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Photophysics of a nucleic acid—protein
crosslinking model strongly depends on solvation
dynamics: an experimental and theoretical study
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We present a combined experimental and theoretical study of the photophysics of 5-benzyluracil (5BU)
in methanol, which is a model system for interactions between nucleic acids and proteins. A molecular
dynamics study of 5BU in solution through efficient DFT-based hybrid ab initio potentials revealed a
remarkable conformational flexibility — allowing the population of two main conformers — as well as
specific solute—solvent interactions, which both appear as relevant factors for the observed 5BU optical
absorption properties. The simulated absorption spectrum, calculated on such an ensemble, enabled a
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molecular interpretation of the experimental UV-Vis lowest energy band, which is also involved in the
induced photo-reactivity upon irradiation. In particular, the first two excited states (mainly involving
the uracil moiety) both contribute to the 5BU lowest energy absorption. Moreover, as a key finding, the
nature and brightness of such electronic transitions are strongly influenced by 5BU conformation and
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1 Introduction

Interactions between nucleic acids and proteins on the mole-
cular scale govern the most basic processes of life, from DNA
replication and repair to protein expression and synthesis." ™"
However, it is challenging to isolate nucleoprotein complexes
with null or small perturbations, where these last ones in
their turn might disrupt the very nature of these complexes.
Moreover, very intricate, and indeed not fully understood, is the
role of light (i.e. UV irradiation) with protein-nucleic acid
complexes. Light can cause the crosslinking of the protein to
the nucleic acid, resulting in a covalent modification that can
drastically change (usually for the worst) the biological roles of
such compounds.”™ Thus, it is very important to understand
how light interacts with nucleoprotein complexes, starting from
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the microsolvation of its heteroatoms.

their optical properties and moving towards the study of the
photo-induced crosslinking reaction mechanism.

The complete comprehension of protein-nucleic acid inter-
actions and their interplay with light has been limited because,
upon irradiation, extensive protein and nucleic acid damage is
often observed and the involved reactions are not very efficient.
Advanced spectroscopic techniques and model compounds
have been developed (and sometimes combined together) to
better study this matter. Nucleic acid-protein laser-based
photo-crosslinking is, for example, a promising technique to
isolate nucleoprotein complexes in their biological conforma-
tion. It employs UV femtosecond-stimulated lasers to induce
in vivo the formation of covalent bonds — named crosslinks -
between a nucleobase and an amino acid residue. In this way, it
is easier to stabilize the biological conformation of the complex
and allow it to survive the following isolation. In addition,
the employment of ultra-short irradiation times minimizes side
reactions and allows characterisation of even transient
interactions.'®™*

The resulting complex reaction mixtures and conditions also
make it difficult to identify specific aminoacid/base cross-
links.*>** A common proposed strategy is to attach a pyrimi-
dine base to tyrosine, phenylalanine, and tryptophan side
chains, using a short linker to mimic the proximity and
orientation in nucleoprotein complexes.>* Furthermore, in this
study, we focus on the photophysics of 5-benzyluracil (5BU,
see Fig. 1). Such a compound is useful to investigate the
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Fig. 1 Photo-cyclization of 5-benzyluracil to 1,2-indaneuracil.

photoinduced crosslinking reaction that leads to the formation
of 1,2-indaneuracil, allowing to model the photo-addition of
phenylalanine to thymine, with the additional advantage of
having high reaction yields.”* This reaction has been already
shown to be possible in methanol, by photoexcitation between
254 and 266 nm,>*° corresponding to the maximum of the
first band of the UV-Vis spectrum.

This model compound has also been previously investigated
theoretically via both wave-function and DFT based appro-
aches, further proving that 5BU is a very good candidate as a
model compound for studying the optical properties of nucleo-
protein complexes and their photo-reactivity.>>>”*® The 5BU
photo-cyclization pathway appears to be influenced by multiple
factors: Sun et al.>* proposed a mechanism relying on electron
transfer between the chromophores and proton exchange with
the solvent; according to Valadan et al,”® the absorption
involves exclusively the S; « S, transition, but the following
reactive pathway is determined by a strong coupling among
low-lying states and the reciprocal orientation of the two
aromatic rings.

However, the photophysics of such a model compound is
still far from being fully understood. It is still debated which
one of the low-lying excited states of 5BU is responsible for
absorption preceding the photoreaction, given the different
results of the previous theoretical studies, relying on minimum
energy structures.>>>® Indeed, gas-phase simulations®>”*® con-
sidered the S, « S, transition to be the only bright one; on the
contrary, in the methanol solution, the absorption is either
attributed entirely to the S; « S, transition,”® or can involve
different states depending on the level of theory.”® These
different findings reflect on the hypothesized evolution of the
system in the excited state, where single and multiple crossings
among electronic states can be predicted. Such results can be
further influenced by the role of the solvent and how this one is
modelled, as well as by the thermal effects, that are not fully
taken into account when few minimum energy structures are
analyzed.*®

In this work, we propose to accurately describe the optical
absorption of 5BU in methanol solution at room temperature
by including both the explicit solute-solvent interactions and
the finite temperature effects with a combined computational
and experimental approach. For this aim, we performed a
complete study of both the conformational space accessible
to the solute and the dynamics of the solute-solvent inter-
actions. In such a way, we were able to have an exhaustive
knowledge, gauging our prediction with the experiments, of the
ground-state equilibrium of the system in solution at room
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temperature to provide molecular insights for the absorption
spectrum. We collected a room temperature ab initio molecular
dynamics (AIMD) trajectory using a hybrid explicit/implicit
solvation scheme, combining quantum/molecular mechanics
(QM/MM) and non-periodic boundary conditions (NPBCs).*>*%?
Then, we simulated the optical absorption from configurations
extracted from the AIMD® through linear response time-
dependent DFT (LR TD-DFT).>**® This methodology, taking
into account several conformations and solute-solvent interac-
tions, allowed us to unveil the role of different excited states in
the overall 5BU observed photophysical properties.

The article is organized as follows: in Sections 2.1 and 2.2,
we describe the methodology of the S, QM/MM/continuum MD;
in Sections 2.3 and 2.4, we detail, respectively, the experimental
and computational setup for the study of the photophysics;
Section 3.1 describes the photophysics of the system from
minimum energy structures; in Section 3.2, we characterize
the ground-state conformational and solvation equilibrium of
the system; in Section 3.3, we describe the optical properties of
5BU as depicted by our experiment and AIMD analysis; in
Section 4 we discuss these results.

2 Methods

Multilayered quantum/classical/continuum MD simulations
are necessary to accurately describe the ensemble averages,
microsolvation dynamics and absorption spectra of chromo-
phores in solution.?****”~*° This is particularly true for 5BU in
methanol because 5BU is a flexible solute with two interacting
aromatic rings and four heteroatoms, while methanol is a
flexible, polar and protic solvent: they thus require, at the same
time, the accurate treatment of the solute degrees of freedom
and the efficient description of the solvent viscosity and mobility;
moreover, we have to take into account the specific, polarization
and electrostatic solute-solvent interactions.***%>°

2.1 Multilayered ONIOM/NPBCs partition scheme

For the aforementioned reasons, the 5BU-methanol system was
simulated by a multilayered QM/MM/implicit partition, com-
bining the N-layered integrated molecular orbital and molecular
mechanics (ONIOM)*” > extrapolative scheme with non-periodic
boundary conditions.?**3%416068 The golute, treated at the
B3LYP**7?/6-31G(d,p) level of theory, was put at the center of a
spherical cavity with a radius of 20 A, including 356 methanol
molecules, described using the General AMBER Force Field (GAFF)
model” (see Fig. S1 in the ESIt). Using DFT potentials appears in
this context the method of choice because of their good compro-
mise between cost and accuracy, for both organic/biological®>”*%°
and inorganic/materials systems.’>®'°® The cavity radius was
determined using the equilibration procedure detailed in Section
2.2. NPBCs were enforced on the cavity by the conductor-like
polarizable continuum model (C-PCM) self-consistent reaction
field'”"*° (via the ONIOM/PCM-X"""""** formalism) and a disper-
sion-repulsion potential  Weisprepy 7 7408 specifically
designed by some of us for flexible solvents.

This journal is © the Owner Societies 2024
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For a NVT ensemble, the constant-volume free energy A of
the simulated system can be expressed as:

A(R) = E(P,R) + W(P,R) (1)

where E(P,R) is the potential energy of the explicit system in the
nuclear configuration R, and W(P,R) is the “mean field” con-
tribution accounting for the interactions with the implicit
environment; the mutual polarization of the explicit and impli-
cit systems is explicitly considered through the one-electron
density matrix P. The mean field contribution W can be
decomposed according to Ben-Naim’s scheme of the solvation

process:***

W(R) = Wdisp—rep[R) + Welec(R) + WcaV(R) [2)

where W,,, is the cavitation free energy (constant in our NVT
model), W, accounts for long-range electrostatic interactions
with the bulk solvent, included through the C-PCM self-
consistent reaction field, Wgisprep accounts for the short-
range dispersion-repulsion interactions between explicit and
bulk solvent molecules, allowing to maintain the correct sol-
vent density and behaviour, while also serving as a confining
potential. The dispersion-repulsion potential is a radial
potential Wyisprep(r) acting on the center of mass of each
explicit solvent molecule and given by the sum of a set of Ny
Gaussian functions, g;, with r; centers equally spaced along the
radius of the spherical cavity:

)2

Ne Ng .
Wisp—rep (1) = Zg,-(r —r) = Z Jie 22 (3)
i i

The height 4; of each g{r) function is determined using an
optimization procedure involving the experimental density of
the solvent as a reference.>*"3*%%¢ This methodology has been
developed and widely employed by some of us to model systems
in both water®?323941:64,66768 35q methanol solution.*®

The energy of the atomistic system - E(P,R) in eqn (1) - can
be expressed, according to the ONIOM scheme, as:

E[P’R) = EmOdEI‘QM(P,R) n Ereal,MM[R) _ EmodeI,MM(R)

(4)

where E*™M s the energy of the whole explicit system
calculated at the MM level, while E™°%' is the energy of the
so-called model system, treated at the quantum mechanical
level. The electrostatic interaction between the two layers
was treated by including the atomic charges of the MM layer
into the hamiltonian of the model sub-system (electronic
embedding).

The combination of ONIOM and NPBCs provides a well
defined, single valued and differentiable potential to perform
AIMD simulations in explicit solvents. Such a hybrid solute-
solvent QM/MM approach offers a good compromise between
accuracy and computational cost for the equilibrium and non-
equilibrium simulation of medium-large size systems in solution,
including specific solute-solvent interactions.®>”>!0115-123
In fact, a fully correlated, wavefunction-based QM approach for
both solute and solvent, although giving in principle a more
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accurate modelling of solute-solvent hydrogen bonds compared
to a QM/MM scheme, is, in practice, not feasible, due to the large
dimensions of the simulated system (5BU solute in a solvent box
of 356 methanol molecules).

2.2 AIMD simulation

As aforementioned, we collected a ground-state AIMD trajectory
of 5BU in methanol at room temperature, with the hybrid
ONIOM/NPBCs partition scheme described in Section 2.1, by
using a development version of the Gaussian electronic struc-
ture software package.'** We exploited the atom-centered den-
sity matrix propagation (ADMP)"*>**® formalism, which avoids
the density matrix convergence at each step by propagating it
alongside the nuclear degrees of freedom. A (fictitious) mass is
required in the density matrix equation of motion. A tensorial
mass weighting scheme was employed:'*® the mass of valence
orbitals was set to 0.1 amu bohr?, whereas core orbitals were
weighted according to the scheme described in ref. 125. The
ONIOM/ADMP/NPBCs MD was carried out for 20 ps, with a time
step of 0.2 fs, in a NVT ensemble. A 298 K temperature was kept
constant by rescaling velocity every 1 ps. A preliminary equili-
bration was carried out before production AIMD simulation.
5BU was placed into a cubic box of 9582 methanol molecules.
A MM Langevin dynamics study was performed (using NAMD
software'?) in the NpT ensemble (7 = 298 K, p = 1 atm) with
periodic boundary conditions, applying a Langevin piston to
also keep the pressure constant."*"'** GAFF was employed:
GAFF atom types were assigned to solute atoms, as well as HF/
6-31G(d) RESP charges. Solvent equilibration (with the solute
coordinates fixed) was first performed for 10 ns. Then solute
degrees of freedom were also allowed to propagate for 1 ns.
Then, solvent molecules within 20 A from the solute center of
mass were selected. An AIMD equilibration of the selected
system was performed with NPBCs in the NVT ensemble for 1
ps, applying velocity rescaling every 250 fs, using the same
partition scheme and level of theory of the following produc-
tion simulation.

2.3 Experimental details

5BU powder was purchased from Giotto Biotech S.r.1. Italia and
it was dissolved in 99.9% HPLC grade methanol. A UV-Vis
spectrophotometer was used to obtain an absorbance spectrum
of the sample in a quartz cuvette with a 1 cm optical path
length. The spectrum was acquired in the 200-700 nm range at
a 5BU concentration of 10 ug mL~" (x50 uM), where we had
already verified its linear response.

2.4 UV-Vis spectrum simulation

The intensity of the electronic absorption spectrum L(w) can be
calculated (assuming a classical nuclear motion) as:****

Lw) = ﬁJdQﬂf(Q )y (Q)PO(VA(Q) — V(Q) +fiw)  (5)

where Q represents a set of nuclear coordinates and p,(Q,T) is
the density of states in the initial electronic state, which could
be obtained by a MD trajectory on the V{Q) potential energy
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surface. Further approximating such density of states with a
discrete set of N, configurations Q; extracted from the MD, the
spectrum L(w) features the highest intensity at frequencies
such that ko = |V{(Q) — VAQ))|:

L) = ) Ly(w)
-

. (6)
Li(w) = EZﬁ/-(Ql)w(hw — AV (Q))
=1

where L{w) represents the spectrum contribution by the adia-
batic state f, Ny, is the number of sampled configurations, Q; is
the Ith geometry, f;{Q,) is the oscillator strength of the i — f
transition at that geometry, AVi{Q,) is the vertical transition
energy, and w(hw — AV,{Q))) is a broadening function, peaked
at hw = AVy which is here a Gaussian broadening with a
variance of s* = 0.001 eV*:

" 2
w(hw — AV,:/’(Q,)) = exXp |:; (M) :| (7)

This approach is able to simulate absorption spectra of
systems even of significant size including thermal broadening,
but neglecting the vibronic fine structure.*®***

In order to simulate the 5BU spectrum in the methanol
solution, 2001 uncorrelated configurations were extracted from
the AIMD trajectory at regular time intervals (10 fs). The latter
was chosen as a compromise between the computational cost
of excited states calculation and the accurate sampling of 5BU
torsional degrees of freedom.?® The first 8 excited states were
calculated for each configuration through linear response time-
dependent DFT.**3® An ONIOM hybrid scheme was used: 5BU
and the four methanol molecules closest to the solvation sites
(possibly forming hydrogen bonds) were modeled at the
QM TD-CAM-B3LYP/6-31+G(d,p) level,®*7>"** and the remain-
ing ones were modeled at the MM level through the GAFF (see
Fig. S2 in the ESIt). In this regard, the CAM-B3LYP functional
appears suitable to describe the photophysics of pyrimidines
(also substituted ones)*>*®'3>7138 and especially their charge-
transfer states. Electrostatic interactions by the bulk solvent
were treated using the C-PCM implicit solvent model, placed at
the boundary of the spherical solvent box.

3 Results

3.1 Optical absorption data from minimum energy structures

We first describe the optical properties of 5BU in methanol by
adopting a static picture, i.e. by performing TD-DFT calcula-
tions on ground-state minimum energy structures, differing in
5BU geometries, solvation schemes and levels of theory. First,
we chose two conformations that, according to the literature,>®
are adopted by the 5BU molecule: the former has the rings
arranged in an approximately orthogonal manner (flag-like
structure, shortened to “F’), while the latter has the rings
approximately facing each other (butterfly-like structure,
shortened to “B”) - see Fig. 3. It is expected that the relative
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orientation of the two rings could influence the amount of
orbital interaction and so the excited states character. More-
over, to evaluate the role of solvent effects, three different
solvation schemes were employed: first, we simulated the
isolated molecule; then, we added the effect of the methanol
bulk solvent by an implicit description (C-PCM potential);
finally, we included both the implicit solvent and four explicit
methanol molecules, each one interacting with a solute
hydrogen-bond site. All the optimizations were performed at
the B3LYP/6-31G(d,p) level of theory, also employed for AIMD
simulations (see also the following discussion). Structures were
also optimized at the CAM-B3LYP/6-31+G(d,p) level for compar-
ison because this density functional was previously adopted
in the literature for this system.?>?® For each ground-state
minimum energy structure, time-dependent calculations were
performed at the TD-CAM-B3LYP/6-31+G(d,p) level, with the
same solvation scheme used in the relative optimization.
All calculations were performed using the Gaussian 16 software
package.*°

The minimum energy structures optimized at the B3LYP/
6-31G(d,p) level are shown in Fig. 3: the left and the right columns
show the butterfly-like and the flag-like energy minima, respec-
tively; the three rows show instead the structures optimized
respectively in the gas phase (Fig. 3a and b), in the methanol
treated implicitly (Fig. 3c and d), and in methanol described in a
hybrid manner, i.e. by four methanol molecules and bulk implicit
solvent (Fig. 3e and f). The two dihedral angles 3 and ¢ mainly
represent the 5BU conformation: the former is defined by the
carbon atoms 5, 7, 8 and 9 and describes the rotation of the
phenyl ring, while the latter is defined by the carbon atoms 6, 5, 7
and 8 and describes the rotation of the uracil ring (see Fig. 2).
Their values for each B3LYP/6-31G(d,p) optimized structure are
reported in Table 1. The structures optimized at the CAM-B3LYP/
6-31+G(d,p) level are shown and described instead in the ESI} -
please refer to Fig. S3 and Table S1.

In the following discussion, we compare the results of
optimization of the structures at the B3LYP/6-31G(d,p) level
in different solvation schemes. We also compare the results
with those obtained at the CAM-B3LYP/6-31+(d,p) level, and
with those reported in the literature.

Two different ground-state energy minima were actually
found for each solvation scheme, in accordance with the
previous works.”® The orthogonal (¢ ~ 0° and 9 =~ 90°,
Table 1) arrangement of the two rings is retained by flag-like
structures in almost all solvation models (Fig. 3b and d) and for
both levels of theory (see Fig. S3b, S3d and S3f in the ESIf).

Fig. 2 (a) The numbering adopted in the article. (b) The two rotations
described by the dihedrals 9 and ¢.

This journal is © the Owner Societies 2024
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Table 1 Values of the dihedral angles 3 and ¢ (degrees) of 5BU minimum
energy structures optimized at the B3LYP/6-31G(d,p) level, for B (on the
right) and F (on the left) conformers, in gas phase (first row), implicit
methanol (second row) and 5BU-methanol cluster (third row)

B structure F structure

® 9 @ 3
5BU 93.75 —102.98 0.02 —89.58
5BU/C-PCM 96.63 —95.78 0.01 —89.80
5BU + 4MeOH/C-PCM 107.75 —60.69 —21.57 —79.94

A slight rotation of the uracil ring (¢ = —21.57°) is observed for
the B3LYP/6-31G(d,p) optimized F conformer in the methanol
cluster (Fig. 3f).

The butterfly-like conformer, on the other hand, displays a
more symmetric arrangement of the two rings, with both
dihedral angles at around 90° (Table 1). This is consistent with
the gas-phase structures optimized at different levels of theory
(such as M06/cc-pVTZ and SA-CASSCF(20,14)/DZP)*”*® proposed
in recent literature studies. In gas phase and implicit methanol,
this symmetric arrangement is indeed highly preserved in
the B3LYP/6-31G(d,p) optimized B conformer (Fig. 3a and c).
However, the addition of explicit solvent molecules induces a
slight phenyl ring rotation (9 = —60.69°, see Fig. 3e), a finding also
confirmed by the CAM-B3LYP optimized B conformer with the
same solvation scheme (3 = —56.96°, see Fig. S3e, ESIT).

We then discuss the main features of 5BU lowest energy
excited states in solution, computed at the TD-CAM-B3LYP/
6-31+G(d,p) level from B3LYP/6-31G(d,p) minimum energy

(a) B energy minimum in gas phase  (b) F energy minimum in gas phase

(c) B energy minimum in
implicit methanol

(d) F energy minimum in
implicit methanol

®’
® Q
00er O
s 3”0:&

(f) F energy minimum in
methanol cluster

(e) B energy minimum in
methanol cluster

Fig. 3 5BU structures optimized at the B3LYP/6-31G(d,p) level.
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Table 2 Vertical excitation energies (eV) and oscillator strengths of
the first four electronic transitions of 5BU in methanol, calculated at the
TD-CAM-B3LYP/6-31+G(d,p) level, for the two structures F (top) and B
(bottom) optimized in the ground state at the B3LYP/6-31G(d,p) level, in
gas phase (left), implicit methanol (center) and cluster (right)

V.EE. (f)

Transition 5BU 5BU/C-PCM 5BU + 4MeOH/C-PCM
F structure

S; < So 5.12 (0.000) 5.16 (0.218) 5.04 (0.226)
S, « S 5.26 (0.155) 5.31 (0.000) 5.39 (0.005)
S; < So 5.41 (0.000) 5.42 (0.000) 5.45 (0.003)
Sy < S 5.99 (0.000) 6.04 (0.024) 5.98 (0.010)
B structure

S; < So 5.10 (0.004) 5.09 (0.265) 5.04 (0.294)
S, « S 5.14 (0.189) 5.28 (0.002) 5.38 (0.001)
S; « So 5.38 (0.012) 5.39 (0.003) 5.43 (0.003)
Sy < So 5.74 (0.020) 5.84 (0.056) 5.87 (0.066)

structures. Their vertical excitation energies and oscillator
strengths are reported in Table 2, while the natural transition
orbital (NTO) pairs'* describing the first two excitations are
displayed in the ESIt (see Section SI-4 and Fig. S4-S9). Excited
states from the CAM-B3LYP/6-31+G(d,p) optimized structures
were also computed for further comparison and confirmation,
and reported in the ESIT (Table S2).

For each conformer optimized in the gas phase, S, is the
only low-lying bright state (f = 0.155 and f = 0.189 in F and B
conformers, respectively, see Table 2) and is dominated by a uracil
Unn* transition. In the B conformer, such transition is mixed with
a charge-transfer transition from a phenyl ring r orbital to a uracil
n* orbital (PnUn*) (see Fig. S5, ESIf). In contrast, for both
conformers, S, has a dark uracil nt* character, where the n orbital
is localized on oxygen #4 (Fig. S4 ESL} please refer to Fig. 2a for
atoms labels). Interestingly, the inclusion of solvent effects (either
implicitly or through cluster models) increases the energy of the
dark Unn* transition and stabilizes the bright Unn* state. There-
fore, in the methanol solution, the S, state has a main Unn*
character (Fig. S6 and S8, ESIt) and becomes the bright state
(Table 2). Conversely, the S, state acquires a dark Unn* character
(including an implicit solvent model, Fig. S7, ESIt), or a dark Prn*
one with a minimal Unn* contribution in a cluster/implicit
solvent model (Fig. S9, ESIT), while the Unn* character (S; in
gas phase) is shown instead by the S; state (NTOs not shown).

In particular, specific solvation effects (included in the
cluster/implicit solvent model) induce a relevant increase
(0.24 eV for the B conformer) of the adiabatic S, state energy,
while S; energy is slightly reduced. This results in an increase
of the S,-S; energy gap, as well as a decrease of the S;-S, gap,
both for the B3LYP/6-31G(d,p) and CAM-B3LYP/6-31+G(d,p)
optimized structures.

For each solvation scheme, we also observe that the transi-
tions from the B minimum are generally brighter and red-
shifted with respect to the corresponding ones from the F
minimum; the same conformational effect is observed for the
CAM-B3LYP/6-31+G(d,p) structures.

Comparing transitions calculated on structures optimized at
B3LYP/6-31G(d,p) and CAM-B3LYP/6-31+G(d,p) levels, we observe
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overall very similar features of the excited states, both in terms of
energy and brightness. The former level of theory was also
employed in ADMP/ONIOM/NPBCs ab initio molecular dynamics
to sample the conformation space for the following excited states
and spectrum simulations (Section 3.3).

3.2 Conformational and solvation equilibrium in the ground
state

In order to better characterize and systematically explore 5BU
conformational space and, in particular, other possible mini-
mum energy structures, an energy scan in methanol with
respect to 3 and ¢ dihedral angles (defined in Section 3.1)
was performed. In particular, the energy was evaluated in the
whole domain 3,9 € [—180°:180°] at the B3LYP/6-31G(d,p)/C-
PCM level of theory, starting the scan from the (—89.8, 0.01)
optimized F conformer.

The total energy of the system, relative to the scan minimum
energy (in the following referred to as “R.T.E”, for “relative
total energy”), is reported in Fig. 4 as a function of the
dihedrals § and ¢. Because of the C, symmetry of the phenyl
ring, the scan can be divided into two congruent halves: the
upper one, where 3 > 0, and the lower one, where 3 < 0; we
can thus restrict our analysis of the scan to the region —180° <
& < 0°. Three wells (R.T.E. < 1 kcal mol™ ") can be recognized:
(i) the well on the left, hereafter called “L”, lies approximately
between —160° < 3 < —50° and —120° < ¢ < —70° and
its lowest point has & = —89.8°, ¢ = —100.0° and R.T.E. =
0.118 kcal mol™; (ii) the well at the center, hereafter named
“C”, ranges approximately between —130° < 3 < —60° and
—30° < ¢ < 50° and its lowest point has 3 = —89.8°, ¢ = 0.0°
and R.T.E. = 0 kcal mol " (the absolute minimum of the scan);
(iii) the well on the right, named “R”, lies approximately

12
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© i
— c
k-] 6 o
= 5 8
=) 8
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3 2
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2 g
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Fig. 4 Color map of 5BU total energy (kcal mol™) at the B3LYP/6-
31G(d,p)/C-PCM level, as a function of the dihedrals $ (vertical axis) and
¢ (horizontal axis) (degrees), relative to the scan minimum energy. Energy
is reported using a color scale.
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between —130° < 3 < —10° and 70° < ¢ < 120° and its lowest
point has 9 = —89.8°, ¢ = 100.0° and R.T.E. = 0.118 kcal mol .

Conformers belonging to L and R wells are actually mirror
images (enantiomers). Thus, the energy scan shows that 5BU in
methanol has just two distinct conformers: the flag-like mini-
mum energy structure (Fig. 3d), corresponding to the C well,
and the butterfly-like minimum energy structure (Fig. 3c),
located in the R (or L) well, both previously characterized in
Section 3.1.

At the same time, the saddle point between the C and R wells
(9 = —109.8°, ¢ = 60°) has a RT.E. = 0.961 kcal mol ",
suggesting a low activation barrier for the interconversion of
the two conformers: the ground-state equilibrium of 5BU does
not appear to be dominated by rigid structures, but rather by a
plethora of energetically close configurations: a dynamical
analysis is thus necessary to achieve a complete understanding
of the excited states, overcoming the bias associated with the
study of few minimum energy structures.

A conformational analysis of the solute from ADMP/ONIOM/
NPBCs MD was performed to understand the 5BU conforma-
tions explored at the equilibrium. The (9,p) two-dimensional
distribution from the AIMD is plotted in Fig. 5. We clearly
distinguish two regions: one on the left, approximately located
at —130° < 9 < =307 —60° < ¢ < 50° the other one on the
right, approximately at —170° < § < —50°%, 50° < ¢ < 130°.
These two regions correspond, respectively, to the aforemen-
tioned C and R wells of the energy scan (Fig. 4) and so to the
population of the flag-like and the butterfly-like conformers.
Therefore, a sufficient sampling of both 5BU distinct conformers
in methanol at room temperature is provided by the collected
trajectory, as well as structural fluctuations within each
conformer.

1

a

=)
e o 0 O 9 =
m o N o ©

-100

Dihedral ¥ (°)

e o
w
Normalized frequency

-150

e o
- N

100

-50 0 50 150
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Fig. 5 (9.¢) two-dimensional dihedral distribution from 5BU AIMD. The
color map indicates the number of AIMD frames within 1° x 1° resolution,
normalized with respect to the maximum. Hotter colours are used for
more populated (3,¢) values and white colour denotes frequencies less
than 0.01.
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Solvent structuring and 5BU microsolvation were then
studied, through radial distribution functions (RDFs) between
solvent oxygen atoms and 5BU solvation sites, i.e. uracil 02, O4
(as hydrogen bond acceptors) and N1, N3 (as hydrogen bond
donors, please see Fig. 2a for atoms numbering). Clear 5BU-
methanol specific interactions can be recognized. Looking at
the O2 RDF (Fig. 6a), the first peak at 2.75 A suggests a strong
interaction with 1-2 methanol molecules (according to g(r)
radial integral) in the first solvation shell. The second peak at
3.55 A is instead actually due to the methanol molecules
solvating the other three heteroatoms: the g(7) integral (between
2 and 3) is compatible with the coordination numbers of N1, N3
and O4. The O2 second solvation shell is represented by the
peak at 7.25 A, including, on an average, about 14 solvent
molecules. A third shell at 11.45 A is moreover recognized.
While the O4 first solvation shell is located at the same distance
as that of 02 (2.75 A, Fig. 6b), it is instead less populated
(between 0 and 1 methanol molecule). This effect can
be explained by the steric hindrance of the benzyl group, closer

a) 02

-- RDF
) — running average
) — radial integral

et
[5)]
T

-- RDF
— running average

— radial integral

ed
[5))
T
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to O4. Moreover, a reduced exchange between first and outer
shells of O4 is observed, as suggested by g(r) minimum values
between the peaks (0.338 for 04, 0.797 for 02), likely due to the
lower exposure to the solvent. The two low peaks at 3.75 and
4.75 A actually reflect 02, N1 and N3 solvation. The 04 second
solvation shell (at 6.75 A) includes, on average, 9-10 solvent
molecules. The third shell is located instead at 11.55 A. N1
and N3 first solvation shells are at the same average distance
(2.85 A, Fig. 6¢ and d, respectively) and show a comparable
population (1 methanol molecule). Nevertheless, the first mini-
mum in N3 RDF is much deeper and wider (0.295 and 0.580 g(7)
minimum values for N3 and N1, respectively). This suggests
that the number of solvent molecules moving between the first
two shells of N3 is, on average, less than that of N1. This is
likely due to the position of N3 between the two oxygen atoms,
where the interplay of three solvation sites causes a stronger
local structuring of the solvent. The intense second peaks at
4.95 A include the methanol molecules solvating O2 (N1 RDF)
or 02 and O4 (N3 RDF). The N3 second solvation shell is

b) 04

-- RDF
— running average
— radial integral

N
[5)]
T

-- RDF
— running average

— radial integral

e
[3))
T

o2 4 6 _8 10 1z 14
r(A)

Fig. 6 RDFs (dashed black) of methanol oxygen atoms — 5BU heteroatoms distances (please refer to Fig. 2a for atoms labels). The solid black line
represents the 3-point g(r) running average and the red line represents its radial integral; the green dashed straight line is set to 1, the value of g(r) for a

homogeneous distribution.
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represented by the peak at 6.65 A (Fig. 6d) and includes, on
average, about 18 methanol molecules. The N1 RDF in the same
region (Fig. 6¢) instead appears to have already converged to 1,
suggesting a lower structuration.

In addition to the average information provided by the
RDFs, we further investigated the microsolvation of 5BU het-
eroatoms to observe the occurrence of strong hydrogen bonds.
A structural criterion was employed (based on a donor-acceptor
distance <4 A and hydrogen-donor-acceptor angle <40°). For
each heteroatom and for each AIMD frame, the distance from
the oxygen of the closest methanol molecule having an orienta-
tion suitable for hydrogen bonding (i.e., verifying the angle
criterion) was evaluated. Distributions of such distance from
the AIMD for each heteroatom are shown in Fig. 7. These
distributions reveal a mobile solvation equilibrium, exploring
both fully solvated configurations and partially solvated ones.
Indeed, we can consider a heteroatom unsolvated when the
closest protic molecule with an adequate angle is too distant
(>4 A). Therefore, 04 and N1 appear unsolvated in a signifi-
cant fraction of the configurations explored by the AIMD
because their distributions (Fig. 7b and c, respectively) show
a significant population of >4 A distances.

According to the previous discussion, the collected 5BU
ADMP/ONIOM/NPBCs MD simulation therefore provided a
complete picture of both conformational and solvation equili-
bria in methanol at room temperature. Such an ensemble
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allowed a detailed prediction of 5BU excited states and absorp-
tion spectra under such conditions, as shown in the following
section (Section 3.3).

3.3 Optical absorption spectrum: experimental and
simulation results from AIMD sampling

The experimental UV-Vis absorption spectrum of 5BU in metha-
nol was recorded according to the procedure detailed in Section
2.3. As shown in Fig. 8a, it exhibits two distinctive absorption
bands, located at approximately 210 and 265 nm, corresponding
to 5.90 and 4.68 eV, respectively. Our interest was to disentangle
the main electronic transitions and the structural features deter-
mining the observed absorption. To this end, we simulated the
optical absorption spectrum of 5BU in methanol by performing
TD-DFT calculations on an ensemble of configurations extracted
from the AIMD, according to the protocol detailed in Section 2.4.
As shown in Fig. 8a, the band shape of the experimental spectrum
is reproduced with a systematic blue shift, suggesting that the
energy spacing among the excited states is correctly estimated. By
recognizing the individual contributions of the different states, we
attribute the lowest-energy band, which is the one excited during
photo-cyclization,”>*® mainly to the transition towards S;, with
contributions also from S, and S;, the latter only found beyond
the band maximum (see Fig. 8b).

The different conformations and solvation states sampled by
the QM/MM/NPBCs trajectory in methanol solution at room

a) 02 b) 04
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8 oo 8 oo
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= 40% = 40%
) [a)
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Fig. 7 Distributions of the distance of each 5BU heteroatom from the closest solvent oxygen verifying Hueon—Omeon—0 or H-N-=Opmeon < 40°. Such a
criterion allows to select solvent molecules potentially able to participate in hydrogen bonds. Please refer to Fig. 2a for atoms labels.
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Fig. 8 TD-CAM-B3LYP/6-31+G(d,p) calculated UV-Vis absorption spectrum of 5BU in methanol (black line). In plot (a), its 50-points running average
(brown line) and the experimental spectrum (orange) are also reported; in plot (b), the contributions of the S; « Sq (red), S, « So (blue), Ss « S (dark
green), S4 « So (magenta), Ss « So (light green), S¢ « So (turquoise), S; < Sp (maroon) and Sg < Sq (olive) transitions to the total spectrum are instead
shown. The experimental spectrum is expressed as absorbance, while the simulated spectrum, its running average and states contributions are rescaled
so that the (smoothed) calculated first band and the experimental one are comparable.

temperature (Section 3.2) suggest that the adiabatic S; and S,
lowest-energy states may actually exchange their character
based on such parameters. We thus investigated the character
of the first two excitations (through a NTO analysis) on a small
subset of representative configurations extracted from the QM/
MM/NPBCs MD, differing in the conformation and solvation
state (please refer to Fig. S10 in the ESIf for their structures).
The features of S; and S, states calculated for such configura-
tions are correlated to the structural parameters as shown
in Table 3. NTO pairs isosurfaces can be instead found in
Fig. S11-S15 in the ESL{

Consistently with the calculations on optimized structures
with either implicit or explicit solvation (Section 3.1), S; is a
bright Unn* state, while S, has a dark Unn* character (being the n
orbital located on O4), due to specific methanol-5BU interactions
(especially on N1). Interestingly, in the ¢ configuration, where
neither of the two heteroatoms O4 and N1 are solvated, S; and S,
characters are swapped: the former is therefore a dark Unn* state,
while the latter has instead a bright Unn* character (see Fig. S15,
ESIt). We also observe that S; and S, of the butterfly-like repre-
sentative configurations (« and y) also show a small PnUn* charge-
transfer character, which is absent in the corresponding transi-
tions of flag-like configurations (see Fig. S11 and S12, ESIt).

We then compared the average values of energy and oscil-
lator strength of the first four states from the AIMD (see
Table 4) with the values calculated from the minimum energy
structures optimized in the methanol cluster at the B3LYP/
6-31G(d,p) level (i.e., the same level of the AIMD, see the third
column of Table 2). This comparison revealed consistent ener-
gies and spacing, but fairly different oscillator strength values:
S, is the brightest state from both static and dynamics calcula-
tions, but its oscillator strength calculated from AIMD frames is
on average only 0.123, compared with the values of 0.294 and
0.226 from the minimum energy structures. S, and S;, which
from static calculations appeared to be completely dark states,
instead exhibit an average oscillator strength of 0.042 and
0.013 respectively, based on AIMD frames. The S, state is
therefore not completely dark because it acquires a Unn*
character in a reduced fraction of the sampled configurations.
Besides S;, S, is of particular interest since it contributes,
together with S;, to the first band, which is excited to induce
5BU photo-cyclization.>*?¢

The swap of the character of the first two states depending
on 5BU conformation and solvation can explain several trends
in their brightness. Regarding the first excited state, the for-
mation of a hydrogen bond between O4 and a solvent molecule

Table 3 Analysis of S; and S; excited states at the TD-CAM-B3LYP/6-31+G(d,p) level for five representative configurations sampled from 5BU QM/MM/
continuum MD in methanol solution (see Section SI-5 in the ESI). Columns 2-4: 5BU conformer and solvation state of O4 and N1 heteroatoms (please
refer to Section 3.2 for the definition of the B and F conformers and to Fig. 2 for atoms numbering). Columns 5-8: S; and S vertical excitation energies
(eV), oscillator strengths and characters according to hole—electron NTO pairs

51 < So S, < So
Configuration Conformer 04 N1 V.E.E. (f) Character V.E.E. (f) Character
o B H-bonded H-bonded 4.92 (0.217) Unn* 5.25 (0.019) Unn* + PrUT*
p F H-bonded H-bonded 5.05 (0.179) Unn* 5.27 (0.017) Unm*
9 B Not H-bonded H-bonded 4.83 (0.158) Unn* + PrUn* 5.13 (0.054) Unn*
F Not H-bonded H-bonded 5.12 (0.170) Unn* 5.30 (0.006) Unrn*
€ F Not H-bonded Not H-bonded 5.03 (0.024) Unm* 5.14 (0.102) Unn*
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Table 4 Central column: oscillator-strength-weighted AIMD-averages of
the vertical excitation energies of the first four transitions of 5BU in
methanol; right column: AIMD-averaged oscillator strengths of the same
transitions. Second-last row: average energy of the points composing the
first band of the computed spectrum shown in Fig. 8, each one weighted
for the respective intensity. Last row: energy of the maximum of the first
band in the experimental spectrum

Transition V.E.E. (eV) f

S: < So 5.01 0.123
S, « So 5.20 0.042
Ss « So 5.34 0.013
S, « So 5.82 0.050
Average of the first band 5.06

Experimental peak 4.68

appears to be an important feature. As discussed in Section 3.2,
some of the sampled configurations have at least one solvent
molecule with distance and orientation suitable for a hydrogen
bond with O4, while in the other ones, 04 does not form
hydrogen bonds (see Fig. 7b). In the former group, the average
S; oscillator strength is 0.146 and its distribution peak lies
between 0.15 and 0.18 (see the blue bars in Fig. 9a, please refer
to Table 5 for average S; oscillator strength within each cluster
of MD frames); in the latter group, instead, the average S,
oscillator strength is 0.069 and its distribution peak lies
between 0.00 and 0.03 (see the orange bars in Fig. 9a). Analo-
gously to 04, N1 microsolvation (see Fig. 7c) also influences the
brightness of S;: S; is mostly a bright state when there is at least
one solvent molecule with distance and orientation suitable for
a hydrogen bond with N1, while it is darker when N1 does not
form hydrogen bonds. In the former group, the average S;
oscillator strength is 0.132 and its distribution peak lies between
0.15 and 0.18 (see the green bars in Fig. 9b); in the latter group,
instead, the average S; oscillator strength is 0.059 and its dis-
tribution peak lies between 0.00 and 0.03 (see the red bars in
Fig. 9b). Finally, the relative orientation of the uracil and phenyl
rings also plays a role: when they are approximately orthogonal to
each other (flag-like conformer, occupying the right half of the
distribution in Fig. 5, see for instance Fig. 3b), S; oscillator
strength has a bimodal distribution, with a dark peak between
0.00 and 0.03 and a bright peak between 0.15 and 0.18 (see the
pink bars in Fig. 9c). When the rings face each other (butterfly-like
conformer, occupying the left half of the distribution in Fig. 5, see
for instance Fig. 3a), the distribution dark peak disappears and S;
is mostly a bright state, with a distribution peak between 0.15 and
0.18 (see the brown bars in Fig. 9c).

S, exhibits an opposite behaviour with respect to S;, even if
its variations are more subtle. Like S;, indeed, its brightness
mainly depends on the microsolvation of O4, but, contrarily to
Sy, it is higher in the configurations where 04 does not form
hydrogen bonds and decreases in those where a methanol
molecule solvates O4. In the first group, S, oscillator strength
has a bimodal distribution, with the highest peak between
0.00 and 0.03 and a lower peak (with a population half of the
first one) between 0.15 and 0.18. In the second group instead,
the distribution shows no bright peaks (see the blue bars in
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c) Distributions of S; oscillator strength values among frames of the F
conformer (pink), or among frames of the B conformer (brown).

Fig. 9 Distributions of S; oscillator strength values among groups of
frames taken from the AIMD.

Table 5 Average S; oscillator strength for every considered cluster of
AIMD frames

Cluster Average f(S;)  Cluster Average f(S;)
Not H-bonded 04 0.069 H-bonded 04 0.146
Not H-bonded N1 0.059 H-bonded N1 0.132
F conformer 0.123 B conformer 0.127

Fig. 10a) and the second excited state is mostly dark, with an
average oscillator strength of 0.0308 (please refer to Table 6
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conformer (pink), or among frames of the B conformer (brown).

Fig. 10 Distributions of S, oscillator strength values among groups of
frames taken from the AIMD.

for average S, oscillator strength within each cluster of MD
frames). Again in contrast to the first state, the fraction of
frames with a bright second excited state significantly increases
when there are no nearby solvent molecules able to form a
hydrogen bond with N1, while it is lower when N1 is solvated:
in the first group, S, oscillator strength has a bimodal distribu-
tion, with the highest peak between 0.00 and 0.03 and a second
one between 0.12 and 0.15, with a relative abundance half of
the first one (see the red bars in Fig. 10b). The second group
does not show this bright peak in the distribution, but a mostly
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Table 6 Average S, oscillator strength for every considered cluster of
AIMD frames

Cluster Average f(S,)  Cluster Average f (S,)
Not H-bonded 04 0.071 H-bonded 04 0.031
Not H-bonded N1 0.066 H-bonded N1 0.039
F conformer 0.042 B conformer 0.021

dark second excited state, with an average oscillator strength of
0.039 (see the green bars in Fig. 10b). Finally, the effect of the
two rings arrangement is also reversed with respect to S;: the
second excited state is brighter when the two rings are approxi-
mately orthogonal (flag-like conformer), while it is darker when
they face each other (butterfly-like conformer) (see Fig. 10c).

4 Conclusion

In this work, new features regarding the photophysics of 5BU in
methanol solution at room temperature were found, using an
accurate combined computational and experimental approach.
From our analysis of the ground-state equilibrium and of the
electronic layout of 5BU in methanol, an intricate and subtle
correlation between the instantaneous configurations and the
photophysics was found. The nature and brightness of the first
two excited states were found to be dependent on the conforma-
tion of the solute and on the instantaneous microsolvation of its
heteroatoms. Indeed, 5BU appears to have a soft conformational
landscape, composed of a plethora of relevant conformations and
microsolvation configurations at room temperature. As main
results, we observed that the character and brightness of these
two transitions can swap, depending on the reciprocal orientation
of the aromatic rings and the instantaneous microsolvation of the
heteroatoms O4 and N1. The dependence of absorption on the
conformation and microsolvation may influence the successive
photoreaction. The irradiation at different wavelengths may
induce different reaction pathways by exciting different initial
conformations and solute-solvent configurations, activating
either S; or S, excited states. This may acquire even greater
importance when applied to nucleoprotein complexes, where
the involved residues are often blocked in a specific orientation
and solvation state and may thus be susceptible or not to photo-
crosslinking based on these features. This suggests that the
description of the subsequent photorelaxation and photoreaction
has to include a non-adiabatic treatment of both the first two
excited states, already in its earliest stages. Moreover, given
the significant role of the solvent in both the excitation and the
photoreaction, excited state dynamics would benefit from the
inclusion of an explicit treatment of the several solvent molecules
to fully saturate the solvation sites. Our work will help in advan-
cing such analysis, towards the comprehension of photophysics of
DNA- and RNA-protein model complexes.
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