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Abstract

Simulating electronic properties and spectral signals requires robust computational
approaches that need tuning with the system’s peculiarities. In this paper, we test
implicit and fully atomistic solvation models for the calculation of UV-Vis and Elec-
tronic Circular Dichroism (ECD) spectra of two pharmaceutically relevant molecules,
namely, (2S)-Captopril and (S)-Naproxen, dissolved in aqueous solution. Room tem-
perature molecular dynamics (MD) simulations reveal that these two drugs establish
strong contacts with the surrounding solvent molecules via hydrogen bonds. Such spe-
cific interactions, which play a major role in the spectral response and are neglected
in implicit approaches, are further characterized and quantified with Natural Bond
Orbitals (NBO) methods. Our calculations show that simulated spectra, and espe-
cially ECD, are in good agreement with experiments solely when conformational and
configurational dynamics, mutual polarization, and solute-solvent repulsion effects are

considered.



1 Introduction

The study of electronic transitions and excited states of molecules has a wealth and long
story that involves different experimental and computational methodologies. In that field,
two well-known techniques are UV-Vis absorption and Electronic Circular Dichroism (ECD)
spectroscopies.'® ECD is a chiroptical spectroscopy that measures the difference between
the absorption coefficients for left and right circularly polarized light. Like other chiroptical
spectroscopies,® 7 its ultimate goal is thus to determine the absolute configuration of chiral
substances.®? For this reason, ECD finds applications in the characterization of the sec-
ondary structure of biopolymers, such as peptides and nucleic acids, and in determining the
absolute configuration of compounds with pharmacological relevance.®'?2 ECD intensities
are associated with rotatory strengths that are related to electric and magnetic transition
moments.! Due to the different absorption of left /right polarized light, ECD signals can be
positive or negative. This feature adds an extra “dimension” to the spectra compared to
the dimensionality of traditional UV-Vis spectroscopy, making ECD spectroscopy extremely
sensitive to the specificity of molecules’ geometric and electronic structures. 3

Electronic structure calculations can serve as a tool to both interpret experimental spectra
and predict ECD profiles when measurements are not available.* The assignment of abso-
lute configurations of chiral systems by computed ECD spectra can be accurately achieved
if validated computational protocols are used.'*'” These protocols need to account for an
accurate description of solvent effects on spectral signal since the large majority of experi-
ments are performed in the condensed phase.'® In particular, solvent effects can be crucial
in determining the ECD spectral profile, especially when specific, strong, and directional
interactions, such as Hydrogen Bonds (HB), are present. This is the case of aqueous so-
lutions, which are the natural environment for biological systems. To deal with the speci-
ficities of such an environment, fully atomistic Quantum Mechanics/Molecular Mechanics

(QM/MM) approaches can be used.'®?° There, the chiral molecule is treated at the QM



level, whereas the solvent is atomistically described by means of classical mechanics. The
most accurate approaches belong to the family of polarizable QM/MM methods, where
the QM part can polarize the MM region and vice-versa, in a mutual polarization fash-
ion.?! Among the many polarizable QM /MM methods,'"192225 QM /Fluctuating Charges
(QM/FQ)?* and QM /Fluctuating Charges and Fluctuating Dipoles (QM/FQF )25 have
extensively proved to yield a reliable description of spectral signals of systems dissolved in
aqueous solution. 212930

In polarizable QM /MM methods, the QM /MM interaction is limited to electrostatics
and polarization terms. However, even for polar solvents such as water, non-electrostatic
interactions can be relevant.?3® For this reason, in this work we refine the modeling of
QM /MM interactions so as to include quantum confinement effects (Pauli repulsion) in the
evaluation of spectral signals and electronic properties. This is achieved by exploiting an
approach explicitly dependent on the QM density, which we have recently developed and
that is general enough to be coupled to any QM /MM method. %

In this work, QM/FQ and QM /FQFu are challenged to simulate the UV-Vis and ECD
spectra of two well-known chiral molecules (2S)-1-[(2S)-2-methyl-3-sulfanylpropanoyl|pyrrolidine-
2-carboxylic acid — Captopril — and (+)-(S)-2-(6-Methoxynaphthalen-2-yl)propanoic acid —
Naproxen — (CAP and NAP in what follows) when dissolved in aqueous solution. Both drugs
are employed in clinical and pharmaceutical settings as pure (S,S) and (S) epimers, which are
responsible for the angiotensin-converting enzyme (ACE) inhibitory and anti-inflammatory
action, respectively.?”3? To the best of our knowledge, this is the first work where solvent
effects on the ECD spectra of solvated CAP and NAP are assessed.

The paper is organized as follows: in the next section, the theoretical and computational
fundamentals are briefly reviewed. After a short discussion on the computational protocol,
UV-Vis and ECD results obtained for CAP and NAP in aqueous solution are presented
and compared to the experimental spectra. Conclusions and future perspectives close the

manuscript.



2 Short theoretical background

Within the polarizable QM /FQ model, each MM atom is endowed with a polarizable charge
that varies as a response to the QM electrostatic potential and the differences in the elec-
tronegativity between each MM atom. QM/FQFu model is a pragmatical extension of
QM/FQ, which additionally endows each MM atom with a polarizable dipole. In this way,
the anisotropy of specific interactions, such as HB, can be considered. The QM density
interacts with charges in case of QM /FQ, with both charges and dipoles in QM/FQF u. For
a self-consistent-field (SCF) method, the total QM/FQFu energy (£) and the effective Fock

matrix (F),,) expressed in the Atomic Orbitals (AO) basis set {x,} read:
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where h and G are the one- and two-electron matrices, and D is the density matrix. x
gathers atomic electronegativities, while T}, T{}" and T};* are charge-charge, charge-dipole
and dipole-dipole interaction kernels, respectively. Their expressions can be found in Refs.
26,40. q'V(D) and pu'E(D) terms describe the electrostatic interactions between the QM
density and the FQs and Fus, respectively. A is a set of Lagrangian multipliers that impose
specific charge constraints on each molecule. 2

To feed Eq. 2, charges and dipoles are computed by imposing the global functional to

be stationary with respect to charges, dipoles, and Lagrangian multipliers. Such procedure



leads to the following linear system:2

T 15| T™* q —-X —V(D)
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where 1, accounts for the Lagrangian blocks, Cg collects atomic electronegativities and
charge constraints. L) is the vector containing charges, dipoles, and Lagrangian multipliers,
and R(D) represents the QM potential and field. QM/FQ equations are easily recovered
by discarding all terms depending on g in Egs. 1 and 2 and by discarding rows/columns
involving us and their response in Eq. 3.

To include Pauli repulsion contributions we exploit the approach presented in Ref. 31.
This model consists of building a mimicked density for the MM portion of the system (pym)-
This is achieved by localizing fictitious valence electron pairs for the MM molecules in their
bond and lone pair regions and representing them by s-gaussian-type functions.*® The Pauli

repulsion energy term is then computed as the following (opposite) exchange integral:

Erep :/pQM(rar/)pMM(r/ar) dI'dI', (5)

v — |

Differently from parametric formulations (e.g., LJ potential) that do not modify the
Hamiltonian, Eq. 5 explicitly depends on the QM density and thus directly contributes to
the Fock matrix. In this way, an indirect contribution to all sets of excited state properties
is obtained.*!

With the purpose of computing UV-Vis and ECD spectra, we use Time-dependent density
functional theory (TD-DFT).*? In the framework of QM /FQ(Fu), the embedding-dependent
terms arising from the polarizable environment must be included in the response operator,

ultimately adding extra terms in the A and B matrices of Casida’s equations.* We refer



the interested readers to Refs. 27,41 for further details. The inclusion of QM /MM quantum
repulsion instead does not add extra terms to Casida’s equations because they act as a
one-electron contribution to the Fock matrix (see Eq 5).33

Electronic excitation energies and the electric and magnetic transition dipole moments
can be obtained from the eigenvalues and eigenvectors of the response equations, respectively.
These quantities allow the calculation of UV /Vis and ECD spectra, by using the oscillator
strength f,0, and ECD rotatory strength, R, for each excitation from the ground state Wy

to the nth excited state ¥,,, 0 — n (in a.u.):*
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where W, and V,, are the wavefunctions, ji and m are the electric and magnetic dipole
operators, wyo is the transition energy. In the above notation, Rffo) means that the rotatory

strength is evaluated in the velocity gauge.

3 Methods

QM/MM calculations of both UV-Vis and ECD spectra are performed by relying on the

following multi-step protocol: 2!

1. Definition of the system: the molecular system is composed of the target molecule
(solute, here NAP or CAP) and its surrounding environment (solvent, here water). Us-
ing Marvin Beans version 19.20,,* a preliminary investigation of protonation states as
a function of pH is conducted. The speciation plots show that at neutral pH (pH=7.0)

CAP and NAP stay in anionic forms, with deprotonated carboxylic groups. Their



structures are depicted in Figs. 1a and 1b, respectively.

Initial geometries of both drugs are adapted from the Protein Data Bank (PDB), specif-
ically from coordinates associated with residues called X8Z and NPS, respectively. 46:47
Relaxed scans around the principal dihedral angles of CAP and NAP (41, 62, and 03
in Fig. 1) are performed at the CAM-B3LYP /aug-cc-pVDZ level of theory, and the

structures of the resulting conformers are optimized at the same level. In those steps,

aqueous solvent effects are included by means of the Polarizable Continuum Model.*®

(2S)-Captopril S)-Naproxen

Figure 1: Anionic CAP (left) and NAP (right) molecular structures. Selected atom labels
and dihedral angles are highlighted.

2. Classical Molecular Dynamics (MD) simulation: an MD simulation is performed
for each molecule (CAP or NAP) surrounded by water molecules. MD runs are suffi-
ciently long to sample the phase space. Force field parametrizations for the solutes are
generated by relying on the ANTECHAMBER package and the general Amber force
field (GAFF).1950 To refine electrostatic solute-solvent interactions, the solute charges
are computed by exploiting the multiconformational RESP (MultiRESP) procedure. !
Each drug molecule is then placed in the center of a cubic box with an edge of 60
A and surrounded by roughly 7700 TIP3P-FB%? water molecules. To neutralize the

net charge of the system, a sodium counterion is placed in the simulation cell.

Systems composed of the flexible anionic solute and the water molecules are minimized

using the steepest descent algorithm until the force on each atom results lower than



1000.0 kJ/mol/nm. Two subsequent equilibration steps are performed before the pro-
duction run. In the first one, which lasts 1.0 ns and is conducted in the NVT ensemble,
the system is slowly heated from 0 to 298.15 K. The 2.0 ns second equilibration step
is then performed in the NPT ensemble. A velocity rescaling including a stochastic
term,® with time constants of 0.1 ps, is used to control the temperature, whereas a

t,%* with a time constant of 2.0 ps, is used to control the

Parrinello-Rahman barosta
pressure of the system. Periodic boundary conditions are applied in all directions.
VAW forces are computed using a cutoff distance of 12 A. Long-range electrostatic
interactions are treated with the Particle Mesh Ewald (PME) method,**% using a
real-space cutoff radius of 12 A. 50 ns production runs are performed in the NPT
ensemble at 298.15 K. A time step of 2.0 fs is adopted for all the MD steps. The
LINCS®"®® algorithm is used in order to freeze the fastest internal degrees of freedom,

i.e., hydrogen atoms. System coordinates are stored for every 2.0 ps of simulation. All

molecular simulations are carried out with the GROMACS 2020.3 package.?% 64

. Definition of the different regions of the two-layer scheme: Different sets (from
100 to 1100) of uncorrelated snapshots are extracted from the last 40 ns of the MD
runs. For each snapshot, a sphere centered on the center of mass of the drug is cut, with
radii of 17 and 20 A for CAP and NAP, respectively, so as to retain all relevant solute-
solvent interactions. Such cutoffs are chosen based on the information provided by the
Radial Distribution Functions (RDF) retrieved from the MD trajectories through the
TRAVIS package.%>% The diverse sets of snapshots serve to evaluate convergence for

the studied properties.

. QM/MM calculations: For each snapshot, UV-Vis and ECD spectra are calcu-
lated by exploiting three different QM/MM approaches (QM/TIP3P, QM/FQ, and
QM /FQFu) where the drug is the only included in the QM portion and is treated at the
CAM-B3LYP /aug-cc-pVDZ level. In the case of QM/FQ, two different parametriza-



tions are exploited (QM/FQ® from Ref 67 and QM/FQ? from Ref 32). In addition to
the purely electrostatic (and polarizable) QM/MM interactions, solute-solvent Pauli
repulsion is considered by following the approach reported in Ref. 31. For the sake of
comparison, vacuum and QM/PCM UV-Vis and ECD spectra are also computed. The
first 20 excited states are considered in all TD-DFT calculations. Canonical Molecular
Orbitals (CMO) analysis, as implemented in NBO,% ™ is used to assign the orbitals
involved in the main transitions. ™"~ Further NBO calculations, in particular, stabiliza-
tion energies, are carried out to identify and quantify the strongest target-environment
interactions after expanding the QM region to include the first solvation shell of each

drug, i. e., the water molecules in the closest contact (2.3 A) with the drug.

. Extraction of the averaged spectra (see Eq. 7) and analysis of the results:
Raw UV-Vis and ECD data obtained from each snapshot are convoluted with a Gaus-
sian function, with a full width at half maximum (FWHM) of 0.25 eV. Then, the
individual spectra are averaged to obtain the final ones, which are compared with their

experimental data.

Calculations are performed using a locally modified version of the Gaussian16 package.™

Interaction energies are obtained via second-order perturbation corrections to the Fock ma-

trix with the NBO7 program.™

4 Results

This section reports the results obtained on UV-Vis and ECD spectra of solvated CAP and

NAP. To analyze solvent effects, spectra are simulated by a variety of models: the implicit Po-

larizable Continuum Model (PCM),*® an electrostatic embedding approach (QM/TIP3P),

and the polarizable QM /FQ and QM /FQFx models, with and without an explicit description

of Pauli repulsion effects. Note that QM /FQF i is here applied for the first time to compute

ECD spectra in a solvent. Computed results are compared with measured UV-Vis and ECD

10



spectra. In addition, the hydrogen bonding and strength of specific solute-solvent interac-
tions are quantified using Natural Bond Orbitals (NBO) methods to provide a rationale for

our findings. %7

4.1 (2S)-Captopril
4.1.1 Conformational sampling and MD analysis

Due to its significance as a potent ACE inhibitor, an extensive conformational search of cap-
topril has already been reported,” ™ in its neutral and double anionic forms, evaluating the
effect of the solvent®” via the conductor-like PCM (CPCM).™ Apart from the conventional
conformational changes, cis-trans isomerization processes can also happen to CAP.™ Our
conformational search, initially assessed by exploiting the implicit PCM model at the CAM-
B3LYP/aug-cc-pVDZ level of theory, leads to four minima according to the scans reported
in Fig. S1 in the Supporting Information (SI). The highest QM/PCM rotational barrier is
more than 25 kcal/mol for the rotation of the proline group of the drug, 62 in Fig. la.
Other rotations do not exceed 5 kcal/mol in their barriers, confirming the flexibility of the
molecule. Combined dihedral distribution functions (DDF) for the main angles and CAP
equilibrium structures are displayed in Fig. 2. Diverse dihedral angle values are sampled,
overcoming the rotational barriers in the 62 case. Notice that the structure C is the most
sampled conformation during the MD runs, even if the lowest-energy minimum (Structure
A in Fig. 2) serves as the starting point in the MD sampling. The four motifs are used to
perform QM /PCM calculations.

11
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Figure 2: (a) CAP combined dihedral distribution functions for selected angles (see Fig. 1a).
(b) CAP conformers obtained from dihedral scans.

In order to analyze the hydrogen-bonding patterns between the QM molecule and its
surrounding environment, i.e., the water molecules, RDF's, and the corresponding running
coordination numbers (RCN) computed as the integral of the RDF up to its first/second
minimum for any specific atom, are calculated and reported in Fig. 3. The three oxygen

(01, 02, O3), the sulfur (S1), and the sulfur-linked hydrogen (H1) atoms are considered

12



(see Fig. la for atom labeling) as potential HB sites with the solvent. The two well-defined
peaks at about 1.75 A for the carbonyl and carboxylate oxygen atoms indicate a strong HB
interaction between CAP and the near water molecules. RCNs vary from approximately
3.0 for carboxylate O1 and O2 to 2.0 for the carbonyl O3, showing, as expected, a slight
preferential HB interaction with the charged group. In contrast, for solvent interactions via
the thiol group of CAP, peaks at longer distances, 2.1 (H1) and 2.2 (S1) A emerge and give
rise to RCNs of less than 1.0. The above analysis leads to having, on average, seven water

molecules in the closest vicinity of CAP when it is solvated.
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Figure 3: Radial distribution function (continue lines) and running coordination number
(dotted lines) of CAP in water. Labels are reported in Fig. 1a.

4.1.2 UV-Vis Absorption Spectrum

As an example of the spectral profile building, QM/FQFu UV-Vis and ECD spectra are
plotted in Fig. 4 together with the raw data (reported as grey sticks) extracted from each
snapshot. Sticks-like spectra for the other approaches are deposited in the SI, Figs. S3

and S4. It is worth mentioning that QM /MM final spectra originate from averaging the
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Figure 4: QM/FQFu ECD (top) and UV-Vis (bottom) raw stick and convoluted spectra
of CAP in aqueous solution, computed at the CAM-B3LYP /aug-cc-pVDZ level of theory.
Gaussian functions with an FWHM of 0.25 eV are used in the convolution. Total frames:

900

individual convoluted results over 600 uncorrelated snapshots extracted from the MD run.
The convergence of QM /MM computed spectra has carefully been examined by considering

an increasing number of snapshots (see Figs. S5-S6 in the SI).
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The first observation from the sticks in Fig. S3 in the SI is that in the 150-350 nm range,
the UV-Vis spectrum of CAP in water is characterized by two main bands regardless of the
exploited QM /MM approach. However, from 180 nm on, the lowest experimental reported
limit, just a single well-defined band appears (see Fig. 4). Another important thing is that
each QM /MM approach shows a peculiar spread of sticks both in energy/wavelengths and
intensities. This can be particularly appreciated by considering the larger spread reported by
QM/FQb (and QM/FQF 1) with respect to QM/FQ?, and indeed, it confirms that there is a
different description of solute-solvent electrostatic (polarizable) interactions when exploiting
diverse models and /or parametrizations. Remarkably, QM/FQ® and QM/FQFu spectra are
almost identical, thus showing that the anisotropic contributions arising from the inclusion
of Fus are negligible in this case.

Convoluted UV-Vis spectra with the diverse approaches used in this work are shown
in Fig. 5, along with the experimental spectrum.®® The experimental UV-Vis absorption
spectrum of CAP consists of a single band exhibiting a maximum at 205 nm.%® Computations
in the gas phase yield a very displaced band with respect to the experiment, while all the
approaches that are here exploited to include solvent effects improve the computed spectrum.
Table S2 in the SI lists wavelengths for CAP (also for NAP) maximum absorption energies
calculated by means of the various solvation approaches. All spectra computed with any
of the QM /MM methods are blueshifted with respect to the experiment. Among them,
the QM/FQ® embedding approach reproduces better the experimental data, placing the
maximum at 200.7 nm. Regarding the inclusion of repulsion, there are no significant changes
in simulated spectra, and just in the case of QM /FQ? and QM/FQF methods, a slight shift
(< 2 nm) can be appreciated. On the basis of the CMO decomposition, the transition that
leads to the emergence of the main band has a 7 — #* nature and involves the amidic
To—os+N and m¢_qs orbitals (graphically depicted in Fig. 5) regardless of the solvation

model.
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Figure 5: Left: UV-Vis spectra of (2S)-CAP at the CAM-B3LYP/aug-cc-pVDZ level of
theory. Computed vacuum, QM/PCM, QM/TIP3P, QM/FQ*, QM/FQ’ and QM/FQFu
spectra (with and without the inclusion of Pauli repulsion in the case of atomistic models)
are reported. The experimental spectrum is adapted from Ref 80. Right: CAP Molecular
Orbitals (MOs) involved in the main electronic transitions.
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4.1.3 ECD Spectrum

We now move on to analyze the ECD spectrum of CAP in water. Fig. 6 shows the simulated
ECD spectra of CAP at different levels of treatment of solvent effects. Such spectra result
from convoluting raw data as those offered as an example in Fig. 4, top panel. The remaining
ECD-stick spectra in Fig. S4 in the SI, plotted in the 150-320 nm interval, reveal that each
approach offers a unique disposition of the sticks and the band broadening is automatically
added because of the configurational variability which is achieved in the MD sampling. Also,
it is worth noting that there is a higher complexity in the ECD spectra compared to UV /Vis,
resulting from the sign alternation underlying each convoluted band. This is due to both
conformational changes of the solute and the dynamical sampling of the surrounding water
molecules and is typical for all chiroptical spectroscopies.”!” Even though ECD spectral
patterns below 180 nm (see Fig. S4 in the SI) are different going from one approach to the
other (see entirely positive (4) or alternating positive, negative, positive (+,-,+) features),
the emergence of the prominent negative band at around 200 nm (Fig. 6), seems to be a
general characteristic of convoluted spectra. As expected from the UV-Vis results, QM /FQ°
and QM/FQFu spectra are somewhat similar, thus pointing out the marginal impact of
adding fluctuating dipoles in the case of CAP ECD spectra.

According to Brittain and Kadin®®, CAP experimental ECD spectrum consists of a strong
single negative peak located at 210 nm, which is confirmed by the recent measurements
performed in water by Rahman and Khan®, who found the same negative band centered
at ~208 nm. The measured ECD spectrum taken from Ref. 81 is also given in Fig. 6. In
order to investigate the performance of the considered solvation models, Table S2 reports
the position of the negative main band for both CAP and NAP (see below). As in the
case of the UV-Vis absorption spectrum, modeling ECD for CAP in the gas phase fails
at reproducing the experimental pattern, giving two negative peaks located far from 208
nm. In contrast, PCM and the non-polarizable TIP3P offer a small improvement in the

position of the negative band, and the quality of the reproduction of experiments raises
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Figure 6: ECD spectra of (25)-CAP at the CAM-B3LYP /aug-cc-pVDZ level of theory.
Computed vacuum, QM/PCM, QM/TIP3P, QM/FQ?* QM/FQ’ and QM/FQFu spectra
(with and without the inclusion of Pauli repulsion in the case of discrete models) are reported.
The experimental spectrum is adapted from Ref 81.
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even more when the polarizable QM /FQ and QM/FQFu are employed, with the negative
(-)-band peaking at 201 nm in the QM/FQ® spectral profile. Focusing on the QM/FQ® and
QM /FQF i spectra, we see that the inclusion of fluctuating dipoles in the MM portion, which
increases the molecular dipole moment of MM water molecules, does not affect to a large
extent the position of the main band. Differently, their effect can be better appreciated in the
band broadening and the different sign alternation. However, when repulsion is considered,
the results become closer to the experimental observations, due to the redshift of the bands
and the different band broadening. Indeed, repulsion plays an opposite role for the ECD of
solvated CAP compared to the effect in the absorption spectra (blue-shift). In addition, all
QM /MM spectral profiles present a weak positive band right after 225 nm, of which intensity
diminishes with the addition of extra snapshots, as can be seen in the convergence plots in
the SI (Figs. S7 and S8). This observation confirms that the ECD spectrum is sensitive
to diverse solute and solute-solvent conformations, which is reflected in the higher number
of configurations needed to reach convergence when compared to UV-Vis.!” Rahman and
Khan® have proposed that the negative band at about 208 nm may be due to n — 7
transition of the carboxylate group mixed with the n — ¢* transition of the amino group of
the proline moiety. Our analysis, based on the CMO decomposition, suggests that such a

band is associated with a @ — 7* transition.

4.1.4 NBO analysis

The improvement observed in both UV-Vis and ECD spectra when the solvent is treated
atomistically reveals a role of HB interactions in the spectral behavior of the solute. Hence,
it is important to analyze how strong CAP---water interactions are. In our multiscale
calculations, we resort to the NBO analysis quantifying the primary orbital overlapping
in the cluster (CAP + explicit water molecules) while the remaining water molecules are
described with the FQ® model. Fig. 7a) depicts the eight water molecules more heavily

interacting with CAP in a selected MD snapshot.
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Figure 7: Closest water molecules to CAP in one of the MD snapshots (panel a) and evolution
of the stabilization energies associated to the no, — of; _o O, = 01,02, O3 charge transfers,
panels b), c¢) y d), respectively, and ng; — o__q, and no, — of_g charge transfers, panel

e), along the entire MD simulation. In the stacked plots, the largest |E§2_)>a| is used for each
orbital interaction.

Orbital interactions responsible for maintaining solute-solvent, or CAP /water contacts,
involve lone pairs (n) and antibonding (¢*) orbitals and are of the no, — of_ _o O. =
01,02,03, ng1 — oy, _o, and no, — of;_g type. The stabilization resulting from those
charge transfers is quantified in the different panels of Fig. 7. Although interactions with
the solvent do not vary in nature during the MD simulations, water molecules are arranged
distinctly on each snapshot, causing different interaction strengths (the higher the |E((fia|
value, the stronger the interaction). Consequently, different oscillator and rotatory strengths
are reported for each snapshot, resulting in a diverse broadening of the transition bands as
shown in the previous sticks-like and convoluted spectra. Due to the nature of the carboxylate
group, in some frames, a third lone pair appears in either O1 or O2 oxygen atoms. Those
HBs are charge-assisted, and so they are stronger (maximum — Ec(lzla = 91 kcal/mol) than

those formed via the two lone pairs in O3 (maximum — ZE(Q) = 42 kcal/mol). Similar

d—a

values have been reported in the literature for systems with a carboxylate group mediating

the interaction with the solvent.”8285 Also, it should be noticed that the no, — ofj_g

(2)

charge transfer, just once exceeding — d2_>a = 20 kcal/mol (see green bars in panel d) of Fig.
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7), is found only in a few cases, because of the dynamical variability of the solute during
the simulation that is certainly expected to affect the modeled spectra. The cumulative
quantification of the strength of the main orbital interactions that keep CAP in contact with
adjacent water molecules is displayed in Fig. S9 in the SI. Remarkably, frames with a large

cumulative ’Ec(12—)>a‘ have UV-Vis and ECD spectra more akin to the experiments.

4.2 (S)-Naproxen
4.2.1 Conformational, MD and NBO analysis

Structural analysis of neutral and anionic Naproxen has been previously done in multiple
works.®86 Here, NAP conformers are first located by exploiting the implicit PCM model.
Scan results at the CAM-B3LYP /aug-cc-pVDZ level of theory can be seen in Fig. S10 of
SI. Individual §; and & rotational barriers do not surpass 4 kcal/mol. Four different struc-
tures are found to be stable at this level of theory, as reported in Fig. 8(a). Overall, these
conformations differ in the relative orientation of the carboxylate group with respect to the
naphthalene moiety, as pointed out in earlier studies by Wenzel and Buss®'. These structures
are used in the subsequent gas phase and QM /PCM calculations and the results obtained
are Boltzmann averaged. Motif B, that is the absolute minimum, is the initial structure for
the MD runs.

Before discussing UV-Vis and ECD spectra of NAP in aqueous solution, we will examine
the MD trajectory to gain insights into NAP conformers and the solvent local structure
around them. Since the main conformational freedom of NAP stems from the d; and d, di-
hedral angles shown in Fig. 1, Fig. 8(b) compares the DDFs of these two angles as obtained
from the MD runs, which have started from the lowest energy QM /PCM optimized structure.
Two observations are to be stressed from that figure: (7) There is a good agreement between
the configurations extracted from the MD and those obtained from the QM/PCM dihedral

scan, which seem to be their centroids, (i7) in contrast to the few equilibrium structures
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Figure 8: (a) NAP stable structures obtained from the dihedral scans (Figure S10) (b)
Combined dihedral distribution function of 61 and 62 dihedral angles. (c) RDFs (continue
lines) and RCNs (dotted lines) of NAP in aqueous solution. Labels are reported in Figure 1b.
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Figure 9: Closest water molecules to NAP in a selected MD snapshot (panel a) and evolu-
tion of the stabilization energies associated to the no, — of, _o O, = O1,02,03 charge
transfers, panels b), ) y d), respectively, along the entire MD simulation. In the stacked
plots, the largest |E’d .| 1s used for each orbital interaction. The cumulative — Eﬁa for
each frame is shown in panel e).

considered when using continuum models, explicit approaches handle several structures ex-
tracted from the MD run, which are in equilibrium with their own surrounding environment,
thus providing a conformational wealth to the property under investigation.

Fig. 8(c) reports the RDFs of all the oxygen atoms of NAP together with the correspond-
ing RCNs. A well-defined sharp peak at about 1.65 A for both carboxylate oxygen atoms
(01, O2) evinces a strong charge-assisted HB interaction with surrounding water molecules
in the first solvation shell. RCN values of 3.0 are obtained for those oxygen atoms. As
expected, the methoxy oxygen of NAP (03) is less prone to form strong HBs with the water
molecules, because of its etheric nature (presence of the methyl group). Indeed, this oxygen
atom g(r) curve is characterized by a broad peak around 1.85 A and a coordination number
of approximately 0.9. These findings indicate that about seven water molecules are involved
in HB interactions with the NAP solute in the first solvation shell.

Further characterization of the hydration patterns of NAP dissolved in water is done
by analyzing the NBO in the corresponding HBs. In Fig. 9a) NAP and its closest solvent

molecules (seven) are displayed for one of the snapshots. We recall here that in the NBO
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calculations, NAP and those water molecules are explicitly included in the QM portion,
whereas the rest of the environment is also considered explicitly but at the FQ® level. As it
was done for CAP, the strength of the NAP- - - water interactions via the potential specific
sites O1, O2, and O3 is reported in the panels of Fig. 9. The high and sharp peaks seen for O1
and O2 in the RDFs of Fig. 8(c) find support in the strong stabilization energies (— > Eéz_)m
up to 89 kcal/mol) associated with the no, — of__o On = O1, 02 charge transfers plotted
in panels b) and ¢) of Fig. 9. However, the two bar distributions are not equivalent because
of the defined separation of charge that NBO yields when dealing with charged groups as
carboxylates.

Similarly, no, — of;,_o mild interaction in panel d) of Fig. 9, which corresponds to the
wider and low g(r) found for O3 (see Fig. 8(c), is not always appearing. This interaction
represents at most the &~ 18% of the total stabilization energy gained by the system with
the HB network in the first solvation shell as estimated from the cumulative plot in panel e)
of Fig. 9.

A detailed discussion about the interactions of NAP with water molecules investigated by
means of quantum descriptors, as well as its UV-Vis and ECD spectra in the aqueous phase,
have recently been reported in the works by Rojas-Valencia et al. 3 87 for the insertion of the
drug into a model cell membrane. Next, we will go over our spectral findings using diverse

environmental representations.

4.2.2 UV-Vis Absorption Spectrum

Following the computational protocol, the UV-Vis spectrum of solvated NAP is calculated
by averaging the results over different sets of uncorrelated snapshots extracted from the
MD run. In Fig. S11, calculated QM/MM UV-Vis raw data (sticks) from 600 snapshots
are reported together with their Gaussian convolutions. The convergence of the computed
spectra was reached by using 100 snapshots (see Figs. S13-S14 in the SI). Computed UV-Vis

spectra are characterized by two main bands in the 150-350 nm range, independently of
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the specific QM /MM approach that is exploited. The first band has a low intensity and is
located at about 300 nm for all the QM /MM models. The second band, which is also the
most intense of the whole spectrum, is located at about 216 nm in the case of QM/TIP3P,
whereas it redshifts to 221 nm in the case of QM /FQ® and to 224 nm for both QM /FQ® and
QM/FQFpu.

From a deeper inspection of Fig. S11, it can also be noticed that each QM/MM ap-
proach shows a peculiar spread in energies/wavelengths and intensities (sticks). This can
be particularly appreciated by considering the larger spread reported by QM/FQ’ (and
QM/FQFu) with respect to QM /TIP3P and QM /FQ®. Remarkably, by comparing QM/FQ
and QM/FQF u we observe that the mean contribution of the Fus is small but not negligible
because it affects the final spectral shape. In addition, when the electrostatic interaction is
coupled with the Pauli repulsion term (see Fig. S11, right panels), the spread of the sticks is
altered; this is not surprising, because the distortion of the QM density is the result of the
presence of both the solvent molecules and the conformational changes of the QM portion
itself, the two characteristics provided by the exhaustive sampling.

In Fig. 10 gas phase, QM/PCM and QM/MM UV-Vis spectra (900 frames) of NAP are
presented together with the experimental spectrum,® which is reported as a dotted line. By
comparing those spectra, it is observed that QM/PCM and QM /MM absorption spectra for
CAP are very similar to each other, with a slight shift in the maximum wavelength. The
gas phase spectrum is instead characterized by three main transitions, which are located
at about 323, 268, and 252 nm, and thus completely differ with respect to all embedding
approaches.

We finally move to compare computed and experimental results, which are taken from
Ref. 85. Given the importance of NAP as a widely used nonsteroidal anti-inflammatory drug,
its electronic absorption spectrum is well known and has been measured and simulated in
different solvents.®* % Summarizing, the spectrum exhibits three main absorption bands in

the 200-350 nm region: an intense and broad band with a maximum located at around
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230 nm (plus a shoulder at 215 nm) and two weak peaks at 270 and 320 nm.®¥ % The
intensive absorbance at 230 nm features inhomogeneous band broadening, probably due to
vibronic contributions. Studies have shown that the appearance of such absorption bands
is practically independent of the solvent polarity, but there could be small shifts in their
location.®% By looking at Fig. 10, it can be noticed that both the bandshape and the
relative intensities of the experimental UV-Vis spectra are well reproduced by using both
continuum and explicit methods. All QM /MM models predict a blueshift for the most intense
band, which is most exacerbated for the non-polarizable QM/TIP3P approach, and when
Pauli repulsion is included (see Table S2 in the SI). All embedding approaches reproduce the
additional weak band at about 320 nm.

For a better understanding of the absorption spectrum, the orbitals involved in the main
transitions are analyzed. Such orbitals are graphically depicted on the right panel of Fig. 10.
According to these plots and confirming previous assignments,34%637 NAP absorptions at
310, 270, and 230 nm and the shoulder at 215 nm are essentially due to naphthalene excita-
tions that are coupled to carboxylate transitions (mainly the n — 7* to lead the signals of
the vibronic band system extending from 250 to 280 nm). They can be chiefly grouped in a
m — " transition, as it is also supported by the CMO analysis. Overall, these orbitals cor-
respond to HOMO, LUMO, and their immediate neighbors, independently of the solvation
approach used in the calculations. Based on those orbital plots, the methoxy group linked

to the naphthalene exerts only a minor perturbing effect.

4.2.3 ECD Spectrum

To model the ECD spectra of NAP in aqueous solution, 900 uncorrelated snapshots are
extracted from the MD run (convergence tests are analyzed in Figs. S15-S16 in the SI). Re-
quiring so many snapshots to reach a converged ECD spectrum highlights that, in contrast
to UV/Vis absorption, ECD is highly dependent on molecular conformations and environ-

mental effects. These findings are not surprising, in light of previous studies on chiroptical
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signals. 22,9194

In Fig. S12 in the SI QM/MM ECD raw data (sticks) are reported together with convo-
luted spectra. Each model shows a different spread of energies/wavelengths, intensities, and
band broadening. The sign of the sticks varies with the snapshots because, in our model,
the dynamic nature of the solute-solvent interactions and solute conformational changes are
taken into consideration. From 200 nm on and independently of the QM /MM approach, each
ECD spectrum is characterized by a well-defined negative band and weak positive bands.
However, extra positive (also intense) bands can appear if the range of interest is extended
(e.g., 150-350 nm see Fig. S12).

Fig. 11 shows computed vacuum, QM/PCM, and QM /MM ECD spectra along with the
experiment.® Differently from QM /MM approaches, the calculated NAP ECD spectrum in
the gas phase is characterized by two negative peaks in the 200-350 nm range. On the other
hand, with an implicit description of the solvent (QM/PCM) six peaks are found, with a
(-,#+,-,+,+,+) sign pattern, while a single negative band dominates the spectral profile in
the QM /MM approaches.

Next, we compare simulated and experimental spectra. The experimental ECD spectrum
is characterized by a main negative band at about 230 nm and two weakly positive peaks
at about 240 and 270 nm.® It has previously been reported that solvent effects profoundly
impact the NAP ECD spectrum.® Indeed, the experimentally observed ECD signal inver-
sion in the presence of ethanol and water when compared with polar aprotic solvents such
as acetonitrile can be associated with the distinct contribution of different conformers of
NAP.# Gas phase and QM/PCM approaches fail at reproducing the experimental pattern.
Notwithstanding, results in the gas phase resemble a shifted spectrum. The discrepancy
that is observed in the case of QM/PCM can be ascribed to the fact that only four conform-
ers, each characterized by a specific spectral lineshape, are taken into account to obtain the
final spectra. In contrast, many conformations are used in averaged QM /MM results (see

Figs. S15-S16). As a consequence, the latter approaches produce spectra that are remarkably
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in good agreement with the experiment, as outlined in Table S2. QM/FQ® and QM/FQF
better reproduce the experimental bandshape, particularly in the regions 200-220 nm and
260-300 nm. For these methods, the inclusion of Pauli repulsion yields a blueshift of the

main band and an associated bandwidth increase.

5 Summary and conclusions

In this work, we have modeled and analyzed the UV-Vis and ECD spectra of two com-
mon chiral pharmaceutical molecules, namely anionic (2S)-Captopril and (S)-Naproxen in
aqueous solution. We have studied the influence of the surrounding medium and of the
conformational freedom on the spectra.

After conducting dihedral scans, we have identified four possible motifs or conformations
for each solute. These conformations can easily be interconverted through single-bond rota-
tions, with NAP having lower barriers. Since ECD is very sensitive to solute conformations
and solvent effects, we have employed Molecular Dynamics (MD) and sampled wide regions
of the configurational space. We have found that the final ECD spectra are deeply influenced
by the conformational flexibility of the molecules and the surrounding water molecules be-
cause, unlike absorption spectra, which only require 100 snapshots to converge, ECD spectra
need 900 configurations to achieve convergence.

To test their performance, the QM/PCM and four multiscale approaches (QM/FQ?,
QM/FQP, QM/FQFu, and QM/TIP3P) have been compared with experimentally recorded
spectra. The main bands characterizing the two kinds of spectra stem from 7 — 7* tran-
sitions. Our results also indicate that despite the variability in energies and intensities, for
both CAP and NAP, UV-Vis QM /MM results are comparable with QM/PCM, and all agree
with the experiment. The inclusion of Pauli repulsion exerts only a minor, almost imper-
ceptible effect on spectra. On the contrary, for ECD the implicit QM /PCM approach alters

the ECD patterns of the solutes, whereas QM /MM findings are much closer to experimen-
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tal measurements. This emphasizes that MD sampling becomes fundamental to correctly
reproducing ECD features. Also, the inclusion of Pauli repulsion modifies band broadening.
Finally, even if slight shifts can be seen, the agreement with the experimental results is best
reported for QM/FQFu. We have further shown that for the studied systems, there are
strong interactions with the near water molecules; this is the reason why atomistic models
are required to represent the aqueous environment. The outcomes presented here demon-
strate that electronic spectroscopic signatures can be accurately investigated, provided that

a reliable computational protocol is applied.
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TOC Graphic

(28)-Captopril

In aqueous solution, (2S)-Captopril and (S)-Naproxen establish strong contacts with
solvent molecules via hydrogen bonds and such specific interactions play a major role in

their UV-Vis and ECD spectral response.
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