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1 Introduction

Probing the environmental sensitivity of thymine
C=0 vibrations through infrared
spectra simulations

2 Cedrix J. Dongmo Foumthuim, (22 Stefano Corni®® and

*b

Giovanni Parolin,
Laura Zanetti-Polzi

Infrared spectroscopy is widely used to probe the structural organization of biologically relevant
molecules, including peptides, proteins, and nucleic acids. The latter show significant structural diversity,
and specific infrared bands provide insights into their conformational ensembles. Among DNA/RNA
infrared bands, the C=0O stretching modes are especially useful, as they are sensitive to the distinct
structural arrangements within nucleic acids. However, the relationship between different spectral
lineshapes and specific structural features is often non-trivial, especially in highly flexible systems such
as single-stranded DNA. In this work, we propose a hybrid quantum-classical computational approach
based on the perturbed matrix method for calculating infrared bands in nucleic acids. This approach,
previously applied to calculate C=0O stretching modes in peptides and proteins, is applied here for the
first time to DNA. Specifically, using molecular dynamics simulations combined with density functional
theory (B3LYP) calculations, we calculate the spectrum arising from the two C=0O stretching modes of
the thymine base, both in water and deuterated water, with a specific focus on the sensitivity of the spectral
lineshape to the systems conformational ensemble. We compute the spectra for 1-methylthymine,
thymidine 5’-monophosphate, and a single-stranded oligomer composed of ten thymine bases, and
critically compare them to their corresponding experimental signals. Our results indicate that the difference
in the relative intensity of the two bands experimentally observed between the spectrum of a single solvated
base and that of the oligomer, also captured in the calculated spectra, results from stacking and hydrogen
bonding interactions among the bases.

synthetic tissue growth,® and nanoscopic bioimaging.” There-
fore, a deep knowledge of the structural and dynamic proper-

Structural polymorphism is one of the distinguishing features
of DNA that can be found in a wide variety of secondary
structures depending on the sequence and environmental
conditions. In addition to well-known DNA duplexes (which
include B-, A-, and Z-DNA), other non-canonical structures can
be formed through non-Watson-Crick hydrogen bonds
between nucleobases, such as triplexes, G-quadruplexes, inter-
calated motives or Holliday junctions.”? All these arrangements
were shown to be involved in various fundamental biological
processes.” In addition, structural flexibility plays a relevant
role in DNA-based nanotechnologies, which are attracting
a lot of attention. Natural and/or artificial DNA can be
used to design molecular constructs for various technological
applications* such as molecular machine engineering,’
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ties of DNA is essential both for understanding DNA
functioning, also in interaction with other systems (e.g. drugs
or proteins), and for the design of DNA nanoconstructs.

Given its importance, the investigation of the conforma-
tional ensemble of the nucleic acid has been addressed with
several experimental approaches.® Among other techniques,
infrared (IR) spectroscopy has proven to be a suitable tool for
gaining insights into the structure and dynamics of DNA
because of its high molecular specificity and applicability to a
wide variety of samples under native conditions.” Most IR
experiments targeting nucleic acids focus on the 1500-
1800 cm ™" frequency region of in-plane base vibrations, where
strongly IR-active modes (double bonds stretching, C—O and
C—C, and NH,/NH bending) give rise to absorption bands that
are highly sensitive to the various conformations of DNA.'® In
particular, the carbonyl stretching signal, which is present in all
bases except adenine, displays intensity changes and frequency
shifts as a function of the surrounding environment and was
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(A) Structure of the thymine nucleotide linked to the DNA chain via phosphodiester bonds. (B) Structure and numbering convention for 1-

methylthymine (IMT); C,—0O (left) and C4,—O (right) stretching mode eigenvectors and corresponding frequencies as obtained from gas-phase

calculations. An analogous picture for IMT-D is reported in Fig. S1 in the SI.

successfully used to discriminate among different structural
motives.'”" On the other hand, the presence of in-plane
vibrations in all nucleobases leads to the overlap of several
bands in the same frequency region, resulting in broad spectra
of difficult interpretation. The delocalisation of vibrational
modes due to interactions among chromophores further com-
plicates the assignment of specific spectral features to specific
molecular arrangements.'”> Nevertheless, linear spectroscopy is
a routinely used and quick technique that does not require any
specialised experimental setup and, therefore, the understand-
ing of the link between DNA conformations and spectral
signatures in linear spectra remains a relevant point.

Computational modelling of IR spectra has the potential to
complement experimental data, providing a molecular-level
interpretation of specific spectral features, in principle also
disentangling the contribution of the environment from that
arising from mode coupling effects. In fact, a number of works
focused on the calculation of IR spectra arising from DNA in-
plane base vibrations, exploring the effect of variations in the
local electric field resulting from, e.g. base pairing or hydrogen
bonding with water. For example, the Hessian matrix recon-
struction method, initially developed and applied for the
calculation of amide I bands in polypetides,'* was extended
to investigate base pair vibrational modes and to simulate the
IR spectra of various DNA oligomers.'>'**® The so-called
frequency maps, i.e. semiempirical models developed to recon-
struct vibrational spectra for specific IR modes on the basis of
ab initio calculations and experimental data, which were initi-
ally developed for peptides,’”"'® have been recently extended to
describe the C=0 stretching in nucleobases.’®>" The calcula-
tion of non-linear spectra arising from base pair vibrational
modes was also addressed.*>°

In this work, we propose the use of a computational method
based on molecular dynamics (MD) simulations and the per-
turbed matrix method (PMM), the MD-PMM approach,®” to
compute the IR absorption bands of DNA nucleobases. This
approach has already been successfully applied to the calcula-
tion of IR spectra in polypeptides, both in the amide I
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region®**° and for specific side chain bands.*"*> The MD-
PMM approach is a mixed quantum-classical methodology
based on the approximation of dividing the system into a
region that is treated at the quantum mechanical (QM) level
(in the case of IR spectrum calculations, the vibrating chromo-
phore is treated at the QM level) and a complementary region
(the environment) that is treated at a classical level and
perturbs electrostatically the quantum region. The main
strength of the approach is that it allows us to calculate the
IR absorption signal arising from a large number of chromo-
phore + environment conformations (i.e., all conformations
obtained from a classical MD simulation). In addition, it does
not require the use of empirical or adjustable parameters.

Using the MD-PMM approach, we compute here the two IR
C=0O0 stretching bands in the thymine base. More specifically,
we address the calculation of the bands arising from C,—O and
C,—O stretching in 1-methylthymine (1MT, see Fig. 1), thymi-
dine 5’-monophosphate (TMP), and in a 10-base single-
stranded oligonucleotide of thymine (dT10) both in water and
in D,O. Thymine absorption bands are known to display
frequency shifts and/or intensity changes depending on envir-
onmental conditions (e.g., single vs. double stranded, base
pairing, and base stacking)'® and therefore are a useful marker
for DNA conformational variations. In addition, thymine is the
only nucleobase featuring two C—O stretching modes, being
therefore a good test case for the investigation of possible coupling
effects among different vibrational modes. Our calculated spectra
show an overall good agreement with the corresponding experi-
mental ones, giving credit to the proposed approach and allowing
us to relate subtle spectroscopic changes to modifications in the
environment surrounding the chromophore.

2 Materials and methods
2.1 The MD-PMM approach

The MD-PMM methodology has been frequently employed to
reconstruct infrared spectra of polypeptides, and thus the

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02037a

Open Access Article. Published on 25 July 2025. Downloaded on 12/6/2025 1:13:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

theoretical foundation and computational procedure to obtain
vibrational spectra were thoroughly detailed in previous
studies.>”?>3* In this section, we provide a brief overview of
this theoretical-computational approach.

In the MD-PMM methodology, a portion of the system, the
quantum centre (QC), is treated at the quantum level, and the
remainder of the system is described at a classical atomistic
level. Unlike other hybrid quantum-classical methods, in the
MD-PMM method the entire system, including the QC, is
sampled through classical MD simulations. First, the (unper-
turbed) quantum properties of the isolated QC are calculated
quantum mechanically in the gas phase. Next, the electrostatic
effect of the environment on the QC electronic states is
included using a perturbation operator V. For each (entire
system) configuration generated by the all-atom classical MD
simulation, the environment’s instantaneous atomic arrange-
ment provides a distinct electrostatic effect. This allows us to
obtain the perturbed properties of the QC for a large number of
configurations of the environment taking into account the
effect of the fluctuating perturbing environment. Specifically,
the electronic Hamiltonian operator H of the QC embedded in
the perturbing environment of a configuration & is expressed as
follows:

I:Ik:I:IO + ‘A/k (1)

where H, is the QC unperturbed electronic Hamiltonian and
the elements V;; of the perturbation operator between the
electronic states 7 and j are expressed as follows:

Vij =01y 7 (R)q.i — (E(fo) : ﬂ;;,-) (1-0;) ()
N

with N running over all QC atoms. Ry is the nucleus position of
the Nth atom of the QC, gy, is its atomic charge in the state i, ¥~
is the electrostatic potential exerted by the perturbing environ-
ment, E is the perturbing electric field (E = —077/0r) evaluated
at the centre of mass r, of the QC, p;; is the QC transition dipole
moment and J;; is the Kronecker delta.

In this framework, the computational workflow to calculate
IR spectra is as follows.

(1) The mass-weighted Hessian eigenvectors are calculated
quantum mechanically on the optimised geometry of the QC.
In the present case, 1-methylthymine (1MT) is selected as the
QC (see Section 2.2). Then, we select the modes of interest (in
the present case, the C,—O and C,—O stretching modes
of 1MT).

(2) Along the eigenvectors corresponding to the modes of
interest, a number of QC configurations are generated. QM
calculations are performed on each of these configurations (i.e.,
points along the mode of interest), providing the unperturbed
properties of the QC to be used within the MD-PMM approach
(see Section 2.2).

(3) A classical MD simulation of the whole system is per-
formed. In the present case, we perform MDs of 1IMT, TMP, and
dT10 in water (see Section 2.3).

(4) For each frame of the MD simulations, the perturbed
ground state energy of the QC is calculated by constructing and
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diagonalizing the perturbed Hamiltonian matrix (eqn (1)). This
is done for all the configurations generated at point 2 and for
both the C,—O and C,=—O stretching modes. Note that
for calculating the spectrum of dT10, this procedure is repeated
for every base of the oligomer. To obtain the spectrum of the
first base of the oligomer, the first base is the QC, while
the DNA backbone, the remaining 9 bases, and the solvent/
counterions are the perturbing environment. To obtain the
spectrum of the second base of the oligomer, the second base
is the QC, while the DNA backbone, the remaining 9 bases, and
the solvent/counterions are the perturbing environment (and so
on). In this way, we include the electrostatic effects of the
environment, accounting for specific interactions of the chromo-
phore such as hydrogen bonding with the solvent and/or
neighboring bases.

(5) The perturbed energy curve obtained at each MD frame
(and, for dT10, for each base) is modelled by a Morse potential
providing the perturbed vibrational frequency for each MD
frame. Note that this fitting procedure also allows for estima-
tion of the anharmonic contribution to the perturbed fre-
quency. A histogram of these frequencies provides the
vibrational band of the mode of interest for the QC embedded
in its fluctuating perturbing environment, naturally incorporat-
ing inhomogeneous broadening.

For dT10, the interaction of multiple vibrational centres (i.e.,
mode coupling) has to be included in the calculation.
This is done by constructing, at each MD frame, an excitonic
coupling matrix that includes the coupling among modes at
the transition dipole coupling level of approximation, ie.,
by expanding the chromophore-chromophore interaction
operator up to the dipolar terms. In the present case, coupling
effects are considered among the C,—O stretching modes of
the 10 bases, among the C,—~O stretching modes of the
10 bases, and between the C,—O stretching mode of each
residue i and the C,—O stretching mode of each residue j,
with i # j. The excitonic coupling Hamiltonian matrix is given
by:*?

= 0 + AH )

where %%, is the vibrational ground state energy of the inter-
acting chromophores and AH is the excitation matrix, whose
diagonal elements are:

[AH]i i = huy (4)

and whose non-zero off-diagonal elements are given by the
chromophore-chromophore interaction operator (at the dipo-
lar approximation):

% p .A’ i‘”R,’ i‘,r‘R,‘,/
Vk,k’(k#k’) :”Ikek:?/: _3( k k/;z)k(krsk kk) (5)

In the above equations, v is the kth chromophore excitation
frequency, ji is the kth chromophore dipole operator and Ry
is the k' to k chromophore displacement vector. By diagonaliz-
ing the above matrix and using the transition dipole for the
0 — i excitonic transition (@,,) obtained via the excitonic
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eigenvectors, we reconstruct the spectral signal of the excitonic
system by summing the absorbance due to each 0 — i transi-
tion:

2
.| ()
=y 6
E(U) ZI: 68()Chz ( )
where p; is the probability density in v frequency space for the
ith excitation and ¢, is the vacuum dielectric constant.

2.2 QM calculations

The quantum centre to be used in the framework of the MD-
PMM approach is, in the present case, 1-methylthymine (1MT).
QM calculations are carried out on isolated 1MT and 1MT-D
(i.e., IMT deuterated at N3, see Fig. 1) at the density functional
theory (DFT)**?*® level with the 6-31+G(d) basis set**?” in
conjunction with the B3LYP functional®® and Grimme’s disper-
sion correction with Becke-Johnson damping,®® ie. at the
same level of theory previously employed for the calculation
of the infrared spectra of polypeptides with the MD-PMM
approach.?%31:32

The mass-weighted Hessian matrix is calculated on the
optimised geometry of 1MT(-D) at the B3LYP+D3B]J/6-31+G(d)
level of theory and subsequently diagonalized to obtain unper-
turbed eigenvectors and related eigenvalues. The eigenvectors
corresponding to the C,—O0 and C,—O stretching (see Fig. 1B
and Fig. S1 in the SI) are then used to generate a number of
configurations for each mode: along both the C,—0 and C,—O
stretching eigenvector 25 points (configurations) are produced
using a step of 0.02 a.u. and spanning an energy range
of ~50 kJ mol *. For each point, calculations on the ground
state and the lowest three excited states (at the time-dependent
DFT level*°) are performed using the same functional and basis
sets, providing the unperturbed properties that will be used in
MD-PMM calculations. All QM calculations are performed
using the Gaussian16 package.*' The output files from the
calculations performed on both 1MT and 1MT-D are provided
in the SI

2.3 MD simulations

Atomistic MD simulations for 1MT, TMP and the single-
stranded dT10 oligonucleotide are performed with the
CHARMMS36 force field,**** combined with the modified ver-
sion of the TIP3P water model.**® Force field parameters for
IMT are obtained from the CHARMM general force field
(CGenFF)."” The starting coordinates of TMP are prepared
using the Avogadro tool (version 1.2.0).*® Force field parameters
are manually tuned from the default CHARMM36 TMP para-
meters for the corresponding ribonucleotide. Specifically,
atoms 02’ and H2' are deleted and replaced by a single
hydrogen atom, and their corresponding charges are summed
up to the remaining atoms, thereby preserving the overall
initial charge of —2. The initial coordinates of dT10 are
obtained by generating a double helical structure of B-DNA
and then removing the complementary adenine chain. Two and
nine Na' counterions are added in the simulation box of TMP
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and dT10, respectively, to neutralise the negative charges of the
backbone, while the C; and C; ends in dT10 are capped with an
OH group. Simulations are performed in the isothermal-iso-
baric ensemble (NPT), using a velocity-rescale thermostat*® and
a Parrinello-Rahman barostat:*° the reference temperature and
pressure are set at 298.15 K and 1 bar, respectively. After energy
minimisation, thermalisation (200 ps) and equilibration under
NPT conditions (500 ps), trajectories are propagated for 50 ns
(1MT), 100 ns (TMP), and 200 ns (dT10) with a time step of 2 fs.
Coordinates are saved every 2 ps for the entire system, provid-
ing a statistically meaningful sampling of solute and solvent
configurations. Following the common prescriptions for the
selected force field, all bonds involving H atoms are con-
strained using the LINCS algorithm.’* Moreover, a 1.2 nm
cutoff is chosen for both the electrostatic and van der Waals
interactions. In the latter case, a force-switching function is
applied between 1.0 nm and the cutoff, and no long-range
correction is considered. On the other hand, long range elec-
trostatic is taken into account by means of the particle-mesh
Ewald scheme (PME).>>>® The size of the simulation boxes
(41 nm?®, 43 nm? and 264 nm® for 1MT, TMP, and dT10,
respectively) allows inclusion of a number of solvent molecules
sufficient to avoid any unphysical interaction between periodic
replicas in adjacent cells, as well as to provide a converged electro-
static perturbation on the QC. All MD simulations and preliminary
analyses of the trajectories are performed with the Gromacs suite of
packages.>® Initial structures, input parameters, and topology files
for all investigated systems are provided in the SI.

3 Results and discussion

In the spectral region between 1500 and 1800 cm ™, the base in

the thymine nucleotide (Fig. 1A) displays three main bands: two
C—0 stretching bands corresponding to the C,—O and C,—O
stretching vibrations and the ring vibration associated with the
C5=C; stretching.>® Here, we focus on the two C=O stretching
modes and use 1-methylthymine (1MT) as the model system to
properly account for the bond between the base and the sugar-
phosphate backbone in extended DNA structures. Previous
works in fact showed that 1MT is a suitable choice to model
the vibrational properties of thymine in more complex
structures.”® For each mode, we compute the gas-phase
(unperturbed) stretching frequency and the corresponding
eigenvector at the harmonic approximation.>® The unperturbed
stretching frequencies for 1MT are 1782 cm™ ' and 1759 cm ™"
for the C,—0O and C,—O stretching modes, respectively. These
values can be compared to the experimental C=O stretching
frequencies of isolated 1MT in argon and nitrogen matrices at
10 K, which are 1734 ecm™* and 1705 cm™* for the C,—O and
C,—O stretching modes, respectively (Table 1). Discrepancies
of this order of magnitude (~50 cm ') are common in this
kind of calculations and are due to both intrinsic inaccuracies
of the QM calculations and the use of the harmonic
approximation.®"* As a matter of fact, the experimental
C=0O0 stretching frequencies of isolated 1MT in argon and

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02037a

Open Access Article. Published on 25 July 2025. Downloaded on 12/6/2025 1:13:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
Table 1 Experimental and calculated frequencies in cm™ for IMT and TMP
Calc. gas Exp. Rigid Calc. in Calc. in Exp. in Calc. shift Exp. shift
phase Ar/N, shift solvent solvent shifted solvent upon solvation upon solvation
1MT? C,—0 1782 17340 48 1738 1690 1695¢ 44 39
C,~O 1759 1705” 54 1722 1668 16617 37 44
TMP* C,—0 1778 1736° 42 1737 1695 1690° 41 46
C,—0 1746 1694° 52 1734 1682 1663° 12 31

“ Gas phase calculations are performed on 1MT and 1MT-D for the calculation of the spectrum of 1MT and TMP, respectively. ” From the study of

Morzyk-Ociepa et al.>® ¢

et al.”®

nitrogen matrices also include anharmonic effects. By fitting
the unperturbed energy curve to a Morse potential, we estimate
the anharmonic contribution to the unperturbed frequency to
be 12 em * and 13 em ! for the C,=O and C,=O stretching
modes, respectively. Furthermore, by fitting at each MD frame
the perturbed energy curve to a Morse potential, the anharmo-
nic contribution to the spectra calculated in water (see below)
can also be obtained. This calculation shows that, for both
C=0O0 stretching modes, the anharmonic contribution to the
perturbed frequencies is essentially constant along the trajec-
tory and unaltered with respect to the gas-phase (see the SI, Fig.
S4A). Therefore, we recover the above-mentioned discrepancy
between the calculated gas phase frequency and the corres-
ponding experimental frequency in Ar/N, matrices by applying
a rigid frequency shift that corrects the unperturbed frequen-
cies for both anharmonicity and inaccuracies of QM calcula-
tions. Thus, each perturbed frequency obtained at the
harmonic level is downshifted by 48 cm™* and 54 cm ™' for
the C,—O0O and C,—O stretching modes, respectively, as sum-
marised in Table 1.

Following the procedure outlined in Section 2.1, we then
compute the C,—0 and C,—O bands for 1IMT in water. We use
to this aim all the environment configurations obtained from
the classical MD simulation of 1MT in explicit water coupled to
the QM calculations of 1MT (see Section 2). The calculated
spectra are shown in Fig. 2A and compared to the experimental
spectrum of 1MT in water.”” Since for a single 1MT in water no
mode coupling effects have been included, the bands reported
in Fig. 2A correspond to the distribution of the perturbed
frequencies, weighted by the corresponding transition dipoles,
obtained at each MD frame for each mode. It can be observed
that the experimental frequency downshift due to solvation is
well captured by the calculated bands (see also Table 1). More
specifically, the frequency peaks of both calculated bands are in
agreement with the corresponding experimental peaks within
10 cm™* (1690 cm ! cale. vs. 1695 ecm ™' exp. for the C,=O
band; 1668 cm " calc. vs. 1661 cm ™" exp. for the C,—~O band).
However, the relative intensity of the two experimental peaks is
not exactly reproduced in the calculated bands (i.e., the inten-
sity of the C,—O band is slightly underestimated). Note that in
the experimental spectrum a low-frequency shoulder is also
present, arising from the Cs=—Cs stretching band that is not
included in our calculations.

Due to overlap with the water bending mode (~ 1640 cm™ '),
C=0O stretching bands in water result from the subtraction of

This journal is © the Owner Societies 2025
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A 1661 cm’

Absorbance (arbitrary units)
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in DZO
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L I !
1600 1650 1700 1750
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Fig. 2 Calculated and experimental IR signals for IMT in water (A) and
TMP in DO (B). The calculated C,—0O and C4,—0O bands are reported in
green and blue, respectively. The experimental spectra of IMT in water®”
and TMP in D,O®8 are reported in black.

the water absorption band from the solution spectra, with
possible inaccuracies in both the peak position and the
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intensity. Therefore, experiments are often performed in D,0 to
avoid the interference of H,0 bending modes. We thus perform
the calculation of the C,—O and C,—O bands in thymidine 5'-
monophosphate (TMP, i.e., the thymine base bound to p-ribose-
5-phosphate) in D,0O. We use for this purpose the QM calcula-
tions on 1MT-D (see Section 2.2) and the MD simulation of TMP
in water. In fact, the explicit inclusion of deuterated water and
deuteration of the TMP molecule in the MD simulation would
not affect the equilibrium properties of the system and there-
fore would not affect the calculated spectrum. QM calculations
on 1IMT-D show that the (gas-phase) unperturbed stretching
frequencies are 1778 cm ™" for the C,=O stretching mode and
1746 cm™" for the C,=~O stretching mode (Fig. S1 in the SI).
The same calculations successfully predict a third normal mode
at 1702 cm ', whose larger amplitudes are on the Cs—Cq
stretching of the pyrimidine ring, in agreement with previous
experimental observations and assignments®>*”*® (see also
Fig. S2 and S3 in the SI). Although it has not been explicitly
modeled in this work, this mode is responsible for the lowest
energy band in the reference experimental spectra shown in the
following.

The calculated C,—O and C,—O gas-phase frequencies
should be compared with the experimental values for isolated
1MT-D. However, we could not find any experimental estimate
of these frequencies. We could instead find an experimental
estimate of the C—=O stretching frequencies in an Ar matrix for
thymidine and thymidine deuterated at N;.>° Therefore, we
apply the frequency shift upon deuteration experimentally
observed in thymidine to the experimental frequencies in the
argon and nitrogen matrices of 1MT to obtain the reference
frequencies for 1MT-D. Using this approach, we downshift each
perturbed frequency obtained at the harmonic level by 42 cm ™"
and 52 cm™ ' for the C,=O and C,=O stretching modes,
respectively (Table 1). Fitting the unperturbed energy curve to
a Morse potential, we estimate the anharmonic contribution to
the shift between the reference and calculated vacuum frequen-
cies of IMT-D to be 11 cm™* and 7 em™* for the C,—O and
C,—0O stretching modes, respectively, and verified that, also for
1MT-D, the anharmonic contribution to the perturbed frequen-
cies is essentially constant along the trajectory and unaltered
with respect to the gas-phase (see the SI, Fig. S4B).

The calculated bands are reported in Fig. 2B and compared
to the total experimental spectrum of TMP in D,0.>® Unlike the
water case, and in accordance with the experiments, the two
bands in D,O have a different intensity (I(C,—0O) =~ 0.6
I(C,—0)). This feature depends on the difference in the gas
phase transition dipole moments associated with the vibra-
tional eigenvectors of the C,—O stretching mode in 1IMT and
1IMT-D, and was previously observed in similar gas phase
calculations." It can be yet observed that while the peak
position of the C,—O band is well reproduced by the calcula-
tion, that of the C,—O band is overestimated with respect to
the corresponding experimental peak by 19 cm ™' (note that in
the experimental spectrum the lowest frequency peak arises
from the Cs—C, stretching mode that is not included in our
calculations). To understand the origin of the underestimated
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shift upon solvation of the C,—O band in D,0, we compute the
spectrum of 1MT-D in D,O. Although we do not have an
experimental counterpart for the spectrum of 1IMT-D in D,O,
this test allows us to understand if the origin of the above
discrepancy can be ascribed to the presence of the p-ribose-5-
phosphate group. As shown in Table S1 and in Fig. S5 in the SI,
the C,—O and C,—O bands calculated for 1IMT-D in D,O are
very similar to those calculated for TMP, suggesting that the
presence of the p-ribose-5-phosphate group does not affect the
spectra. In addition, to compute the bands for 1IMT in water
and 1MT-D in D,0, we use the same simulation and, therefore,
the difference between the two C,—O bands cannot be ascribed
to the classical MD. The other possible sources of underestima-
tion of the C,—0 band in D,0 are the methodology used for the
calculation and/or the QM calculations. In fact, it has been
highlighted that in our approach the presence of water mole-
cules hydrogen-bonded to the thymine base is only included as
a perturbative electrostatic effect, thus neglecting the effects
due to the quantum delocalisation of protons. Nonetheless,
this approximation is expected to affect the C,—O band calcu-
lated in water more than that in D,O and thus does not explain
the underestimation of the shift in D,O. We therefore focus on
the possible effects of the QM calculation, and specifically on
the Hessian eigenvectors defining the C,—O and C,~O
stretching modes in 1MT and 1MT-D.

In fact, assuming that off-diagonal couplings with excited
states are negligible compared to the diagonal correction (i.e. if
we neglect the second term in eqn (2)) in determining the
perturbed ground state energy profile along a given normal
mode Q, the corresponding frequency can be obtained as
follows:

2
VR ;Q2<HO + Z /V(RN)l]Mo)
-y ) o)

where gy, is the partial charge on the Nth atom in the
electronic ground state. The correction to the unperturbed
frequency +° can be further expanded as follows:

O* (v (Ry)qn, 9*7"(Ry) *qy,
(a& m): GQN%W+VmM8&o ;
anoaV(RN)
aQ 20

Remarkably, as the definition of a vibrational eigenvector
dictates the molecular deformation along the associated mode,
it affects both the calculation of atomic charges and the
(electrostatic) perturbation acting on them: in the latter case,
the dependence is explicit, while in the former it is implicit -
through the parametric dependence of the electronic density on
nuclear geometry. Indeed, by substituting the derivative of the
potential as follows:

01 (Ry)
00

97 (Ry) aR
R,

Z N@R” )
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where R is the Cartesian displacement of the Nth atom of the
QC along the direction a, E is the Cartesian component a of
the electric field acting on the Nth QC atom, and OR%/0Q is the
Cartesian displacement along a of the same atom for mode Q; it
becomes evident that all terms in eqn (8) encode the sensitivity
of either (atomic) charges or positions to the underlying
displacement along the selected normal mode. We thus refer
to an “electrostatic” effect and a ‘“‘geometric” effect, respec-
tively, associated with mode definition in the MD-PMM
calculation.

By dissecting the total shift upon solvation into these two
contributions (see Table S2 in the SI), we observe that the
downshift due to the geometric effect is similar for C,—O, both
in 1IMT and 1MT-D, as well as for C,—O in 1MT, while it is
significantly reduced for C,—~O in 1MT-D. As shown in Fig. 1,
the eigenvectors associated with the C,—O0 and C,~—O bands in
1MT are very similar, with a major component associated with
the C—=O stretching and a minor but significant component
associated with the NH bending. Coherently with deuteration at
N3, in IMT-D, the NH bending component is almost absent and
a minor component on the other C—O0O group appears (Fig. S1
in the SI). Yet, the projections on the two C—=O groups are in
the same direction in the C,—O mode and in opposite direc-
tions in the C;—~O mode, determining a different geometric
effect. Regarding the electrostatic effect, the charge variation
along the mode for the groups interacting with water (i.e., C—0
and N-H) is in line with the observed downshifts (Table S2 in
the SI), with C,—O in 1MT-D featuring a significantly lower
charge variation along the mode (Fig. S6 in the SI). The above
results suggest that the QM calculations performed here do not
provide an optimal description of the eigenvector associated
with the C,—O band in 1MT-D. We checked that the definition
of both C,—0 and C,=O vibrational modes shows negligible
dependence on the basis set (see Tables S3 and S4 in the SI). A
thorough investigation of the effect of different exchange and
correlation functionals, as well as of moving to other electronic
structure methods, will be pursued in future work. For the
scopes of the present work, we apply an additional rigid down-
shift of 19 cm ™" to the C,=~O band in D,0, obtaining a good
reproduction of the experimental lineshape (see Fig. S7 in the
SI). In fact, our main aim is to reproduce the spectral changes
due to the surrounding environment (e.g., structural arrange-
ments, hydrogen bonding patterns, and interaction with water).

Then, we test the capability of our calculations to reproduce
the difference that is experimentally observed between the
single molecule case and more extended DNA structures. We
use this aim a single-stranded 10-base thymine oligonucleotide
(dT10, 5-TTTTTTTTTT-3’) for which the experimental spec-
trum is available.>® The comparison between the experimental
spectra of TMP and dT10 in D,O (Fig. 3A) shows that no
appreciable difference in the frequency position of the two
bands is present. However, the relative intensity of the two
bands is different in the two cases: in the spectrum of dT10 the
highest frequency shoulder has a higher intensity with respect
to the TMP case. To calculate the vibrational bands arising from
both C,—0 and C,~O stretching modes in dT10 in D,0O, we
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Fig. 3 Experimental (A) and calculated (B) IR signals for TMP (black)>® and
dT10°° (red) in D,0.

use the QM calculations on 1MT-D and compute the perturbed
frequencies for both vibrational modes for each of the 10 bases
of the oligomer along the MD simulation of dT10. To obtain the
final spectrum, we also include intra- and inter-mode coupling
effects within the transition dipole coupling approximation (see
Section 2.1). The starting structure of the MD simulation of
dT10 is an extended unrealistic structure (see Section 2.3);
therefore, we exclude from the trajectory the first tens of
nanoseconds in which the conformational ensemble can be
biased by the initial configuration. For the calculation of the
dT10 spectrum, we thus use the portion of trajectory from 60 to
200 ns. The calculated spectrum of dT10 is shown in Fig. 3B
compared to the calculated spectrum of TMP and the experi-
mental spectra of TMP and dT10 (Fig. 3A). It can be observed
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from the figure that the intensity increase in the high-frequency
shoulder that is experimentally observed going from TMP to
dT10 is present also in the calculated spectrum, although
somewhat overestimated. It has also been noted that the
experimental spectral lineshape, characterised by a major peak
and a higher frequency shoulder, is reproduced in the calcu-
lated spectra only if the excitonic contribution is included in
the calculation and considering both intra- and inter-mode
couplings. In fact, as shown in Fig. 4, if no excitonic coupling or
only intra-mode excitonic coupling is included, the total calcu-
lated dT10 spectrum is a broad band in which the two experi-
mental features cannot be distinguished. This observation
suggests (i) that the relative orientation of the bases in the
oligomer plays a relevant role in the high-frequency shoulder
increase and (ii) that the C,—0 and C,—O bands are strongly
coupled and therefore the high-frequency shoulder does not
only arise from the C,—O stretching mode.

To understand the origin of the high-frequency shoulder
increase in terms of the structural arrangement of bases in the
oligomer, we investigate the conformational ensemble of dT10
in our MD in terms of base stacking. More specifically, we
investigate the stacking fraction for each base and the time
evolution of the stacking fraction of the whole oligomer along
the trajectory (Fig. 5). To this end, we consider two bases
stacked in a specific MD frame if the distance between the
centre of mass of the two bases is less than or equal to 4 A and if
the angle between the two normals to the base planes is less

Absorbance (arbitrary units)

Absorbance (arbitrary units)

| | I - [T [
1600 1650 1700 1750 1600 1650 1700 1750

Wavenumber (cm'1) Wavenumber (cm'w)

Fig. 4 (A) and (B) Experimental IR signals for TMP°® (black) and dT10°°
(red) in D,O. (C) and (D) Calculated IR signals for TMP (black) and dT10
(red) in D,O. For dT10, the calculated C,—O and C,~—O bands are
reported in green and blue, respectively. The total calculated spectrum
arising from the sum of the C,—0O and C,=~O bands is reported in red. In
(C), the two calculated bands are obtained without the inclusion of the
excitonic coupling; in (D), only the intramode excitonic coupling is
included.
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Fig. 5 (A) Stacking fraction of each base along the dT10 MD trajectory. In

the inset, the geometrical criteria defining two bases as stacked are
sketched. (B) Time evolution of the total stacking fraction along the MD
simulation of the dT10 oligomer. In cyan, the stacking fraction for each MD
frame is reported, in blue fast fluctuations are filtered with a rolling
average. In the inset, representative snapshots corresponding to a zero,
0.3 and 0.7 stacking fraction are reported (stacked bases are highlighted in
blue and solvent exposed bases are highlighted in orange).

than or equal to 35°. Using these criteria, we obtain that the
average stacking fraction of the simulated dT10 oligomer is
0.20 £ 0.08. This observation is consistent with a previous
experimental estimate obtained from small-angle X-ray scatter-
ing measurements: the stacking fraction in a single-stranded
oligomer composed of 30 thymine bases was found to be 0.16 +
0.12.°° As illustrated in Fig. 5A, the 0.2 stacking fraction is
sampled almost uniformly by all oligomer bases, with the
exception of base 3, which exhibits a significantly lower stack-
ing fraction. Fig. 5B also shows that, while the average fraction
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is essentially constant along the trajectory, there are relevant
fluctuations: there are portions of the trajectory in which a
stacking fraction of around 0.7 is reached. We therefore select
along our MD a trajectory interval featuring an approximately
null stacking fraction and a trajectory interval featuring an
above average (=~ 0.4) stacking fraction. We then compute the
spectra arising from the C,—O and C,—O stretching modes on
these trajectory subparts and compare them to the total spec-
trum. It can be clearly observed from Fig. 6 that the relative
intensity of the low- and high-frequency bands is sensitive to
the stacking fraction. More specifically, at low stacking frac-
tions, the high-frequency band can barely be observed as a
shoulder, while at high stacking fractions it becomes a separate
peak (see also the inset of Fig. 6). These data suggest that the
increase in intensity of the high-frequency shoulder in dT10
with respect to the TMP observed in both the experimental and
the calculated spectra can be attributed to stacking interactions
in the dT10 oligomer.

We then investigate the dT10 structural ensemble also in
terms of hydrogen bonds among bases. The plots in Fig. 7 show
that the spectral lineshape, and in particular the relative
intensity between the low-frequency peak and the high-
frequency shoulder, is also sensitive to the absence or presence
of hydrogen bonds. Throughout the trajectory, the bases are
rarely hydrogen-bonded (as shown in Fig. 7C, no hydrogen
bond is present in 80% of the cases) providing the spectrum
shown in Fig. 2B and recalled in Fig. 7A. Calculating the dT10
spectrum on two independent portions of the trajectory featur-
ing a higher fraction of conformations in which a hydrogen

. 166|5 cm . . | .
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Fig. 6 Calculated spectrum of dT10 under different stacking fraction
conditions: light red, zero stacking fraction; red, ~0.2 stacking fraction;
dark red ~ 0.4 stacking fraction. In the inset, the intensity at the frequency
corresponding to the low (1665 cm™, blue) and high (1690 cm™, green)
frequency peaks is reported for the three stacking fractions.
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Fig. 7 (A) and (B) Experimental (black) and calculated (red) spectra of dT10
considering the whole trajectory (A) or a portion of the trajectory along
which a persistent hydrogen bond between two bases is present (B). (C)
and (D) Histogram of the number of hydrogen bonds among bases along
the whole trajectory (C) and along the portion of trajectory used to
calculate the spectrum shown in (B) (D). The insets of panels (C) and (D)
show two representative snapshots with no hydrogen bonds (C) and one
hydrogen bond (D) between two bases (highlighted in red).

bond is present between two bases (Fig. 7D), results in a
different relative intensity of the two bands. More specifically,
the overestimation of the high-frequency shoulder intensity is
recovered (Fig. 7C). This result suggests that the experimental
signal corresponds to a 0.5 fraction of hydrogen-bonded
bases, also suggesting that this fraction is underestimated by
the force field. We note that the presence of hydrogen-bonded
bases in dT10 implies the coexistence of extended and coil-like
conformations, already observed in single-stranded DNA
structures.®! This observation is in line with the heterogeneous
conformational ensemble reconstructed from small angle X-ray
scattering experiments on dT30,°° in which both extended and
more collapsed structures are present. It should however be
considered that the different length of the oligomers (30 vs. 10
bases) might affect the overall conformational ensemble.

We then move to investigating the coupling effects among
the vibrational modes in dT10 to verify that, as suggested by the
comparison between the spectra computed by including only
intra- or both intra- and inter-mode couplings (vide supra), the
C,—O0 and C,—O bands are strongly coupled. We therefore
analyse the single excitonic state spectra contributing to the
total spectrum. As shown in Fig. 84, the spectra arising from
the excitonic states from 1 to 11 (with the excitonic states
ordered from the lowest to the highest energy/wavenumber)
roughly correspond to the low-frequency band. On the other
hand, the spectra arising from the excitonic states from 12 to 20
roughly correspond to the high-frequency band. The diagona-
lisation of the excitonic Hamiltonian matrix (eqn (3)) provides
at each MD frame the eigenvectors representing each excitonic
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Fig. 8 (A) Calculated spectrum of dT10 in D,O (black). The spectra
corresponding to the 20 excitonic states, arising from the inter- and
intra-mode coupling of the 10 C,—0O and 10 C,—O modes, are also
reported: the spectra of the excitonic states from 1 to 11 are colored in
light blue and those of the excitonic states from 12 to 20 are in green. The
spectrum arising from the sum of single excitonic states 1-11 is shown in
blue and that arising from the sum of single excitonic states 12-20 is
shown in green. (B) For each excitonic state, the probability of originating
from C,=—O modes (green) or from C4;—O modes (blue) is reported.

state in the basis of the 10 C,—0O and 10 C,—~O modes. By
averaging the square modulus of each component of each of
the 20 excitonic eigenvectors, we can obtain the probability of
the ith excitonic state to excite the vibration of a single specific
chromophore. In other words, we can estimate the delocalisa-
tion of each excitonic state on the 10 C,—0 and C,—O modes
arising from the 10 bases in dT10. In Fig. 8B, we report this
probability considering together all C,—0 modes (green) or all
C,—0 modes (blue). As anticipated based on the frequency
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position of the C,—O and C,—O bands when considered as
isolated (see Fig. 2 and 4), the excitonic states at the lowest
frequencies mostly arise from C,—~O modes and those at the
highest frequency mostly arise from C,—O modes. Nonethe-
less, the contribution of both C,—O and C,—O modes is
present in all excitonic states and is particularly relevant for
the excitonic states at intermediate frequencies. More specifi-
cally, it can be observed that the spectra of the three highest
energy excitonic states, which contribute the most to the
splitting of the high-frequency shoulder from the low-
frequency peak, feature an average C,—O component of
~12%. Therefore, there is a non-negligible contribution of
C,~—0 modes in the increase of the high-frequency shoulder
in dT10 with respect to TMP.

Finally, we also observe that the inverse participation ratio,

1 / 3 |ei|*, providing an estimate of the effective delocalisation
7

of the excitonic wavefunction on the interacting states, is equal
to 2.02 + 0.18 (mean and standard deviation over all the
excitonic states). This value suggests that excitonic coupling
mostly involves pairs of thymine residues, enabling the hybri-
dization of their respective vibrational modes. As coupling is
largely favored by reducing the distance between the interact-
ing bases, both paired and stacked arrangements represent
favorable, though not exclusive, conformations for achieving
efficient excitonic hybridization. Importantly, the energy and
brightness of the resulting eigenstates (i.e., their contribution
to the overall spectrum) depend on the details of the interaction
geometries. For instance, the set of excitonic states originating
from the subpopulation of n-stacked thymine pairs can be
classified as H-like excitons,®® characterized by a blue-shifted
bright transition: these insights into the underlying excitonic
character can complement the previous findings that stacking
is the key ingredient underlying the higher frequency shoulder
of the absorption profile (see Fig. 6).

4 Conclusions

We present the calculation of infrared spectra arising from the
two C—0O0 stretching modes in the thymine base (C,—O and
C,—O0) using a theoretical-computational approach that com-
bines classical molecular dynamics simulations, quantum
mechanical calculations on the isolated base, and the per-
turbed matrix method. First, we calculate the spectra of 1-
methylthymine in water and thymidine 5’-monophosphate in
deuterated water, showing that the proposed approach effec-
tively captures most of the frequency shift due to solvation
effects. However, we also note that the C,—O stretching fre-
quency is overestimated by the calculation by 19 ecm™" in
deuterated water. The investigation of this disagreement sug-
gests that the overestimated frequency originates from the
definition of the eigenvector corresponding to the C;—O mode
in the QM calculations of 1MT-D.

We then compute the spectrum of a single-stranded oligo-
mer composed of 10 thymine bases, showing that the
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experimentally observed difference in the relative intensity of
the two bands between the spectrum of the solvated single TMP
nucleotide and that of the oligomer is reproduced by the
calculated spectra. We also show that the high-frequency band
intensity increase can be ascribed to excitonic effects due to
stacked configurations, including contributions of both the
C,—0 and C,—O modes that result to be strongly coupled.
Our results also suggest that the conformational ensemble of
the single-stranded dT10 oligomer is characterised by a modest
degree of stacking and hydrogen bonding interactions among
the bases, which nevertheless influence the spectral lineshape.
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