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Abstract We present an ab initio study of the vibrational
properties of cytosine and guanine in the Watson—Crick and
Hoogsteen base pair configurations. The results are
obtained by using two different implementations of the
DFT method. We assign the vibrational frequencies to
cytosine or to guanine using the vibrational density of
states. Next, we investigate the importance of anharmonic
corrections for the vibrational modes. In particular, the
unusual anharmonic effect of the H' vibration in the case of
the Hoogsteen base pair configuration is discussed.

Keywords DFT- DNA - Watson—Crick - Hoogsteen -
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Introduction

The formation of DNA base pairs plays a crucial role in the
realization of the main role of DNA: the storage and
replication of genetic information [1]. Vibrational properties
are among the most important observables used to
investigate this process [2]. For instance, it is well known
that the low-frequency vibrational modes of large molecules
are determined by the global shape of the multidimensional
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potential energy. Therefore, the vibrational frequencies of
low-frequency vibrational modes of DNA can be highly
sensitive to the geometric structure of the molecule
[3, 4]. On the other hand, Raman spectroscopy has proven
its efficiency as a tool for the detection of Watson—Crick
(W-C) to Hoogsteen GC structural transitions [5]. The
structure of double-helical poly(dG-dC)-poly(dG-dC) was
investigated at various pH values by Raman spectroscopy.
These investigations emphasized the presence of
Hoogsteen base pairing in DNA structure. Hoogsteen
pairing can be accommodated in the double helix when
the cytosine group is protonated and the sugar-guanine
conformer has adopted a C2'-endo/syn conformation. It
has been shown that this antiparallel-stranded Hoogsteen
base-paired structure can be maintained under varying
conditions, balancing the decrease in pH with an
increased salt concentration [5]. This conformational
change enables hydrogen bonding of N7 of guanine and
N3 of cytosine in a Hoogsteen base pair [6].

Raman data on chromosomes and calf-thymus DNA also
provide evidence for the reversible formation of protonated
Hoogsteen GC base pairs under acidic conditions, in full
agreement with NMR, optical rotatory dispersion and
spectrophotometric pH-titration studies of DNA (see [6]
and references therein). Also, a perfectly matched parallel
Hoogsteen paired duplex (at pH 4) and a triple-helical
structure with third strand bases that are Hoogsteen paired
to the purine bases of the duplex were observed by IR
spectroscopy [7].

From a theoretical perspective, a detailed description
of the vibrational modes for GC base pairs can be
obtained from ab initio calculations. We note here the
assignment of vibrational properties [8, 9] and the
simulation of Raman spectra [10]. The interaction energy
between base pairs has been investigated in detail by

@ Springer


http://dx.doi.org/10.1007/s00894-011-1002-y

3266

J Mol Model (2011) 17:3265-3274

Jurecka et al. [11], considering second-order Moller—Plesset
perturbation theory level at the resolution of the identity
approximation (RI-MP2) with a complete basis set extrapo-
lation technique. They obtained a value of —28.8 kcal/mol
for the interaction energy. Using symmetry-adapted pertur-
bation theory (SAPT) [12, 13], Hesselmann [14] obtained a
value of —30.5 kcal/mol for the GC base pair interaction
energy. The planar structure of the GC base pair in the
Hoogsteen configuration is stabilized by two H-bonds. The
strength of the intermolecular interaction was described by
Han et al. [15] at the B3LYP/6-31+G(d,p) DFT level of
theory. They obtained —35.5 kcal/mol for the G'C configu-
ration. Comparing the strengths of the intermolecular
interactions for the Watson—Crick and Hoogsteen config-
urations, even though they were not obtained at the same
level of theory, one can conclude that the Hoogsteen
configuration presents greater stability due to the larger
electrostatic attraction induced by the presence of the proton
between the base pairs.

The localization of the vibrational modes and the
anharmonic corrections yields a rich source of informa-
tion revealing the properties of DNA, such as vibra-
tional energy transfer [16]. The effect of anharmonic
corrections in normal-mode vibrational analysis is very
important for obtaining good agreement between theo-
retical and experimental results [17-19]. At the same
time, the vibrational shifts derived from the anharmonic
calculations show good agreement with the trends found
in the experiments [20].

Our goal in the work reported here was to investigate, by
ab initio methods, the localization properties of the
vibrational modes in GC base pairs as well as their
anharmonicities. To this end, we used two independent
implementations of DFT and two different exchange-
correlation functionals. The localization of the vibrational
modes was described in terms of the vibrational density of
states. A detailed analysis of the anharmonic corrections to
the vibrational frequencies was performed using the VSCF
method. The consequences of our results from an experi-
mental point of view are also discussed below.

Computational models
DFT calculations

We carried out two independent calculations of the
vibrational properties of GC base pairs of DNA in both
the Watson—Crick and the Hoogsteen geometry configu-
rations (see Figs. 1 and 2) using the Siesta [21, 22] and
Gaussian codes [23]. Siesta employs pseudopotentials and
expands the wavefunctions of valence electrons using linear
combinations of numerical atomic orbitals. Periodic boundary
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Fig. 1 The equilibrium geometry structure of the guanine—cytosine
Watson—Crick base pair of DNA obtained at the B3PWO91 level of
theory using the TZVP basis set

conditions were imposed on the system; therefore, we used a
large supercell (i.e., 30x30x30 A®) in order to get rid of the
interactions between periodically repeated images of the
molecule. We employed a double-zeta polarized (DZP) basis
set with an energy cutoff of 150 meV for all atoms. For the
exchange and correlation part, we used the newly developed
functional of Dion et al. [24, 25], which includes van der
Waals (vdW) effects. The second set of calculations were
carried out using the B3PWO1 [26, 27] exchange-correlation
(XC) functional together with TZVP [28] basis set imple-
mented in the Gaussian 03 software suite [23]. The B3PWI1
XC functional was chosen based on its good accuracy in
describing the intermolecular interaction energies of H-bonds
between the nucleic acids presented by Guerra et al. [29]. All
results were corrected for basis set superposition error
(BSSE). To represent the normal modes graphically, we
used the Gabedit program [30].

Besides the harmonic vibrational frequencies, anhar-
monic corrections based on the VSCF theory with second-
order perturbation expansion [31, 32] were also computed
for the second case. VSCF calculations were performed
starting from the analytical second derivatives of the energy
at the given theoretical level. The third and semidiagonal
fourth derivatives needed for second-order perturbation [33]

Fig. 2 The equilibrium geometry structure of the guanine—cytosine
Hoogsteen base pair of DNA obtained at the B3PWO91 level of theory
using the TZVP basis set
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can be effectively computed by a finite difference approach
which scales linearly with the number of normal modes. To
evaluate third derivatives of the energy with respect to
normal coordinates, we performed numerical differentia-
tions of analytical Hessian matrices at geometries displaced
by small increments dg from the reference geometry [32]:

1 [ fu8a)~fu(~8q) , Siu(+9)~fia(=0ar) | fi(+8q1)~fi(~5qx)
Sij —?<Jk 50 + By T )

(1)

In our calculations, dg was taken to be 0.01 A (implicit
value from [32]). The semidiagonal fourth-order derivatives
of energy required to compute rovibrational energies via
second-order perturbation theory are given as:

Ji(+04qx) — 25(0) +f5(—Sqx)

ﬁjkk = 6q2 (2)
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-1 [ fi(69K) =2/ (0) Hi(=Sqk) | fik (+6q:) — 2/ (0) +fiw (— 1)
ﬁzkk — 5 ( k 5qi k + kk ;kqlz kk )
3)

For nonlinear molecules, these computations require at
most the Hessian matrices at 6N —11 different points, where
N is the number of atoms in the molecule. Based on these
cubic (f;) and quartic (f;;) force constants, diagonal (x;;)
and off-diagonal (x;) vibrational anharmonic constants
could be obtained for the asymmetric top molecules as [34]:
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where @, are the harmonic frequencies, 4., B,, and C, are
the equilibrium rotational constants, and {;; are the
Coriolis zeta constants. Considering these vibrational
anharmonic constants, one can easily obtain anharmonic
corrections A; and fundamental frequencies v;:

1
Vi = W; + Ai = w; + 2.in + 5 ;&;xg. (6)

Data analysis

Traditionally, the analysis of the vibrational properties of a
molecule is rationalized in terms of the normal modes of
vibration [35, 36]. This is a powerful approach, allowing
for an accurate description of the vibrational eigenvectors in
terms of geometrical representations. The disadvantage of it
is that the analysis of large amount of data (i.e., all
vibrational modes of relatively large molecules) involves
the comparison of 3N—3 geometrical representations of the
vibrational eigenmodes, where N represents the number of
atoms in the molecule.

The vibrational density of states (VbDOS) provides an
alternative way to analyze the vibrational properties of a
molecule, and is more suitable for a global comparison. For
the present study, we followed the straightforward defini-
tion of the VbDOS given in [37]:

Ir() = Y23 1 (@) )

xel’ 1

where [4%(w)| is the ith component of the vibrational
eigenvector (i=1, 2, 3) of the modes with vibrational
frequency w. Here, I refers to a group of atoms that are
indexed by y.

We used Eq. 7 to project the VbDOS over the cytosine
and guanine. To this end, we searched for the atom with the
largest vibrational amplitude (in each vibrational mode)
Amax(®). We set up a list including all atoms with
vibrational amplitudes 4*(@)>0.254(w). By inspecting this
list, it was possible to establish the vibrational modes
located on cytosine or guanine.

Note that we used an arbitrary factor of 0.25 as a cutoff
to assign the vibrational amplitude. Note that this is
equivalent to a limitation on the VbDOS contribution to
about 6% per atom. For plotting purposes, we use a
smearing function with a Lorentzian shape and a width of

5 cm”', as well as a discretization step of 1 cm™ .

Results

The guanine—cytosine binary system in the Watson—Crick
configuration (Fig. 1) has 29 atoms and presents 81 normal
mode vibrations, of which 6 have intermolecular character.
Guanine has a C=0 group at C6 that acts as the hydrogen
acceptor, while the group at N1 and the NH, group at C2
act as the hydrogen donors. In cytosine, the NH, group acts
at C4 as the hydrogen donor, and the C2 carbonyl and the
N3 amine act as the hydrogen-bond acceptors, which binds
the cytosine to the guanine through three H-bonds.

The guanine—cytosine binary system in the Hoogsteen
configuration has 30 atoms and 84 normal mode vibrations,
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of which 6 have intermolecular character. In this geometric
assemblage, guanine has a C=0 group at C6 that acts as the
hydrogen acceptor, while the N1 is the special hydrogen
(proton) donor. In cytosine, the NH, group acts at C4 as the
hydrogen donor, and the N3 amine acts as the hydrogen-
bond acceptor, binding the cytosine to the guanine through
two H-bonds. The guanine—cytosine Hoogsteen binary
system is explicitly stabilized by the proton bridge
(Fig. 2) between N7 of guanine and N3 of cytosine. As
can be seen from Fig. 4, the proton has two equilibrium
positions with similar total energies. This explains the fact
that we found different equilibrium positions in the two
simulations, each belonging to one of these minima. To be
precise, in our Gaussian calculations we found the following
distances: N7-H=1.13 A and N3--H=1.50 A, while in
Siesta we found: N7--H=1.58 A and N3-H=1.09 A.

Localization of the vibrational modes

The results of our mode localization analysis, as described
in “Data analysis,” are given in Fig. 3. We plot the interval
0—1750 cm™ . By inspecting it, we can immediately see that
there is qualitative agreement between the two DFT
calculations. The complete list of the vibrational modes
localized in cytosine or guanine is given in the “Electronic
supplementary material” (ESM).

As can be seen from Table 1, both calculations agree in
the fact that for the Hoogsteen base pair, a slightly smaller
fraction of the total number of modes are localized on the
bases compared to the Watson—Crick case. This result can
be explained by the fact that in the Hoogsteen base pairs the
anharmonic corrections are larger, which may indicate, for
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g =:"=:‘.m['h1':"|: \: W ‘ [h'”f'n | NW
00T
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Fig. 3 Localization of the VbDOS for cytosine and guanine in the
Hoogsteen (left column) and Watson—Crick base pairs (right column).
Black lines represent the Gaussian calculation; red lines represent the
Siesta calculation
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Table 1 Statistical analysis of the localization of vibrational modes
on cytosine and guanine. For each of the investigated models, the
number of localized modes and their percentages of the total number
of modes are shown

Base Hoogsteen W-C

C 17 (19%) 18 (22%) Gaussian
G 30 (34%) 26 (35%)

C 18 (20%) 19 (23%) Siesta

G 32 (36%) 29 (36%)

instance, that the thermal transport mediated by vibrational
coupling can be very different from that in the Watson—
Crick case. Nevertheless, the present results are not
sufficient to support this ansatz; further investigations are
needed to clarify this issue.

By inspecting Fig. 3, we can see that both calculations
agree with the fact that there are relatively wide frequency
ranges (i.e., more than 100 cm ') where the vibrations are
located only on the guanine for both configurations. For
Hoogsteen, this is the case for the intervals 550650 cm ™'
and 770-900 cm ', where only guanine is vibrating. For
Watson—Crick, the localization on guanine occurs in the
250-350 cm ' range. Finally, at 1250-1600 cm ', vibra-
tions are localized on guanine for both configurations (i.e.,
Hoogsteen and Watson—Crick). There is only one excep-
tion: at ~1400 cm™ " in the Hoogsteen configuration with the
Gaussian calculation. All normal-mode frequencies of the
studied systems are presented in tabular format in the ESM.

In order to check the accuracy of our calculations, we
compare them with the experimental results [5]. Two
Raman markers for the Watson—Crick configuration are
located at 681 cm ' (cytosine) and 783 cm ' (cytosine
backbone). In the Hoogsteen configuration, they are present
at 675 cm ' and 786 cm™'. The band at 1259 cm™ " is strong
for the Hoogsteen configuration but suppressed in the
Watson—Crick configuration. Also, an important marker for
both configurations occurs at 1488 cm™'. From our analysis
(see also the ESM), we found vibrational bands of guanine
in the Watson—Crick configuration at 674.7 and 698.4 cm '
(Siesta calculations) and at 694.1 cm ' (Gaussian calcu-
lations). This last frequency was corrected to 686 cm '
using anharmonic calculations (see below). We conclude
that the values at 698.4 cm ' (Siesta) and 694.1 cm '
(Gaussian)—which are remarkably close—correspond to
the experimental frequency of 681 cm '. A similar
discussion occurs for the guanine in the Hoogsteen
configuration: Siesta values close to this band are 657.0
and 710.2 cm ', By inspecting the Gaussian values, we
found a value of 657 cm !, which is then corrected to
687.2 cm '. Again we note the excellent agreement
between the frequencies computed with the harmonic
approximation by the two codes on the one hand, and
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between the value corrected for anharmonicity and the
experimental value (i.e., 675 cm ' from experiment;
687.2 cm” ' from the Gaussian calculation with anharmonic
correction) on the other hand.

For the markers close to 785 cm , the Siesta calculation
gives 758.9 cm ' (Watson—Crick) and 762.4 cm'
(Hoogsteen). For the same band, the Gaussian results
indicate 756.4 (835.2) cm ' for Watson—Crick and 780.7
(815.6) cm ™' for Hoogsteen (the results in parentheses are
corrected for anharmonicity). In this case we again note the
good agreement between the two simulations; we also note
the large correction for anharmonicity in the case of the
Watson—Crick pair (about 80 cm™'). We now move to the
experimental band found at 1259 cm ™' (cytosine), which is
an indicator of the presence of the Hoogsteen configuration
[5]. Here the theoretical results are 1271.6 cm ' (Siesta
calculation) and 1239.8 (1224.9) cm ™' (Gaussian calcula-
tion). We note a relatively large difference (about 50 cm ")
between the results of the two calculations and the
relatively small correction for anharmonicity (15 cm ™).

Finally, for the marker band located at 1488 cm ™', we
found it difficult to assign the computed frequencies to the
experimental ones. This is due to the the differences that
were found between the results of the two calculations (i.e.,
larger than 100 cm ') on the one hand and between the
experimental results and numerical simulations on the
other. We can explain this by noting that this mode is
assigned to the H-bonding at N7 of guanine, so harmonic
approaches are not suitable for this frequency. This point is
discussed further below.

We note that the method presented here allows fast and
accurate assignment of all vibrational modes to cytosine or
to guanine. Therefore, we think it is well suited for the
analysis of the vibrational properties of large systems, such
as DNA chains.

1

Anharmonic correction

The importance of performing anharmonic corrections
when predicting the vibrational frequencies of DNA base
pairs has been pointed out by Spirko [38] and Brauer [39],
although a systematic assessment of multiple anharmonic
parameters on the basis of ab initio computations is missing
from their works. More detailed studies of anharmonic
corrections for A-T and G-C Watson—Crick base pairs
were performed by Bende [40] and Wang [41]. They
consist of the analysis of NH,, N—H, and C=O stretching
vibrational modes that are involved in the multiple H-bonds
present in G—C base pairs, the sensitivities of their diagonal
and off-diagonal anharmonicities, anharmonic vibrational
couplings, as well as the intermolecular effects of the
complementary base. Bende has also shown that frequency
shifts in the normal-mode vibrations that are obtained from

theoretical calculations are a common result of different
physical (dimer and anharmonic) and unphysical effects
(BSSE). In addition, in order to obtain the BSSE-corrected
anharmonic frequencies, the anharmonic and BSSE correc-
tions can be performed independently and then simply
summed at the end.

Hereafter, in the Watson—Crick case, we will focus only
on those normal modes for which vibrational motion is
related to the NH,, N—H, and C=0O groups of guanine or
cytosine, situated mostly in the guanine—cytosine molecular
plane. The complete list of all 81 normal-mode frequencies
and their anharmonic corrections can be found in Table 1 of
the ESM. At the same time, it is possible to identify several
other normal modes specific to purine and pyrimidine ring
vibrational deformations that can significantly disturb the
H-bond vibrations. In the frequency domain of 3000—3800
cm !, ten normal modes of C—H or N-H covalent bond
stretching vibrations can be found. From an H-bond point
of view, there are three normal modes (vs, v9 and v;q) that
can be associated with the N—H or NH, stretching
vibrations found in the intermolecular interaction region.
The harmonic and anharmonic frequencies, the diagonal
and the sum of the off-diagonal anharmonic constants, as
well as the assignments of these normal modes are
presented in Table 2. Each of the normal mode vibrations
could be assigned to one of the three guanine—cytosine
binary system’s H-bonds, but they are not explicitly located
in some H-bonds; they just show larger vibrational
amplitudes than the other two vibrations. Compared with
the other seven bond-stretching vibrations, these three
normal modes present larger anharmonic frequency shifts,
as they have larger diagonal anharmonic constants and
stronger couplings with the other normal modes. Similar
findings were obtained by Del Bene et al. [42] for the N-H
stretching vibration. Regarding these three normal modes,
the vs vibration is not very strong coupled with the v9 and
vio modes, while in the latter two cases vg and vy, show
very strong anharmonic coupling (xg 1o = —158.3 cm ). In
the frequency domain of 1300—-1800 cm ', we selected
Clght normal modes (Vlls V12, V13, V14, V15, V16> V22 and V29)
after a detailed analysis using the Gabedit [30] molecular
graphics program. These are mainly N-H or NH, group
angle-bending vibrations and C=0O bond-stretching
vibrations, respectively, but small ring deformation
motions are also present. Their characteristic feature is
that their diagonal anharmonic constants are small (less
than 5 cm'), but they show strong couplings (off-
diagonal anharmonic constants) between them. This is
true of both the frequency group selected in the present
case and the group of previously selected stretching
vibrations (for example: X;_j»_j62220X 11, = 14.4 cm™!
and X, _s910x11;, = —39.3cm™!). In the far-infrared
(90-150 cm ™) frequency domain, there are three normal-
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Table 2 Selected normal modes for the GC Watson—Crick base pair
of DNA, including their harmonic and anharmonic frequencies, their
diagonal and the sum of off-diagonal anharmonic constants, as well as

their vibrational assignments, as obtained with the Gaussian program
using the B3PW91/TZVP method

Mode Harmonic frequency (cm ') Anharmonic frequency (cm ™) i (em ") Xx; (em™) Assignment

Vs 3385.1 3173.1 -98.3 -113.7 N29_H stretching

Vo 3170.7 2903.5 -112.9 ~154.3 N19-H stretching
Vio 3087.8 2786.2 -152.5 -149.1 N4©-H stretching

Vi 1770.8 1739.9 22 -28.7 N1“-H bending

Vi 1739.7 1694.9 2.7 —-42.1 C4©=0 stretching
Vi3 1714.5 1678.2 -0.6 -35.7 N4©-H, bending

Via 1690.4 1650.0 2.0 -38.4 N2©-H, bending

Vis 1676.4 1634.6 -1.1 —40.7 N4©—_H, bending

Vig 1659.0 1629.3 0.0 -29.7 N19-H, N2“_H, bending
Vay 1536.8 1498.9 -3.6 -34.3 N1©-H bending

Vas 1458.2 1429.4 -2.6 -28.8 N19-H bending

Voo 1315.7 1273.5 4.6 -37.6 C4©O-N3© stretching
V75 131.2 126.3 -0.5 —4.4 G-+-C stretching

V77 127.7 127.0 -0.3 -0.4 G-+-C opening

Vg 95.8 93.2 -0.2 2.4 G+C shearing

mode frequencies (v76, V76 and v7g) that are characteristic of
the intermolecular mode and have in-plane molecular
vibrations. In this case, the guanine and the cytosine molecules
show rigid motion compared to each other. These normal
modes do not show large anharmonic frequency shifts, since
these anharmonic effects are the results of different anharmonic
couplings with opposite signs. Positive shifts are usually given
by coupling with the vs, vo and vyo stretching vibrations
(Zizso10x76; = +10.7cm™ ", Xis 9 10x77,; = +12.5em™",
and Y, 5 19X78; = +13.7cm™"), while the negative effect is
the contribution of couplings with normal modes that have
lower frequency values (v < 1800 cm'). All of these
anharmonic couplings suggest to us that there is an important
coupling between the intramolecular N—H covalent bond-
stretching vibrations with high frequency values and the
intermolecular in-plane rigid vibrations of guanine and
cytosine components with low frequencies. Similar findings
were obtained for adenine-thymine Watson—Crick base pairs
[40]. A triangular matrix with homogeneous and off-diagonal
elements for the normal modes discussed above are presented
in Table 2 of the ESM.

For the Hoogsteen configuration, the proton bridge
shows significant intermolecular interaction energy
(—44.8 kcal/mol), much stronger than in the Watson—Crick
case (28.2 kcal/mol). Without this proton bridge, the
Hoogsteen configuration shows repulsive behavior
(AE;y = +5.9 kcal/mol). Just as we did for the Watson—
Crick configuration, we will describe in detail here only
those normal-mode vibrations for which the vibrational
motion is related to the NH,, N—H, and C=0 groups of
guanine or cytosine, and their vibrational motion is situated
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mostly in the guanine—cytosine molecular plane. The
complete list of all 84 normal mode frequencies and their
anharmonic corrections can be found in Table 3 of the
ESM. The frequency domain of 3000-3800 cm ' again
contains ten normal modes characteristic of C—H, N—H and
N-H "covalent bond-stretching vibrations. In the intermo-
lecular interaction region, in this frequency range, only one
stretching vibration (v;) can typically be found for N—H
stretching of the C=0-+-H—N H-bond. The harmonic and
anharmonic frequencies, the diagonal and the sum of off-
diagonal anharmonic constants, as well as the assignments
of these normal modes are presented in Table 3. Upon
comparing them with the other nine normal modes, v;
presents the largest homogeneous (diagonal) anharmonic
effect (x;; =—101.8 cm™ ") and the largest total anharmonic
frequency shift (a7=Vanharm = Vharm = —302.1 cmfl). On the
other hand, it also shows the strongest vibrational coupling,
having 15 normal modes with off-diagonal anharmonic
constants larger than 10 cm™'. From an anharmonicity point
of view, the frequency range of 1400—-1900 cm ' is the
most interesting spectral domain. Here, we found 13
frequency lines (vi;—vie, Vis, V20, V21, V23~ Vag), Most of
them with strong homogeneous anharmonic effects and
vibronic couplings. Among these 13 frequencies, the most
interesting is the v;; normal mode, which has a huge
anharmonic shift (1231 em™'). To understand this strange
behavior, we drew the potential energy curve along the N7
(G)—H bond for both the Watson—Crick and the Hoogsteen
configurations (Fig. 4). As seen in Fig. 4, the energy curves
show totally different profiles. In the Watson—Crick case,
there is only one, well-defined minimum for the N—H
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Table 3 Selected normal modes for the GC Hoogsteen base pair of
DNA, including their harmonic and anharmonic frequencies, their
diagonal and the sum of off-diagonal anharmonic constants, as well as

their vibrational assignments, as obtained with the Gaussian program
using the B3PW91/TZVP method

Mode Harmonic frequency (cm™ ') Anharmonic frequency (cm ')
vy 3422.1 3119.4
Vi 1858.2 627.2
Vi2 1784.7 1707.9
Vi3 1736.8 1284.1
Vig 1692.5 1435.5
Vis 1687.9 1570.6
Vie 1680.1 1519.7
Vig 1648.4 1463.7
Vao 1581.8 1529.4
Va1 1571.4 1517.7
Va3 1519.0 1156.6
Va4 1465.1 1387.4
Vas 1434.0 1290.9
Va6 1417.4 1365.0
Vas 877.6 492.3
Va6 829.6 609.6
Voa 5313 475.7
V79 137.3 103.0
Vgo 102.0 87.3
Vg1 87.1 14.8

i (em ") Ty (em™")  Assignment
-101.8 200.3 N4©-H stretching
2657  —965.3 N79—H" stretching
—6.6 -70.2 C6'D=0 stretching+N7‘9—H" stretching
=315 —4212 N79-H" bending+C2©=0 stretching
-12.6 2444 N4©-H, bending
-62  —1112 N79-H" bending
-7.5  -152.8 N29_H, bending+N4“-H, bending ++
N79-H" stretching
-6.1 -178.5 C49D-N3D stretching+N7@P—H" stretching
-2.5 —-49.9 N7D—C8 stretching +N79—" stretching
3.3 -50.3 C4©-C5© stretching
-20.8  -341.6 C4©O-N4© stretching+N7@D-H" stretching
22 -75.5 N1©O-C6© stretching
-6.0  —137.1 C8D-NID stretching+N7@—H" stretching
-1.6 -50.8 N1D-C2 stretching+N7D—H" stretching
-20.6 —364.6 G five-member ring deformation ++ N7@-H"
stretching
-15.7 —204.3 G six-member ring deformation ++ N7@-H"
stretching
-0.9 —54.7 G five- and six-member ring deformations
-13 -33.0 G-C stretching
0.1 —14.6 G-+-C shearing
-2.7 -69.6 G--C opening

distance. In the Hoogsteen geometry case, this profile
shows two local minima: the energy difference between
them is 0.12 kcal/mol and the potential energy barrier is
0.81 kcal/mol. Considering the amount of thermal energy at
300 K (~0.6 kcal/mol), the H' can easily overcome this
energy barrier and jump from one minimum to another.
This peculiar motion of the H" can substantially distort the
harmonic approximation of the N—H bond stretching

-937.44 4

-937.46 -

Total Energy (a.u.)

-937.48 -

T T T T

0.9 1.2 1.5 1.8
Ry (A)

vibration. However, we consider that the anharmonic shift
is quite large compared with the harmonic frequency, and
we believe that further vibrational analysis based on a
higher theoretical level (e.g., the Morse potential model) is
needed. Similar conclusions were drawn by Brisker et al.
[43] upon studying vibrational anharmonicity effects
associated with electronic tunneling through molecular
bridges. Since the proton can easily roam between the N7

-937.884

-937.886

Total Energy (a.u.)

-937.888

1.0 12 1.4 16
Ry g (A)

Fig. 4 a-b The potential energy curve along the N7“—H bond for Watson—Crick (a) and Hoogsteen (b) configurations
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atom of guanine and the N3 atom of cytosine, it perturbs
other normal-mode vibrations located in the intermolecular
region between the bases. Accordingly, its anharmonic
coupling with other vibrations from the frequency set
specified above is also quite strong. Apart from the
influence of the v;; normal mode on the vibrational
anharmonicity, some other frequencies (vy3, vi6, vig and v,3)
from this frequency set also have significant diagonal and off-
diagonal anharmonic constants. In the lower frequency
domain (500-1000 cm '), three characteristic vibrations
(v45, v46 and vgy) should be noted. These are ring-
deformation vibrations of the guanine. These normal modes
are also very strong when coupled with the v;; vibration, but
their couplings with other vibrations from the frequency
range 1400—1900 cm ™" are also significant. If we consider the
far-infrared (90150 cm ') frequency domain, we can see
three normal-mode frequencies (v79, vgo and vg;) that are
characteristic of the intermolecular mode and have in-plane
molecular vibrations. In this case, the guanine and the
cytosine molecules show rigid motions compared to each
other. They are strongly coupled with the v; and v, stretching
modes, with the v, V53 and v,5 bending vibrations, as well as
with the v4s, v46 and vgy ring deformations of the guanine,
while their diagonal anharmonic constants are small. All of
these anharmonic couplings suggest to us that there is
significant coupling between the intramolecular stretching,
bending and ring-deformation vibrations with high frequency
values and the intermolecular in-plane rigid vibrations of
guanine and cytosine components with low frequencies. A
triangular matrix with homogeneous and off-diagonal ele-
ments for the normal modes discussed above is presented in
Table 4 of the ESM.

The large anharmonic shift can explain the presence of
H-bond stretching of the N-H bond at 1489 cm™' in the
Raman spectra of both the Watson—Crick and the
Hoogsteen configurations (see Fig. 5 in Ref. [5]). In our
normal-mode analysis, this bond-stretching vibration com-
bined with other bending vibrations can be identified in the
case of Hoogsteen pair as v;g, which has an anharmonic
frequency of 1463.7 cm™'. In this case, the anharmonic
correction is 178.5 cm™'. For the Watson—Crick pair, we
found the mode v,; with an anharmonic frequency of
1498 cm™' and a correction of 47 cm '. From these
values, it is clear that anharmonic corrections are crucial to
the correct assignment of this mode.

In the same experimental Raman spectra, two bands can
be found for the Hoogsteen configuration in the region
600-700 cm '. The band with v=616 cm ' was not
explicitly assigned to any normal modes by the authors of
[5]. Considering our anharmonic frequency calculations, we
suggest that this experimental line can be associated with
the very large frequency shift of v;; (see Table 3). Due to
the unusual anharmonic effect, this mode is impossible to

@ Springer

assign in the absence of anharmonic corrections. We think
that this ansatz needs further, more detailed experimental
and theoretical investigation.

Conclusions

We have presented a detailed investigation of the vibra-
tional properties of Watson—Crick and Hoogsteen GC base
pairs using two different DFT approaches. The vibrational
density of states was used to describe the localization of the
vibrational modes in the two configurations. We found that
a relatively large fraction of the vibrational spectrum can be
assigned to guanine alone. This is the case for the region
250-350 cm ' in the Watson—Crick base pair. In the
Hoogsteen configuration, the same localization in guanine
occurs at 550-650 cm ' and 770-900 cm . Finally, in
both configurations, only guanine’s atoms exhibit signifi-
cant vibrational amplitude in the region 1250—1600 cm .
We note that these results were obtained using the two
different computational approaches.

On the other hand, a detailed investigation of the
anharmonic corrections was performed. We have demon-
strated that there are strong vibrational couplings between
different normal modes in both the Watson—Crick and the
Hoogsteen configurations. The presence of H™ can signif-
icantly perturb the other normal-mode vibrations through its
N-H" stretching mode (v;;). In particular, we have shown
that theoretical results cannot be correlated with experi-
mental RAMAN spectra in the absence of anharmonic
corrections. This is especially true for the Hoogsteen
configuration. We noted the vibrational bands at 616 cm '
and 1488 cm'. Large anharmonic corrections (frequency
shifts of about 200—400 cm ') were found for all normal
modes where the proton (H") is involved in the normal-
mode vibration.
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