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Tea Ostojic,
Nucleobases possess a marked tendency to establish hydrogen bonds — a structural trait at the base of
the storage of biological information. It is crucial to understand what is the impact on this intermolecular
interaction when free nucleobases are moved to aqueous media. In this work, we present a systematic
investigation of the thermodynamics of uracil dimers in explicit water solvent. We employ well-
tempered metadynamics simulations to generate a reliable free energy surface and classify all low-
energy states. We perform detailed structural analysis of the relevant dimer configurations. The results
obtained with different force fields are compared and a methodological assessment of the force fields

rsc.li/pccp accuracies are presented.

1 Introduction

Canonical nucleobases serve as the fundamental components
of ribonucleic and deoxyribonucleic acids (RNA and DNA),
forming respective nucleosides when bonded with sugar and
phosphate groups." Within these biological macrostructures,
nucleobases are the building blocks with a crucial structural
role because of their involvement in the formation of hydrogen
bonds (HBs). Hydrogen bonding and the consequent creation
of complementary pairs (A:T(U), G:C) are at the base of the
storage and transmission of information in living beings.
However, it remains an open question whether these funda-
mental interactions are able to endure if nucleobases transition
into aqueous solutions and to which degree the complementary
pairs survive against the formation of HBs with water.>*> The
question about the fate of HBs when moving paired nucleo-
bases in solution may be better understood by investigating the
energetic preference of intermolecular nucleobase interactions in
the presence of water, an effective hydrogen-bond competitor.
As the mechanisms underlying the selection of the five
canonical nucleobases from a broader pool, particularly in
the context of prebiotic chemistry, remain incompletely
understood,™” determining nucleobase tendency to aggregate
is also deeply relevant for understanding the origin of life.
Indeed, nucleobases exhibit interesting photochemistry, with
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various processes depending on the configurations of the
formed supramolecular states, including photo-induced dimer-
ization as observed in uracil and thymine.®™*" Their resistance
to degradation and their evolution into more complex struc-
tures have been intrinsically related to their capability to (self-)
organize and how their properties are affected by the formation
of supramolecular structures.'>™*®

Uracil is an excellent model system and the subject of
several investigations under fundamental and applied aspects
crossing chemistry, physics, biology and medicine. As shown by
some of us recently,’” together with other nucleobases, it has a
capability of forming interactions in a supramolecular context
and has applications as a building block for functional mole-
cular materials. m-Stacking interactions, together with HBs,
have been shown to be crucial in the formation of assemblies,
interfaces and substrates formed of nucleic acids."®>*° Accu-
rately modelling these weak interactions to reliably describe the
thermodynamics of nucleobases in solution and being able
to connect their structure and properties are challenging.
It requires us to have full control on how sensitive the force
field and the water models are to these subtle interactions.

From the computational point of view, several works in the
literature have investigated uracil dimer systems using both
empirical and more accurate potentials.>'>® Kratochvil et al.
have classified all the minima obtained by scanning the con-
figurational space of a uracil dimer in vacuum employing
a classical potential, focusing in particular on H-bonded
structures.”’ In the work by Morgado et al.,”* the accuracy of
models based on a classical potential (AMBER force field) or
density functional theory (DFT) with dispersion corrections was
systematically evaluated for many geometric configurations
against high-level quantum-chemistry reference methods. The
classical force field was found to overestimate the repulsive
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component of the potential for both stacked and the H-bonded
structures. However, the authors heuristically assumed that
this error would not have a large qualitative impact on explicit
solvent simulations of nucleic acids. To the best of our knowl-
edge, a more systematic exploration in explicit water solvent is
missing. Milovanovi¢ et al. conducted several computational
investigations of stacked uracil dimers (with solvated water
molecules) for the purpose of spectroscopy, photophysics and
photochemistry.>*® In one work, they focused on only two
significant configurations, face-2-face (F2F) and face-2-back
(F2B) stacked uracil dimers in a cluster of 10 water molecules,
revealing that the photodynamics of F2F-stacked uracil-water
clusters exhibits a greater propensity to form cyclobutane-type
photoproducts.>® Remarkably, it was also concluded that the
photophysical and photochemical pathways of stacked uracil
bases are controlled, to a large extent, by the initial configu-
ration of the bases. However, the general propensity for a
specific stacked configurations in water was not investigated.
Another potential photodegradation pathway involves an oxetane-
like path, which includes a “close to T-shaped” configuration as a
relevant intermediate.”” In this work, we provide a systematic
computational investigation of the microscopic configurations of
uracil dimers in bulk water and fill this knowledge gap.

Generally, nucleobase self-aggregation (pairing) in a solu-
tion is not a spontaneous process, indicating that interactions
between water and nucleobases are statistically more probable.
However, as evidenced by the experimentally observed photo-
dimerization in uracil,"" nucleobase aggregation becomes rele-
vant, especially at low temperatures or higher concentrations.
Therefore, to properly study these systems and provide relevant
sampling of microscopic configurations, one must rely on
enhanced sampling techniques.?*° By employing molecular
dynamics (MD) with enhanced sampling techniques, we rank
and classify the possible stable uracil dimer structures encoun-
tered in water and explore the impact on experimental proper-
ties such as optical absorption.

Although nucleobases appear to be simple molecules, the
selection of an accurate force field for such systems involving
free nucleobases in water is not straightforward. Most force
fields are optimized for simulating nucleic acids, with dedi-
cated parametrizations to account for changes in phosphates or
backbones not present in nucleobases/water systems.*’ How-
ever, the force field parametrization by Chen and Garcia,
derived from the AMBER99 force field and the TIP3P water
model, focused more specifically on non-bonding parameters
by fitting high-level quantum-chemical calculations specifically
on nucleobase dimers.*? Since this specific parametrization has
faced criticism within the scientific community for its inability
to predict certain experimentally observed structures®® and for
being primarily tested on a small set of tetraloops and not having
a completely satisfactory agreement with the experimental
results,® we evaluate the accuracy of the Chen&Garcia force field
against the widely accepted ff99 force field. We show that the force
field obtained by the Chen&Garcia parametrization is a more
accurate model of the uracil dimer/water system compared to the
force field obtained using the more popular ff99.>"3>
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2 Methods

Enhanced sampling MD

We have run enhanced sampling MD simulations using well-
tempered metadynamics (wt-MetaD).>” The wt-MetaD simula-
tions were run using two different force fields: the force field
introduced by Chen and Garcia®® with water being modelled
using TIP3P (abbreviated as Chen & Garcia) and the AMBER99
force field®® with water being modelled using OPC (abbreviated
as ff99). Additionally, to verify that the results obtained using
wt-MetaD are independent of the sampling scheme, we have
run MD with walls (i.e. adding a restraining constant potential
to limit the phase space accessible during the simulation) using
the Chen & Garcia force field. For all runs, the simulation time
was equal to 1 ps.

We proceed to describe the force field parametrization
protocol in detail. As a first step, density functional theory
(DFT) geometry optimizations of the nucleobase and corres-
ponding nucleoside were performed using Gaussian 09°® with
the B3LYP exchange-correlation functional and the 6-311G
basis set.**** On these geometries, single point HF 6-31G*
basis set calculations were combined with ANTECHAMBER™” to
determine restrained electrostatic potential (RESP) charges.
The topologies for the corresponding nucleobase and nucleoside
were generated using the ANTECHAMBER package,*® employing
the ff99°° force field and converted to the GROMACS*® format
using the acpypi®” Python script. Since the uracil molecule con-
tains one extra H atom as compared to the nucleoside, the
parameters corresponding to this atom were obtained using the
generalized AMBER force field (GAFF).*® To obtain the parameters
for the Chen & Garcia force field, we rescaled the ff99 parameters
following the ESIt data provided by Chen and Garcia.*

To facilitate effective sampling using wt-MetaD, a set of
collective variables (CVs) was chosen. Both non-covalent inter-
actions, namely n-stacking (s) and hydrogen bonding (), were
quantified using coordination numbers (equivalently number
of contacts). We note that our hydrogen bonding descriptor (h)
is only distance-based and does not include any directionality.
The coordination number as CV was already integrated into the
PLUMED plugin,*®*>° which was applied in conjunction with
the GROMACS simulation package.’® The s or A numbers of
contacts for a given configuration are computed through the
following sum of switching functions:>'

s
Ry

where i and j represent the indices of atoms included in the
CVs’ definition, r; signifies the distance between the i-th and j-
th atoms and d,, n and m denote parameters regulating the
contribution of atom pairs to the total CV (S(r)).>* For s, the
coordination number is calculated using six ring atoms, while k
takes into account hydrogen bond acceptors and hydrogen
atoms that can form hydrogen bonds. By employing eqn (1)
with parameters as specified in Table 1, we calculated both the
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Table 1 Overview of parameters used for definition of CVs

Ccv n m To (nm) do (nm)
S 12 24 0.35 0.05
h 12 18 0.30 0.02

total coordination numbers and the coordination numbers for
each molecule. The parameters are chosen by tuning the
switching function based on unbiased run and dimers from the
crystal structure. They differ from the Dasari et al.>" approach
in being able to capture different numbers and motifs of
hydrogen bonds which can be useful when applying this
methodology for sampling some other nucleobases in which
multiple hydrogen bonds can be formed'” or for sampling
more interacting nucleobases in water, such as multimers
and larger nucleobase assemblies in aqueous solution. The
final CVs s and h were obtained by subtracting the sum of the
single-molecule coordination numbers from the total coordina-
tion numbers.

The equations of motion were integrated using a 0.5 fs time
step and the md algorithm.*® Periodic boundary conditions
were used. Forthe thermostat, velocity rescaling was used
(tau_t = 0.2 ps; ref t = 298.15 K). As barostat, Berendsen
coupling was employed (tau_p = 0.2 ps, ref p = 1 bar).>?
Long-range electrostatic interactions between periodic images
were computed utilizing the particle mesh Ewald method,>
employing a grid spacing of 0.12 nm, cubic interpolation of the
fourth order and a tolerance threshold of 10~°. Neighbor lists
were updated at intervals of every 5 time steps. A cutoff distance
of 10 A was imposed for managing van der Waals interactions
and real-space Coulomb interactions. The CVs’ range for sam-
pling was set to s: —0.5, 36 and &: —0.5, 8, with ¢ (the widths of
the Gaussian hills) 0.1 and 0.025 respectively. Pace of hills
addition was set at 250 steps, T at 100 and temperature at
298.15 K. 7 is a parameter controlling the height of added
Gaussian hills.***° The simulation lengths were 1000 ns. The
size of the simulated systems were 2 uracil molecules and 4046
water molecules (Chen & Garcia) and 2 uracil molecules and
4127 water molecules (ff99).

When biasing MD with walls using Chen&Garcia, two lower
walls were defined, both for s and 4 CVs. The bias due to the
wall is defined as:**7° Uy = k-(x — a)?, where x = {s,h}, a = 0.3
and & = 1000 k] mol ™. This choice of parameters leads to walls
acting as high barriers, restricting the system from entering
regions with s < 0.3 or h < 0.3.

Force field validation

To select configurations which we will use to validate force
fields, we disregard scenarios in which two nucleobases inter-
act solely with the solvent and not with each other, which
corresponds to the minima basin at (s,h) ~ (0,0). From each of
the minima basins of interest (i.e. (s,h) # (0,0)) in which two
uracil molecules are interacting with each other, a randomly
selected subset of ten configurations was chosen to validate the
accuracy of the employed force fields. Three nontrivial basins
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were defined using the following ranges of s and h: HT
(s € [0.9,2]; h € [1,1.15]); 2H (s € [2.6,3.7]; h € [2,2.20]) and
ST (s € [12,20], h € [0.8,1.4]). The analysis specifically retained
water molecules within a contact radius of 2.5 A of the nucleo-
base dimers to reduce the computational workload.

Subsequently, the selected configurations underwent an
energy minimization process, employing the same force field
and water model as in the originating simulations. The DFT
energies of each optimized configuration were then computed
at the PBE0/def2-TZVP D3B]J level of theory’*>® using the Orca
5.0.2 software package.’” To be able to compare the energies of
the sampled configurations with differing numbers of water
molecules calculated using DFT and the classical force fields on
a linear scale, we performed a linear regression of the energy
dependence on the number of water molecules. The slopes of
the lines obtained by the linear regression correspond to a
constant contribution to the total energy per water molecule,
which is then accordingly subtracted from each sampled
configuration. The validation procedure is outlined on Fig. 1
with more details being given in the ESL}

For each combination of the force field and water model, a
linear regression line was fitted to E(DFT) vs. E(classical). The
determination of the appropriateness of the force field was
made through an assessment of key statistical parameters, such
as the R” factor and mean average error (MAE), for both sets
of data.

Geometry variables for the free energy surface analysis

Number of contacts (N¢) between atoms involved in HB was
defined as the sum of contributions due to intermolecular
contacts (short distance) between atoms X and Y’ (where
primed labels stress that the atom belongs to different mole-

cules):
12 12
1— rxy/> 1— (rYX’>
T'o o
N(.(X7Y/) = 24 + 24 (2)
1— xy’ 1— 'yx'
To o

Calculate E
with DFT

Extract minima

Optimize with
force field

Deduction of
waters’
contribution

Classical E ‘
E(DFT) vs.

Linear
regression

Deduction of
Linear waters’ E(f.f.)
regression contribution goodness of fit

MAE

FINAL DECISION

Fig. 1 Force field validation procedure (see textand ESI¥).

Evs. N(water)
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where r, was set to 0.35 A. e.g., N.(X,Y') &~ 2 implies that the two
molecules are mutually hydrogen-bonded through the (X,Y’)
and (Y,X’) atomic pairs. Additionally, two molecular geometric
parameters were defined: the normal to molecular uracil plane
n defined by atoms C2, C4 and C6 and the vector connecting N1
to C4 (see Fig. 6). In both cases, we evaluate the angle formed by
the two molecules to construct heatmaps (bidimensional histo-
grams) for the investigation of intermolecular motifs.

Simulated optical absorption

For all four minima, a set of 40 clusters formed by uracil
(monomer - if taken from the (s,h) = (0,0) minimum, or dimer
otherwise) and a number of water molecules within a 2.5 A
radius of the nucleobase, was selected to undergo a preoptimi-
zation using the semi-empirical HF3c exchange-correlation
functional®® available in Orca,’” followed by a full optimization
at PBE0-D3BJ/def2-TZVP level of theory>*~° in implicit solvent
(SMD model®®). Such structures were then employed to run
time-dependent density functional theory (TDDFT) calculations
employing both PBE0** and ®B97X®" functionals in Orca
package®” with the above basis set. To calculate the absorption
spectra, individual transitions were convoluted with a Gaussian
profile with a width of 0.06 eV. For the HT and 2H basins it was
necessary to exclude up to 45% of the structures from the
spectra calculation due to a change of the state during the
optimisation.

3 Results and discussion
Well-tempered metadynamics

In the course of our investigation, two distinct force fields have
been employed for metadynamics simulations, each paired
with different water models: Chen&Garcia®* and ff99.>° The
reparametrization by Chen and Garcia was introduced to
mitigate the potential overestimation of base stacking interac-
tions. Moreover, specific interactions between carbon, oxygen
and nitrogen atoms of nucleobases with water’s oxygen atoms
were subject to rescaling.®” For these reasons, this has been our
initial choice and our results are first presented employing this
force field. Below, we present an evaluation of Chen&Garcia
and ff99 against DFT and compare the free energy surfaces
obtained with the two force fields.

The selection of CVs was inspired by research on the
association of nucleobases in hydrated ionic liquid.”* The
Gibbs energy surface was obtained from wt-MetaD simulations,
involving the summation of the negative bias along the trajec-
tory in the space of two CVs (s,h). The uncertainties of energies
were assessed by analyzing the energy changes in the last
300 ns of the simulation within the step of 1 ns (ESLt
Fig. S1-S6). The full free-energy surface is shown in Fig. 2.
The deepest basin corresponds to the (s,h) ~ (0,0) configu-
ration, in which uracil molecules interact solely with the
surrounding water, so there is no uracil aggregation.

The other three minima basins in Fig. 2 correspond to
configurations where two uracil molecules are in contact with
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each other, with each basin involving different types of inter-
actions. Among these, the lowest energy basin represents con-
figurations where two uracil molecules interact through two
hydrogen bonds (2H). The next lowest energy basin is found for
configurations with 1 hydrogen-bond and T-shaped (HT) inter-
actions, while the highest energy basin corresponds to config-
urations where two uracil molecules are in a (n-)r stacking (ST)
arrangement. Due to different orientations and arrangements
of the (m-)n stacking configurations, this is the widest mini-
mum basin. The obtained results align with existing literature
concerning the configurations of the uracil dimer in a vacuum
and in solution - see below for extensive discussion. Moreover,
both 2H and ST configurations are consistent with the crystal
structure of uracil.®’ Detailed information on the relative
energies of the minima basins is provided in Table 2.

Force field comparison

As mentioned above, our initial decision was to employ the
reparameterized AMBER force field by Chen and Garcia
(Chen&Garcia, see Methods for the detailed force field descrip-
tion), as it contains rescaled non-bonding parameters obtained
by benchmarking against accurate calculations of interacting
nucleobases.”® The more widely accepted parametrization
schemes, including standard AMBER, primarily focus on alter-
ing parameters related to the RNA backbone or phosphate,’’
which are not directly relevant to the system under investi-
gation in this study. Therefore, we assumed that the choice
of Chen&Garcia ensures a targeted and context-specific
approach to force field selection. However, given the common
criticisms regarding the parametrization of Chen&Garcia,*?
particularly its reported limitations in accurately predicting
certain structures,**®> we evaluate the accuracy of the Chen&-
Garcia force field against the widely accepted ff99 force field.*®
The details of this evaluation are presented in the Method
section.

The Gibbs energy surface resulting from wt-MetaD simula-
tions using ff99 exhibits a similar shape to the one depicted in
Fig. 2. However, as detailed in Table 2, the distinction between
the two lies in the obtained energies, particularly in their
ordering. Using ff99 (Fig. 3), the deepest minimum remains
in (0,0), aligning with the expectation that uracil aggregation is
a rare event. Notably, the three minima of primary interest
exhibit variations. The deepest of these is HT, followed by 2H
and ST. Utilizing ff99 also results in 2H and ST minima being
closely matched in energy, in contrast to the proximity of 2H
and HT minima obtained with Chen&Garcia.

The results of the evaluation of the force fields against DFT
are shown on Fig. 4. It is apparent that both force fields
perform well in describing the investigated system. However,
a closer analysis of the goodness-of-fit coefficient and linear
regression line slope reveals that the Chen&Garcia parametriza-
tion offers a slightly better description of nucleobases in
aqueous solutions. The mean average errors for Chen&Garcia*?
and ff99*° were 10.33 k] mol " and 10.45 k] mol ", respectively.
Furthermore, the wt-MetaD simulations using the Chen&Garcia
parametrization converge faster compared to the one employing

This journal is © the Owner Societies 2025
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G (kJ/mol)

HT

Fig. 2 The Gibbs free energy surface of a uracil dimer in water, obtained using the Chen&Garcia force field. Basins are marked on the free energy

2H

surface.

Table 2 Minima extracted for a uracil dimer in water obtained with wt-
MetaD, using the Chen & Garcia and ff99 force fields; values of the
collective variables and relative Gibbs free energies

G, (k] mol ™) G; (k] mol ™)

Configuration Chen&Garcia f99

2H 0.00 £+ 0.11 1.84 £+ 0.08
HT 2.26 £ 0.07 0.00 £ 0.09
ST 8.52 & 0.05 2.41 £ 0.06

£f99,% which can likely be attributed to the simpler description of
water molecules and the softened non-bonding interactions.
The primary challenge in simulating nucleobase systems in
water lies in overcoming the infrequency of association. Speci-
fically, escaping the (0,0) minimum basin to explore other
minima in the configurational space and the difficulties of
reaching convergence, motivated us to perform additional
validation of the wt-MetaD suitability. The same system was
subjected to biased molecular dynamics simulations with walls,
employing the Chen&Garcia force field.>” By placing walls at s =
0.3 and h = 0.3, the system was enhanced to explore the desired
configurational space where two uracil molecules interact with
each other. The results of the MD simulation biased with walls

This journal is © the Owner Societies 2025
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G (kJ/mol)

0 5 10 s 15 20 25

Fig. 3 The Gibbs free energy surface of a uracil dimer in water, obtained
using the ff99 force field. Basins are marked on the free energy surface.

(Fig. S7 in ESIt) show the same energy ranking and differences
obtained by wt-MetaD, except for a small overstabilisation of
the HT state. Importantly, this confirms that wt-MetaD can be
effectively employed as proposed.

Analysis of the Chen & Garcia free energy surface

We take advantage of our complete characterization of the free
energy surface to conduct additional analysis. The barriers
between the different minima evaluated at the end of our

Phys. Chem. Chem. Phys., 2025, 27, 11869-11878 | 11873
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Fig. 4 Top panel: transformed DFT energies (E’'DFT) vs. transformed
classical energies (E'cl.), using ChengGarcia data. Bottom panel: trans-
formed DFT energies (E'DFT) vs. transformed classical energies (E'cl.),
using ff99 data.

trajectories (simulation time 1000 ns) with Chen&Garcia are
2.04 KT and 3.11 kT at 300 K for 2H-HT and HT-ST, respectively.

The three minima were also characterized in term of their
relative preferred interactions, both in terms of intermolecular
(uracil-uracil) interactions and with respect to the solvent.
We calculated the number of contacts between N and O atoms
of the uracil molecules and the O atoms of the water molecules
(either donor or acceptor of hydrogen bonds). As presented in
Fig. 5(a) together with results extracted from monomer states
(i.e. (s,h) = (0,0)), the largest number of contacts is developed by
the ST dimer, followed by the HT and 2H. This is not surprising
based on the decreasing availability of N and O atoms. We
proceed by evaluating the distributions of relevant short dis-
tances for the HT and 2H basins. In Fig. 5(b), the contacts
between pairs of O and N (HB donor or acceptor; labeled as
Oi.Nj or Ni.Qj, where i and j are atomic indices) atoms are
shown. A few observations can be made with respect to these

1874 | Phys. Chem. Chem. Phys., 2025, 27, 11869-11878

View Article Online

PCCP
a) — HT
BN 2H
AN ST
] monomer
£
©
&
o
o
2
=
>
o
[}

3 5 7 9 11 13 15 17 19
number of N,O contacts with O(water)

b)
0.05

0.00

o
o
a

o
o
S

o

o

a
/

counts per frame
©
o
o

©
o
a

22 24 26 28 3.0 3.2 34 36 38 4.0
distance (A)

Fig. 5 (a) Interaction with solvent quantified by the number of contacts
developed by HB donor or acceptor atoms in the uracil (N1, N3, O2, O4)
and the surrounding water molecules, for the different dimer states
(continuous lines) and monomer (dashed lines). (b) Intermolecular inter-
actions quantified as the distribution of specific contact for the HT and 2H
states at heavy atom distances.

g
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data. Firstly, in HT, there is a preference for the formation of
the HBs between N1 and O4. Such configurations have been
already reported in the literature.”’ Secondly, while N3.02
interactions dominate in the 2H configuration, they are almost
not encountered in the HT basin. We propose that these two
facts are correlated: the formation of the N3.02 contact imme-
diately triggers the formation of a second HB and therefore it’s
highly correlated to its transformation to the 2H configuration.
These hydrogen-bonding interactions can be compared with
the ones encountered in the uracil crystal,® where 04 has a
central role acting as the HB acceptor for the two HBs coming
from the nearest in-plane neighboring uracil molecules
(through N1 and N3). Additionally, O2 is forming a weak HB
with Cé.

In ref. 21, 7 minima were reported for the 2H configuration
(in vacuum). We relate those results to HB intermolecular
connectivity. The details of the analysis are presented in the
Methods section. We build a 2D distribution of two quantities:
the difference between the Nc developed by the N1 atom

This journal is © the Owner Societies 2025
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(N¢ (N1.02) minus N¢ (N1.04)) and the difference between the
contacts developed by the N3 atom (N¢ (N3.02) minus N¢
(N3.04)). The constructed 2D histogram is reported in Fig. S8
in ESIT and it clearly presents 6 spots that are related to 6 of the
7 configurations previously presented.>' This confirms that all
of these states survive in our explicit solvent simulation except
the one involving weak HB on the C6 (HB7 in ref. 21). However,
the ranking of the different configurations is clearly altered by
the change of the environment. A detailed report is given in
ESI, Table S4.

As intermolecular and stacking motifs, in particular, are
connected to the propensity for photochemical dimerisation,
we have investigated the formation of intramolecular contacts
and their preferred orientations. We introduce two supramole-
cular geometrical descriptors, namely (a) the angle o(n,n’)
formed by the two normals of uracil plane n, n’ and (b) the
angle 7(N1C4,N1'C4’) formed by the two in-plane vectors con-
necting N1 to C4 (see Fig. 6(a) and (b)). In Fig. 6(c) and (d), we
show the results for the pi-stacking configuration, while the
results for the remaining two configurations are shown in Fig.
S8 in ESL.t ST state (being the widest basin) is characterized by
a larger disorder and the only significant barrier is the one
going from the parallel to antiparallel alignment of the uracil
rings. Interestingly, the heatmaps computed for the ST configu-
ration suggest the presence of 3 subminima: two for a parallel
alignment of uracil rings (or using the nomenclature presented
in ref. 23, face-to-back or F2B) and one for an antiparallel
alignment of uracil rings (face-to-face or F2F). The definition
and the populations of these states are reported in Table S5 in
ESIL.+ When comparing the 7 angle (or, equivalently, twist angle)
distributions, only 2 out of 3 ST states match previously
reported ab initio MD results® and the F2B states with 1 ~
160° was not sampled. Hunter and van Mourik® presented a
systematic DFT investigation of all minima both in continuum
solvent and in vacuum. They reported 3 minima for the F2F and
3 minima for the F2B configuration. However, their continuum
treatment of the solvent does not appear to provide an accurate
description of the twist angles distribution and our results
better match the results obtained in vacuum. Three minima
were also presented for stacking dimers in vacuum,*" but alike
ref. 63, there is no complete correspondence with our results
since the rotations profile of the two rings is likely to be
disturbed by the water bridges participating in the H-bonds
with either uracil molecule. In terms of population, we find a
small preponderance for the F2B configuration. In an earlier
work,”® F2F configurations have proven to be pro-reactive
towards photodimerization. Lastly, our ST basin is only captur-
ing two (trans-syn and cys-sin) of the four possible states giving
rise to photodimerization.””**

Several nucleobase homo- and hetero-dimers were investi-
gated by Florian et al. using post-HF and Langevin dipoles
solvation model.®® It was found that that free energies for the
formation of stacked and hydrogen-bonded complexes fell in a
narrow region between 0.3 and —1.9 kecal mol™'. However, for
uracil dimer, only stacking configuration were investigated,
reporting a positive free energy of +0.3 kcal mol .
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Fig. 6 (a), (b) sketches used to define the normal to the plane (C2-C4-
C6) and the t angle formed by N1 and C4 atoms. (c) Heatmap describing
the number of intramolecular contacts developed by the N1 atom (x axis)
and the N3 atom (y axis) in the 2H state. HBL,..., HB6 labels follow the
definitions provided by Kratochvil et al®* The corresponding contact
populations are reported in the Table S5 in the ESL{ (d) Heatmap of the
angular vector-based descriptors for the ST states.

Interestingly, this was the only reported stacking nucleobase
dimer with a positive free energy, in agreement with our results
that shows that the (0,0) basin is the deepest. While this work
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reported that the free energy differences between hydrogen-
bonded and stacked configurations for investigated bases were
smaller than 0.5 kcal mol™" (consistent with our findings), no
conclusions could be drawn for uracil since hydrogen-bonded
complexes were not studied. Thus, a direct comparison with
our results remains unfeasible. Besides, uracil ribodinucleoside
monophosphates (UpU) were investigated along with others
dinucleoside monophosphate anions in aqueous solution
using MD.®® For UpU the stacking free energy was estimated
to be around +0.1 keal mol ', in line with previous results. Even
in this bound environment, purine dinucleoside were found to
have unfavourable stacking (AG > 0), again in line with our
results.

Impact on the optical absorption

After having demonstrated the accuracy of the free energy
surface obtained with Chen&Garcia, we calculate experimen-
tally relevant quantities, so as to indicate observables capable of
differentiating the three dimeric states of uracil in water.
Optical properties of uracil have been studied in the past in
the presence and absence of solvated water molecules. There
are two low-lying excitations: a nn* dark excitation and a nn*
bright excitation,*>®” whose order is dependent on the environ-
ment. The presence of water has been found to redshift the nn*
transition and blue-shift the nn* one. Additionally, light
absorption in pyrimidine nucleobases is intimately connected
with its photochemistry.®'® Here, we establish a relationship
between the formation of supramolecular assemblies and the
absorption profile.

We compare the absorption spectra for several dimer con-
figurations extracted from the three nontrivial minima basins
with spectra obtained for monomer configurations from the
(0,0) basin. Such water—uracil clusters were optimized by DFT
(PBE0-D3BJ functional) in the presence of continuum solvent,
followed by a time-dependent DFT (TDDFT) calculation (PBEO
or ®B97X functional) to compute the spectra. Other computa-
tional details are given in the Methods section. For the clusters
of monomer with water molecules, we obtain absorption peaks
at 5.48 eV (for PBEO) and 5.71 eV (0wB97X). As reported in
Table 3 and in ESI,{ Fig. S9, we found that the formation of
dimers leads to small effects on the absorption band, with HT
and, to a minor extent, ST being slightly red-shifted, while 2H
being only minimally blue-shifted. In spite of minor differ-
ences, the shifts are consistent across the two different DFT
functionals. The systematic redshift associated with the for-
mation of dimers, and HT in particular, seems to depend on a
complex interplay of factors. We found a mild dependence on
the elongation of the C4—04 bonds (see ESI,t Fig. S10), which
is generally coupled to the different H-bonding patterns occur-
ring for the monomer in water vs. the patterns occurring in the
different dimer states. This appears logical as the most com-
mon low-lying transitions are the tn*(C404). In particular, we
found that HT is often associated with more pronounced
elongation of C4=—04, which is probably a consequence of a
single and stronger hydrogen bond with the other uracil
molecule. On the other hand, a shorter distance between the
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Table 3 Summary of TDDFT results obtained in the 3 basins in terms of
the relative displacement of the computed maximum (left columns) and
band centroid (right columns, computed as [wS(w)dw/ [S(w)dw, with S(w)
being the first absorption band) with respect to monomer results, using
two different DFT functionals

Abs. max. shift (eV) Abs. centroid shift (eV)

with respect to monomer

PBEO ®B7X PBEO ®B7X
HT —-0.13 —-0.11 —0.087 —0.088
2H —0.03 —0.040 —0.034 —0.036
ST —0.05 —0.05 —0.072 —0.075

two COMs does not imply larger redshifts — as in the case of ST
basin. Only one previous investigation of the dependence of
absorption on uracil concentration in water solution exists.*®
Although the simulated spectral shifts are small, repetitions of
these experiments may present a strategy to validate the proposed
free-energy rankings and their spectral consequences.

4 Conclusion

Modeling nucleobase assemblies and aggregates involves the
challenging determination of their structural properties
through the dominant interaction motifs. This study employs
computational techniques to explore the configurational space
of uracil dimers in a water solution, overcoming computational
challenges by utilizing classical force fields. wt-MetaD simula-
tions were employed to effectively sample the large configu-
ration space of a uracil dimer in water. The results of the wt-
MetaD simulations were validated against MD simulations
biased with walls. In our study, the CVs were defined to include
specific atoms of uracil molecules that are needed to describe
(n-)n stacking interactions and hydrogen bonds.>’ This
approach aimed to capture the key intermolecular interactions
in the system. Using configurations extracted from minima
basins of the obtained free energy surface, we carried out
TDDFT calculations to assess the impact of different dimer
arrangements on the optical properties of the investigated
system.

Additionally, we evaluated the accuracy of the Chen&
Garcia®® and ff99*° force fields against DFT. We found that
the Chen&Garcia force field*” is the more accurate force field
for the investigated system, thereby resolving previous con-
cerns about its predictive power**®” and showing that in
general, it might present the preferred choice as a model of
nucleobases in solution.

Data availability

All the methodological details and the relevant information
to reproduce our results are available: in the manuscript, under
the Methods section in the ESIt as a dataset on Zenodo
repository, accessible at: https://doi.org/10.5281/zenodo.
15262465.
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