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Abstract In this paper, a computational strategy, based
on DFT calculations at the M06-2X level, combined with
the polarizable continuum model, the Hessian matrix
reconstruction method and the Partial hessian vibrational
approach is applied to evaluate inter- and intra-layer
vibrational couplings between hydrogen bonded and
stacked DNA base pairs. The present work demonstrates
that this computational scheme can effectively predict and
interpret the vibrational couplings of nucleic acids in
solution. The effect of the environment described in a
cluster or in a continuum manner is necessary in order to
improve the agreement with the experimental values.

Keywords Vibrational coupling - Solvent effects - DNA
pairs - DFT calculations - Hessian matrix reconstruction -
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1 Introduction

Two-dimensional infrared spectroscopy (2D-IR) [1-5] has
been recently reported to provide valuable information on
vibrational properties and dynamics of molecular systems,
for which it is also a valuable tool to proof the local
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environment. 2D-IR somewhat overcomes limitations of
conventional spectroscopic techniques, such as FTIR
spectroscopy and circular dichroism, which need empirical
qualitative relations in order to extract structural informa-
tion from mono-dimensional spectra.

In addition to the usual diagonal peaks, the 2D-IR
spectrum displays off-diagonal peaks that, similarly to the
2D-NMR spectroscopy, are produced by the coupling
between oscillators and provide direct information about
structure and dynamics. For these reasons, 2D-IR spec-
troscopy has been used to monitor the vibrational coupling
in several molecular systems, such as hydrogen-bonded
systems, nucleic acids [6-10], proteins and peptides.

Despite such potentialities, the extraction of structural
information from 2D-IR spectra requires the coupling of
experimental data with theoretical models, generally for-
mulated in terms of quantum mechanical (QM) calcula-
tions, which permit to directly compute the vibrational
properties of the molecular sub-units (frequencies and
vibrational transition moments) and the vibrational cou-
pling among them. The QM calculation of harmonic
vibrational frequencies and transition dipole moments can
be nowadays routinely performed, mainly due to the
availability of analytical algorithms for the evaluation of
energy second derivatives, for both isolated and solvated
systems treated by means of continuum solvation models
[11]. The theoretical modelling of the vibrational coupling
is instead far from being a standard procedure and has been
based on different approaches.

The simplest approach is the transition dipole coupling
(TDC) model [12-14], based on the Coulomb interaction
between the vibrational transition point dipoles associated
with the interacting modes. However, due to its definition,
the TDC is limited to describe vibrational couplings
of electrostatic origin. A more accurate approach is the
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Hessian matrix reconstruction (HMR) method developed
originally by Cho and co-workers [15—-18], which is able to
describe also the non-electrostatic components of the
vibrational coupling. The basic formulation of the HMR
requires an harmonic QM calculation of the vibrational
modes of an appropriately chosen model system, followed
by the computational vibrational analysis of the target
system. The normal modes of the target system are then
resolved in terms of vibrational modes localized on the
molecular subunits, so that local modes frequencies and the
inter-mode vibrational coupling can be computed. Both the
TDC and the HMR methods have been originally used to
describe the vibrational coupling for isolated systems, and
only recently extended to solvated systems [19], by some
of the present authors within the framework of the polar-
izable continuum model (PCM) [20], which describes the
target solute at the QM level, while the solvent is described
as a dielectric medium characterized by its macroscopic
dielectric properties. The most recent implementations of
the PCM manage to compute the molecular geometry and a
large variety of properties of solvated systems, including
vibrational normal modes and frequencies. In the formu-
lation of the HMR within the PCM, the solvent effects are
taken into account in terms of changes in the geometry of
the system, of its normal modes and vibrational frequen-
cies, due to the presence of the solvent. The extension of
the TDC to PCM solutes relies instead on the evaluation of
the vibrational transition dipoles of the local modes in the
presence of the solvent and then explicitly includes med-
ium screening effects on the Coulombic interaction
between the transition dipoles. On the grounds of its for-
mulation, the PCM-TDC model is suitable to model the
vibrational coupling of weak interacting systems only.

In this paper, we will focus on the application of the
PCM-HMR method to study the vibrational coupling
between the nucleic acid bases in DNA double-stranded
oligomers. It is in fact well known that infrared techniques
are very sensitive to the structure of the polynucleotide
helix [21, 22] and that DNA bases change in a unique way
their vibrational properties after structural modifications,
due to the different vibrational couplings and due to
environment effects.

A good understanding of the structure and dynamics of a
molecule is a key factor in order to correlate the change of
couplings, to particular structural modifications [23]; in the
case of DNA, this is fundamental, for instance, in order to
develop more efficient DNA-binding drugs [24, 25].

QM calculations of the vibrational coupling in DNA
oligomers have been reported by Zanni and co-workers [7]
and by Cho and co-workers [26-29] adopting different
computational strategies. In particular, Zanni and co-
workers have studied the vibrational coupling between
normal modes involving carbonyl stretching in Watson—
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Crick (WC) base pairs guanine (G) and cytosine (C) and
between nearest-neighbour bases G and C, in two different
DNA oligomers. QM calculations were performed on iso-
lated G and C bases, by neglecting the deoxyribose and
phosphate groups to reduce the computational costs, and
the vibrational coupling was obtained by using the elec-
trostatic TDC [12—14] and transition dipole density distri-
bution [30] models, and a finite difference evaluation of the
PES curvature. In particular, for the vibrational coupling
between the WC pairs, a single pair was used as model,
while for the evaluation of the vibrational coupling
between nearest-neighbour bases G and C, two stacked WC
base pairs were considered. The vibrational coupling for
the same DNA oligomers has also been studied by Cho and
co-workers [26-29], by performing QM calculations on G
and C and computing the vibrational coupling through a
modified HMR method. Large vibrational coupling models
consisting of GC stacked base pairs up to quadruple GC
stacked base pairs have been considered, but solvent effects
have been only marginally studied in the particular case of
a GC pair surrounded by the explicitly included adjacent
base pairs.

The consideration of the local environment has been
reported as crucial in order to realistically describe vibra-
tional couplings in solution [10], principally because the
interaction with the environment modifies both the single
local vibrations and the coupling between them. Similarly
to a previous work of some of the present authors on amide
vibrational couplings in small peptides [19], in this paper,
we will apply a computational strategy still based on the
PCM combined with the HMR method and Partial hessian
vibrational approach (PHVA) [31-37] to evaluate inter-
and intra-layer couplings between hydrogen bonded and
stacked DNA base pairs. In particular, the coupling
between carbonyl vibrations located on G and C bases will
be considered in the case of a A-form DNA of well-known
structure, resolved with X-ray crystallography [38].

The paper is organized as follows. In the next section,
the description of the systems investigated and of the
methods used for the analyses is reported. Then, numerical
results will be shown, by also putting into evidence how the
results are influenced by the choice of the pair geometry
and orientation, on the extension of the molecular model
and on the accounting/discarding of solvent effects. Some
conclusions end the presentation.

2 Methods and systems
2.1 Modelling DNA oligomers

In this study, we have investigated a sequence of guanine
and cytosine in the double-stranded helix DNA d(G,C,). In
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particular, we have used the structure of the DNA oligomer
d(G4C,) determined by McCall et al. [38] by single-crystal
X-ray methods (PDB ID: 2ANA). In the structure, there are
two strands in the asymmetric unit, and these coil about
each other to form a right-handed A-type double helix with
Watson—Crick hydrogen bonds between base pairs. The
two d(G-G-G-G)-d(C-C-C-C) segments in the oligomer
exhibit similar and uniform structures (see Fig. 1).

From this experimental structure, five different clusters
were extracted, containing the coupled bases that from now
on will be indicated as fragments 1-5. The borders of the
helix were not considered.

To introduce the effect of the rest of DNA, two different
models were used. In the first model (referred to as PCM),
the environment was represented as a continuum dielectric,
while in the second model (cluster), the adjacent base pairs
were explicitly included in the QM calculation. More in
details, for the H-bonded (HB) pairs, two additional bases
were considered, while for the stacked pairs, four addi-
tional base pairs were included (see Fig. 2).

2.2 Methodologies

As pointed out by Lee and Cho [26], the application of the
HMR approach to the study of coupled vibrations localized
on base pairs presents critical points, due to the high
delocalization of the vibrational modes. To overcome these
critical points, we have combined the HMR approach with
the PHVA [31-37].

Fig. 1 Structure of the DNA oligomer investigated in this study.
From this experimental structure, five different coupled bases were
extracted, which from now on will be indicated as fragments 1-5

The PHVA approach is used both to perform the
vibrational calculation on the coupled HB and stacked pairs
and to localize the vibrational modes on each single basis.
In this approach, the system is divided in two parts: a freely
vibrating and a frozen part. The latter is taken frozen
during the vibrational calculation and, therefore, does not
directly contribute to the normal mode of the former. In
agreement with the one-bond-distance rule [39], more than
one bonds between the freely vibrating (the bases) and the
fixed part (the furanoses and the adjacent base pairs in the
cluster model) have been left in order not to bring the two
parts too close (see Fig. 3).

The calculation of the vibrational coupling between two
local modes located on different base pairs consists of the
following steps:

e Normal modes calculation of the single uncoupled basis
in the presence of the others kept frozen, using
the PHVA approach. These are the local modes of the
uncoupled basis, which are used as a basis for the
determination of the vibrational coupling.

e Normal modes calculation of the coupled pair possibly
in the presence of the other bases kept frozen, using the
PHVA approach. These are the normal modes of the
coupled pair.

e Application of the HMR using the results of the
coupled and the uncoupled calculations to determine
the vibrational coupling between the local vibrations.

2.3 Computational details

All calculations were performed by using the Gaussian 09
package [40], by employing DFT and using the M06-2X
functional [41]. This functional was chosen for its ability to
describe non-covalent interactions [42, 43]. To describe the
continuum environment, the integral equation formalism [44]
version of PCM was used. PCM cavities were built as a series
of interlocking spheres centred on the atoms. Two different
set of radii were tested: the UFF radii (all multiplied by a
cavity size factor of 1.1), which are the Gaussian 09 default
settings (from now on indicated as StCav), and a set of
enlarged radii (employing a cavity size factor of 1.7). Since
the distance between staked bases is about 3.4 A [45], these
enlarged radii are able to mimic the void space around the
base pairs in the DNA double helix (from now on indicated as
LCav). In the particular case of the PCM calculations for the
fragments, in order to consider the possibility that in a DNA
double helix the volume between the base pairs cannot be
accessible to solvent, a larger radius (equal to that of the
carbon atom) was used for the hydrogen atoms involved in
hydrogen bonds between bases. Two different values of the
dielectric permittivity were tested, corresponding to a weakly
polar (¢ = 6) and a non-polar (¢ = 2) environment.
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Fig. 2 Representations of the
stacked and HB fragments
within the PCM (a and b) and
the explicitly included adjacent
base pairs (c and d),
respectively

The combination of three basis sets for the three dif-
ferent parts of the fragments was used, namely
6-311+G(d,p) for the freely vibrating bases, 6-31G(d) for
the other vibrationally frozen bases and 3-21 g for the
furanose rings. All the geometries were kept fixed to the
experimental structure (taken from [38]), with the excep-
tion of the missing hydrogens in the experimental X-ray
structure, that were optimized at the 6-3114G(d,p) level.

3 Results

3.1 Normal modes and frequencies of references bases
in solution

Before discussing the couplings in the DNA oligomers, in this
section, we will focus on the vibrational properties of the
single bases composing the systems, that is, guanine (G) and
cytosine (C), in their methylated form. The role of such results
is twofold: in fact, besides being interesting per se, they can
also give an idea of the accuracy of the results obtained in the
following analysis on the DNA oligomers, since the single C
and G are used as basis set for the PHVA and HMR analysis.

The vibrational properties of C and G have been previ-
ously studied in the literature, both from the experimental [7,
26, 46-50] and computational [7, 46, 51-54] points of view.
In particular, values for the two selected modes, referred to in
the following as Gs and Cs, have been reported in various
environments. According to DFT calculations, these modes
have predominately carbonyl stretch character, as shown in
Fig. 4. Such modes are the ones on which the following
discussion on vibrational couplings will be focused.

In Table 1, PCM calculated frequencies for Gy and Cg
modes in different environments are reported, chosen
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according to the availability of experimental data. The
outcomes of previous calculations reported in the literature
are also shown for comparison’s sake, as well as experi-
mental values. In the case of PCM calculated data, two
different choices of the definition of the PCM molecular
cavity surrounding the solute in the dielectric are compared,
that is, the cavity obtained by exploiting the default settings
of Gaussian 03 [55] (G03,) and Gaussian 09 [40] (G09). In
fact, the cavity size and shape are the only adjustable
parameters in a PCM calculation, for a given solvent.

The calculated value of G, in DMSO is sensitive to the
choice of the PCM cavity. In particular, the use of a smaller
cavity (the GO3 default settings) decreases the calculated
value of more than 20 cm™'. As said, the Gs mode involves
the C=0 group, which, due to the geometry of the molecule,
is exposed to the solvent and, therefore, very sensitive to the
polarity of the solvent (compare also the previous calcula-
tions in vacuo reported in Table 1). However, with the
default GO9 settings, the cavity surrounding the C=0 group
is larger than in the case of the GO3 default settings, so that a
decrease in the solvent effect (which causes a decrease in
the calculated value) is observed. As far as the comparison
with the experiment is concerned, a better agreement is
obtained with the use of the GO3 cavity. However, both
choices of the PCM cavity yield an exp/calc ratio in the
range 0.96-0.97, which are in line with the reported scaling
factors for the same DFT functional and similar basis sets
[56]. The use of a low-polarity environment for the calcu-
lations (¢ = 2) makes the calculated values approach the
calculations for the isolated system, as it is expected. Also, a
very low difference is observed with the two cavities, as the
solvent effect being in both cases very low.

Also in the case of cytosine in water, the same trend as
reported for DMSO as varying the cavity is observed. In
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Fig. 3 Representations of the GG ccC
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Fig. 4 Structure and pictorial view of the two selected normal modes
of G (left) and C (right)

fact, a difference of about 20 cm s reported for C, with
the GO3 once again approaching the experimental value,
with an exp/calc ratio in the range 0.97-0.99, depending on
the reference experimental value.
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3.2 Normal modes and frequencies in DNA

The analysis reported in the previous section for the sol-
vated G and C bases has shown the characteristics
(including possible limits) of the QM model here adopted
to describe vibrational motions in solvated systems. When
moving to a more complex environment such as DNA,
however, further difficulties appear due to the extremely
inhomogeneous and anisotropic interactions between the
bases and the embedding matrix. In particular, when
focusing on vibrations, differences between solvated and
embedded bases can appear not only in the frequencies of
the investigated modes but also in the nature of the modes
themselves. It is thus necessary to analyse the possible
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Table 1 Calculated M06-2X/6-311+G(d,p) and experimental frequency values for a selected mode of C and G monomers in various

environments
Mode This work Previous calculations in vacuo Experimental
Cs 1747 GO9 ¢ = 2 1750 (B3LYP/6-31G(d)) [26] 1712 (in Ny) [17, 46] 20 (in Ar) [52]
1738 G03 ¢ = 2 1660 (BP86/6-311G) [46] 1730 (in Ne) [53]
1702 G09 in H,O 1722 (MP2/6-31G(d, p)) [49] 1645 in DO [7]
1680 GO3 in H,O 1785 (B3LYP/6-314++G(d,p)) [7] 1660 in H,O [54]
1818 B3LYP/6-31G(d,p) [50]
Gsg 1799 G09 ¢ =2 1686 (BP86/6-311G) [46] 1736, 1749 (in Ar) [51]

1799 G03 ¢ =2
1760 G09 in DMSO
1737 G03 in DMSO

1727 (B3LYP/6-314+-G(d,p)) [47]
1762 (B3LYP/6-31G(d)) [26]
1840 (B3LYP/6-31++G(d,p)) [7]

1742 (in Ny) [51]
1693 in DMSO [7]

1833 (B3LYP/6-31G(d)) [48]

All data are given in cm™'

changes on the previously investigated modes before trying
to simulate their couplings.

As explained in the methodological section, the com-
putational strategy here adopted is based on the HMR
approach, in which the couplings between vibrational
modes are obtained by “projecting” the local modes of the
uncoupled systems into those of the coupled pair. In
present context, the local modes are those of the uncoupled
G or C but in the presence of the embedding matrix, which
will modify the local modes due to different effects,
including the fact that now G and C are chemically bonded
to furanose groups. The presence of a real chemical bond
between the guanine or the cytosine to the DNA strand will
in fact reduce the vibrational freedom of these molecules
with important consequences in the displacements and the
frequencies related to the modes. Here, in particular, we
shall focus on the coupling between what we previously
indicated as G and C, modes. Notice that the effect of the
side chain on the vibrational modes has been reported to be
small for G, but more relevant for Cg (see [26]).

In Fig. 4, we previously reported the selected modes of
G and C, whereas in Table 2, we report the corresponding
frequencies obtained in vacuo and with the different
models for mimicking the DNA environment.

With respect to the calculations in vacuo, the presence
of the continuum dielectric, even if with a low dielectric
constant, causes a decrease in the frequency absolute val-
ues, which is of the order of 6 cm ™! for C and 10 cm ™! for
G. The use of a larger PCM cavity (i.e. LCav) causes the
results to go towards the in vacuo limit, as expected.
Overall, the differences among the results obtained with the
two choices for the size of the PCM cavity are minor, in
both cases of the order of 5-7 cm™!, and independent on
the choice of the fragment. The increase in the dielectric
constant of the medium (moving from ¢ = 2 to ¢ = 6) also
causes a shift of the same order. Noticeably, the
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Table 2 Vibrational frequencies of uncoupled linked cytosine and
guanine moieties as obtained with different solvation models, in the
fragment /

Cs1 Cso Average
Cytosine
Vacuum 1709 1700 1704
PCM ¢ = 2, StCav 1703 1694 1698
PCM ¢ = 2, LCav 1707 1699 1703
PCM ¢ = 6, StCav 1696 1687 1691
Cluster 1703 1695 1699

Gg; Gs» Average
Guanine
Vacuum 1764 1755 1760
PCM ¢ = 2, StCav 1754 1745 1750
PCM ¢ = 2, LCav 1761 1752 1756
PCM ¢ = 6, StCav 1743 1734 1738
Cluster 1757 1749 1753

Cs1, Csz and Ggy, Ggp refer to the local vibrations of cytosine and
guanine in fragment 1. All values are given in cm™'

calculations performed with the “cluster” model yield
results very similar to the PCM ¢ = 2, thus showing that
the actual environment experienced by the single bases in
the DNA environment is nicely reproduced by the PCM.

We first note that, even if in Table 2, we reported data
for fragment 1, the analysis we can get is general as the
differences obtained for the same system in different
fragments are always small, of the order of 10 cm™".

In order to get more insight into the trends just com-
mented, it is relevant to recall here the actual molecular
structures of the systems to which Table 2 refers. In par-
ticular, it is to note that all the calculations were performed
on the same geometries, corresponding to what is extracted
from the experimental X-ray structure taken from [38],
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Table 3 Vibrational couplings calculated in vacuo and through dif-
ferent solvation models, in the fragment 1

Baa Bec Bac Beaa Bac(HB)
Vacuum 10.0 4.5 2.5 4.5 11.4
PCM ¢ = 2, StCav 9.1 3.7 0.9 4.0 11.8
PCM ¢ = 2, LCav 9.1 3.6 1.0 4.3 12.0
PCM ¢ = 6, StCav 8.1 35 0.5 2.9 13.7
Cluster 8.6 3.6 1.5 4.2 10.8

All values are in cm™!

except for the positions of the hydrogen atoms, which were
optimized. In addition, each basis is, in this case linked, to
a partially frozen furanose group (see Fig. 3), and the
corresponding frequencies have been obtained in the
presence of the coupled bases, kept frozen. All these
aspects make the comparison with what was previously
shown in Table 1 for the “free” bases, quite difficult. In
fact, in that case, the geometries were relaxed in each of the
considered environments. As it can be seen, the differences
are quite substantial: by referring to the PCM ¢ = 2 cal-
culation, the calculated data for the “free” bases are about
45 cm™ " higher than the corresponding ones for the bonded
bases in the frozen fragments.

3.3 Couplings

In Table 3, we report the vibrational coupling constants (f3)
obtained for the different pairs (stacked and HB) using
different solvation models: the values reported in the dif-
ferent columns refer to G-G, C—C and G-C in the stacked

pairs (see Fig. 3a—) and G—C in the HB pair (see Fig. 3g),
respectively. In the case of stacked G-C, two sets of values
are reported corresponding to the two different diagonal
arrangements (see Fig. 3c).

As far as the nomenclature in Table 3 is concerned, we
note that the coupling terms fgg and fcc refer to stacked
guanine and cytosine bases, respectively, and Sgc, fcgo refer
to the diagonal coupling between guanine and cytosine.

As it can be seen from the data reported in Table 3, the
inclusion of the effects of the DNA environment always
leads to a decrease in the coupling constants, with the only
exception of the HB pair in a PCM environment.

Such a decrease in the f§ values can be ascribed to screening
effects of the polarizable environment, and this is what found
for all stacked pairs with all solvation models. As expected,
the largest screening is found in the case of PCM with ¢ = 6
(i.e. the highest dielectric constant). For all stacked pairs, the
cluster calculation is better reproduced by the PCM model
with ¢ = 2, which can be defined a good continuum model to
mimic the microscopic DNA-like environment here examined
(which, however, does not fully consider the complexity of
DNA, also comprising ribose, phosphate, surrounding waters
and even counterions). In the following, the analysis of PCM
environment will be limited to this description.

In the case of the HB pair, the analysis is less simple as
the PCM description always leads to an increase of f also
in the case of the smallest permittivity (¢ = 2) and the
largest cavity. This increase seems to be due to a large
variation of the transition densities which is here opposite
to the expected screening effect which is also diminished
being the two coupled bases quite close [57].

Table 4 Calculated vibrational

couplings for the investigated Fragment Pac fec
fragments in different Vac =2 =2 Vac e=2 e=2
environments LCav StCav LCav StCav
1 10.0 9.1 9.1 4.5 3.7 3.6
2 11.7 10.7 9.9 35 34 34
3 6.7 6.7 6.5 2.9 2.6 2.5
4 13.9 12.9 12.0 34 3.3 33
5 10.6 9.8 9.0 2.9 2.7 2.7
<p> 10.6 9.8 9.3 34 3.1 3.1
Fragment Bac Beaz Bac(HB)
Vac =2 e=2 Vac e=2 e=2 Vac e=2 e=2
LCav StCav LCav StCav LCav StCav
1 2.5 1.0 0.9 4.5 4.3 4.0 114 12.0 11.8
2 1.5 1.3 1.1 8.2 7.5 6.9 9.7 9.8 9.7
3 6.0 5.7 6.0 11.9 8.5 6.1
4 1.5 1.3 1.3 34 3.6 5.0
5 6.3 2.4 1.7 4.6 4.2 4.1
All values are given in em™! <p> 36 23 22 6.5 56 52
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Table 5 Internuclear C(O)-C(O) distances (in A) and CO-CO dihedral angles (in degrees) in the coupled bases in the different fragments

Fragment GG rce rGe rGea ree(HB) Osa Occ Occ Occ2 Oc(HB)
1 4.2 4.4 7.3 4.2 4.5 24 24 174 162 174

2 3.7 4.7 7.2 4.5 4.4 32 40 168 154 170

3 4.6 5.5 4.7 4.2 47 47 91 96

4 3.6 4.5 7.1 4.7 21 24 175 164

5 3.8 4.4 7.1 4.5 27 31 178 156

Avg 4.0 4.7 6.7 4.4 4.5 30 33 157 146 172

Moving now to the comparison among the different
pairs, it is interesting to note that the GG stacked pair
presents a coupling constant very similar to that of the GC
HB pair, for which the largest interaction was expected.

In order to be properly compared with experiments, the
results reported in Table 3 have to be further analysed so to
estimate the effects of heterogeneity along the double
strand. As explained in the methodological section, from
the DNA oligomer, we have extracted five non-equivalent
fragments (see Fig. 3). The corresponding f values
obtained in vacuo and with PCM ¢ = 2 with the two
cavities are reported in Table 4, whereas in Table 5, we
collect the main geometrical parameters, namely the
internuclear distances between the carbonyl carbons of the
two coupled bases and the angles between the corre-
sponding CO vectors.

We note that the significant differences found in the
fragment n = 3 are due to the change in the sequence of
bases. In fact, we note that, in fragments 1,2,4,5, the cou-
pling terms figg and fcc refer to stacked guanine and
cytosine bases, respectively, and fgc, fcg refer to the
diagonal coupling between guanine and cytosine, whereas
in fragment 3, the coupling terms fgc, Pcga refer to the
coupling between stacked guanine and cytosine, respec-
tively, and fgg and fcc refer to the coupling between
diagonal guanine and cytosine (see Fig. 3d—f).

The comparison of the f values with the structural data
reported in Table 5 reveals that the vibrational couplings
are sensitive not only to the inter-layer distances, but also
on the specific DNA base pair, that is, on the specific
environment acting on the specific DNA base.

Finally, in Table 6, a comparison between our data and
the outcomes of previous calculations are reported, as well
as experimental data available in the literature.

We first note that previous calculations were performed
by exploiting a different approach with respect to our. In
fact, the data reported in [7] were obtained by using a finite
difference (FD) approach, in which the coupling is calcu-
lated through the numerical evaluation of total energy
second derivatives with respect to the local modes of the
single nucleic acid bases. In this case, the local modes are
normal modes of the isolated nucleic basis.
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The calculations reported in [26] were performed with
an extension of the HMR approach (Extended-HMR),
which assumes the Hessian matrix in the atomic coordinate
system to be divided into blocks, each associated with the
local nucleic acid bases modes. Such an Hessian sub-
matrix generates the corresponding local modes, which are
used to transform the Hessian matrix from the global basis
modes to the local modes. The same approach was also
exploited to obtain the data reported in [29], where envi-
ronmental effects are taken into account through molecular
dynamics techniques.

The differences between the various approaches explain
the variability of the results, being the set of values for the
fcg vibrational coupling the most significative under this
comparative viewpoint. Also, due to the large differences
between the computational approaches previously exploi-
ted and our method, it is not simple to clearly evidence the
origins of the discrepancies. However, the trend reported
for the extended-HMR/B3LYP approach by Lee and Cho
[26] is in good agreement with our data, whereas the
largest discrepancies are noticed for FD calculations [7],
which is, however, the most different with respect to our
model.

Table 6 also reports the comparison between the cal-
culated and the fitted experimental vibrational couplings
taken from [6, 7]. Overall, a general good agreement with
experiments is found, especially if we consider that the
experimental findings refer to a dGsCs sequence that is not
identical to the similar sequence dG4C, used in the present
study. The effect of the environment described in an
explicit or in a continuum manner is not large, due to the
low polarity of the environment to be modelled; however, a
proper account of environmental effects improves the
agreement with the experimental data.

4 Summary and conclusions

In this paper, the vibrational couplings of nucleic acids
were investigated by carrying out QM calculations, com-
bined with: a) the HMR approach in order to determine the
coupling between vibrations, b) the PHVA in order to
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Table 6 Comparison among experimental and calculated vibrational couplings

Method Environment Pac Pcc Pac Pcca fcc(HB) References
HMR/M06-2X Gas phase 10.0 4.5 2.5 4.5 114 This work
On fragment 1 ¢ =2, LCav 9.1 3.7 1.0 4.3 12.0 This work
¢ = 2, StCav 9.1 3.6 0.9 4.0 11.8 This work
Cluster 8.6 3.6 1.5 4.2 10.8 This work
HMR/M06-2X ¢ =2, LCav 9.8 3.1 2.3 5.6 10.9 This work
Averaged values on fragments 1-5 e = 2, StCav 9.3 3.1 2.2 52 10.6 This work
FD/MP2 Gas phase 12.6 0.5 3.0 4.7 11.6 [7]
FD/B3LYP Gas phase 21.8 1.0 1.6 5.0 104 [7]
Extended-HMR/M06-2X Gas phase 8.4 1.3 04 2.5 13.9 [26]
Cluster 8.3 1.0 0.2 2.3 13.7 [26]
Classical MD simulations 17.4 3.2 1.8 43 12.8 [29]
in D,O solvent
Exp. (£2 cm™) 9.5 0.7 1.9 2.7 9.6 [7]
Exp. 9.7 2.3 >1.0 5.0 [6]
All values are given in cm™'
accurately determine the vibrational local modes, ¢) an 3. Jeon J, Yang S, Choi JH, Cho M (2009) Acc Chem Res 42:1280

explicit description of the nearest parts of the DNA helix in
order to account for a part of the DNA environment effect
and d) a continuous description in order to account (in an
average manner) for the effect of the rest of the DNA helix
and of the solvent.

The present work demonstrates that this strategy can be
effectively used in order to predict and interpret some
features of the 2D-IR spectra of nucleic acids in solutions.
The good correlation of our approach with both previous
calculations and experimental findings shows that this
method can indeed be used in combination with experi-
mental measurements to gain an accurate simulation of the
vibrational coupling between vibration localized on dif-
ferent DNA bases. However, many extensions of our work
are possible. For example, the inclusion of water molecules
potentially hydrogen bonded to the carbonyl groups could
represent an important improvement towards a more real-
istic description: notice in fact that the authors of the X-ray
structure [38] pointed out that “almost all exposed func-
tional groups on the DNA are hydrated”. Moreover, the
notable change in the coupling term for fragment 3, which
is attributed to the alteration in the base sequence, is an
index on the important role played by the sequence which
is known to affect the local structure and flexibility prop-
erties of DNA base pairs. Future studies could address this
issue so to better understand the real impact of sequence on
vibrational couplings.
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