/Detachement Electron Densities for
the Lowest zr* States of Thymine, Adenine, and Cytosine
Dimers at Different Geometries

Thymine dimers
4 3

IENN 9
R B

o884 51z
W from MD

1BAE

Adenine dimers

_ISKS =<3
%‘@-@ (B -form) %

Cytosine dimers

P

(B form)

(,

is ca. 0.2%. Such amount is enough so that at 100-fold higher
absorption, 80% of CPDs are formed by thymines being in the
distorted conformations.

Concentration of the stacked bases with such distorted
stacking geometry in NAs is evidently determined by their
secondary structure. Revealing the structures in which such
distorted stacked dimers may be realized is of great importance
for determining the hot spots of CPD and other photoproduct
formation. Our observations show that the dimers with reduced
interbase distances are most frequently observed in the curved
and hairpin-like NA structures. This is in line with some

experimental findings that photoproduct formation is increased
at the site of the kink in DNA.** Unwinding DNA during

2PIK
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Table 4. Excitation Energies (E, eV), Oscillator Strengths
(f), Statistical Descriptors, and Type Assignments at the
ADC(2)/aug-cc-pVDZ Level for the Low-Energy Excited
States of Thymine, Adenine, and Cytosine Dimers at
Different Geometries

assignment E (eV) f PR CT CTnt
TT B-Form 1ENN
nr* 4.44 0.000 0.99 —0.02 0.04
nr* 4.45 0.000 0.97 —0.04 —-0.08
¥ 4.68 0.152 1.03 —0.03 —0.06
ar* 4.81 0.243 0.98 —0.08 0.12
TT 1BAE
nr* 4.31 0.004 1.21 0.09 0.02
¥ 4.33 0.005 1.34 0.20 0.02
7 4.42 0.032 1.98 0.15 —0.01
ar* 4.78 0.286 1.98 —-0.03 0.02
TT 518th Frame from MD
nr* 4.35 0.005 1.97 0.06 —-0.02
nz* 4.38 0.006 1.63 0.02 0.10
ar* 4.32 0.012 1.79 0.11 —-0.02
ar* 4.80 0.310 1.98 —0.04 0.03
AA B-Form 1SKS
nr* 4.89 0.019 1.53 0.05 0.03
nz* 4.92 0.023 1.90 0.13 0.01
ar* 4.83 0.038 1.92 0.09 0.04
ar* 4.96 0.220 1.98 0.12 —-0.04
ar* 5.02 0.012 1.82 0.18 0.10
ar* 5.0S 0.114 1.67 0.29 0.00
AA 10LD
nr* 4.75 0.018 1.90 0.36 -0.17
nz* 4.81 0.008 1.23 0.20 0.05
ar* 4.50 0.021 1.95 0.42 —0.16
ar* 4.90 0.154 1.87 0.40 —-0.24
7 4.93 0.024 1.94 0.42 —0.17
ar* 5.04 0.169 1.97 0.13 0.13
CC B-Form 1D8G
nr* 445 0.001 1.06 0.05 0.05
nr* 4.51 0.001 1.10 0.08 —0.06
7 4.26 0.035 1.25 0.00 0.00
ar* 4.30 0.087 1.24 0.01 0.02
CC 2PIK
nr* 4.38 0.001 1.03 0.03 0.02
nx* 4.44 0.001 0.98 —0.02 0.03
ar* 3.97 0.001 1.98 0.18 —-0.09
ar* 4.29 0.106 1.96 —-0.08 —-0.01

replication provides a certain flexibility of the bases allowing
them to form stacking structures with reduced interbase
distances. However, significant local conformational deviations
may also occur even in double-stranded B form of DNA, which
result from so-called sequence effects, as it takes place in the
case of 1ZF0 structure®’ that exhibits an adenine dimer with
significantly red-shifted zz* state. In other structures studied in
this work, where the interbase distance appeared to be less than
3.3 A, the native B form was violated by the interaction with
ligands (2PIK) or mismatches (2LL9, 1FZS). In this respect, it
can be noticed that experimental results showed that hot spots
for UV-induced pyrimidine dimer formation in vivo were
concentrated in transcription factor binding sites’” where native
B form might be distorted by interaction with proteins. It
should be also noted that some of the dimers with red-shifted
zm* states were observed at terminal sites of the strands. In the
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case of cellular DNA, terminal sites can be formed due to strand
breaks, which may occur through various DNA-damage and
other processes in living cells.

Significant difference in the spectra of the distorted structures
from canonical forms of stacking suggests a wavelength
dependence of the photoproducts formation. Indeed, it was
shown earlier that the sequence-specific distribution of DNA
photoproducts was wavelength dependent.**~** In some cases
it was explained by red shift of methyl-cytosine absorption
spectrum compared to thymine.*>*' The red-shifted transitions
in the distorted stacked structures observed in our study can be
one more factor contributing to the difference between the
mutational spectra of UVB and UVC radiation. All those
distorted stacking structures, as it follows from their electronic
spectra, are the most sensitive to terrestrial solar radiation.
Detailed structural analysis and calculations of the spectra along
with photochemical studies might be further helpful in
revealing the potential hot spots in NAs. It is also worth
noting that the distribution of the photoproducts in NAs
caused by native terrestrial solar radiation with significant
intensity at 300 nm might be quite different from the
distributions that used to be obtained with UVC radiation at
254 nm for the reasons stated above.

H CONCLUSION

In conclusion, our results highlight some principle aspects. The
most important is that the distorted base-stacking conforma-
tions found in curved, hairpin-like, and highly distorted B-form
NA structures exhibit significantly red-shifted electronic
transitions of excitonic nature, which evidently increases the
effectivity of absorption of terrestrial solar radiation, the
intensity of which becomes significant in the region about
300 nm where the absorption of canonical forms of NAs falls
dramatically. The low-lying excited states in such structures
may also serve as a trap for efficient energy transfer from
neighboring bases, thus favoring subsequent photochemical
events at the certain site. The observed effects are not restricted
to only pyrimidine bases, exposed to formation of CPDs as the
most dangerous lesions in DNA. They can be relevant as well
to other DNA/RNA sun-induced photochemistry. One can
thus conclude that such sites with noncanonical stacked
geometries with low-lying excited states are the preferred
targets for terrestrial solar radiation. Low-lying excited states, as
the found spectroscopic signature, might also be an advantage
in revealing such noncanonical motifs in natural NAs.
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