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Proper description of solvent effects is challenging for theoretical methods, particularly if the solute is a
zwitterion. Here, a series of theoretical procedures are used to determine the preferred solvated
conformations of twelve hydrophobic dipeptides (Leu-Leu, Leu-Phe, Phe-Leu, Ile-Leu, Phe-Phe, Ala-Val,
Val-Ala, Ala-lle, Ile-Ala, Ile-Val, Val-Ile and Val-Val) in the zwitterionic state. First, the accuracy of density
functional theory (DFT), combined with different implicit solvent models, for describing zwitterions in
aqueous solvent is assessed by comparing the predicted against the experimental

tautomerization energy, ie., the energetic difference between canonical and zwitterionic glycine in

glycine

aqueous solvents. It is found that among the tested solvation schemes, the charge-asymmetric
nonlocally determined local-electric solvation model (CANDLE) predicts an energetic difference in
excellent agreement with the experimental value. Next, DFT-CANDLE is used to determine the most
favorable solvated conformation for each of the investigated dipeptide zwitterions. The CANDLE-
solvated structures are obtained by exploring the conformational space of each dipeptide zwitterion
concatenating DFT calculations, in vacuum, with classical molecular dynamics simulations, in explicit
solvents, and DFT calculations including explicit water molecules. It is found that the energetically most
favorable conformations are similar to those of the dipeptide zwitterions in their respective crystal
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DOI: 10.1039/d3cp05742a structures. Such structural agreement is indicative of the DFT-CANDLE accomplishment of the
description of solvated zwitterions, and suggests that these biomolecules self-assemble as quasi-rigid
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1. Introduction

Under proper conditions, peptides as small as dipeptides (Fig. 1)
self-assemble into ordered aggregates of different morphologies
like piled layers, tubes, rods, hydrogels, etc.' These aggregates are
of great interest due to their resemblance to amyloid-like fibers,**
whose presence in human organs is associated with diseases like
Alzheimer”’s and Parkinson’s diseases.® Peptide aggregates are also
promising candidates for technological applications, owing to
their remarkable electrical and mechanical properties.”™" Under-
standing the self-assembly of such systems, at the molecular level,
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may thus be valuable for bottom-up design of bionanodevices
and drug carriers,"”® or for envisaging triggering factors of the
amyloid fiber formation.

All hydrophobic natural dipeptides have been crystallized
(Fig. 2)."* Some of these dipeptides crystallize forming pores,
and others do it as a set of layers.'* In these crystals, dipeptides
assemble as zwitterions, i.e., with -NH>" and -COO™ as the
capping groups (Fig. 1). In aqueous solvents, dipeptides prefer

L4 ¢

Fig. 1 Scheme of a dipeptide in the zwitterionic state. R; and R, stand for
side chains 1 and 2, respectively.  and ¢ are dihedral angles denoting the
rotation along the indicated covalent bonds. Carbon atoms are shown in
yellow, hydrogen atoms in light gray, oxygen atoms in red and nitrogen
atoms in blue.

This journal is © the Owner Societies 2024


https://orcid.org/0000-0003-0971-9081
https://orcid.org/0000-0002-8898-749X
https://orcid.org/0000-0001-7388-2524
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp05742a&domain=pdf&date_stamp=2024-02-21
https://doi.org/10.1039/d3cp05742a
https://doi.org/10.1039/d3cp05742a
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05742a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026010

Open Access Article. Published on 07 February 2024. Downloaded on 12/4/2025 1:58:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

% %ﬁ 4 1?
Rty

fxfj,;“%f,’?%i;f

Fig. 2 Arrangement of hydrophobic dipeptides in their crystal structures. Top view of the tubes formed by the F—F (left) and V-A (right) classes with the
pore walls delimited by red dashed lines. Black arrows show the orientation of the side chains. Dipeptides with their side chains in cis conformation form
wide pores (~10 A diameter). Dipeptides with their side chains in trans conformation form narrow pores (~5 A diameter). Carbon atoms are colored in
yellow, oxygen atoms in red, nitrogen atoms in blue, and hydrogen atoms in light gray. Side-chain hydrogen atoms are hidden for visual clarity. Unit cell is

shown as thin gray lines.

to be in the zwitterionic state too.'® Therefore, we would like to
get insight into the influence that such locally charged but
globally neutral state has on dipeptide conformations, which
may be crucial along the self-assembly pathway of these sys-
tems. In this work, we use theoretical methods for investigating
the influence of the zwitterionic state in the conformational
preferences of two sets of hydrophobic natural dipeptides. Both
sets of dipeptides crystallize forming pores. The set here named
class V-A comprises the Ala-Val (AV), Val-Ala (VA), Ala-Ile (AI),
Ile-Ala (IA), Ile-val (IV), Val-Ile (VI) and Val-val (VV) dipeptides,
and the set labelled as class F-F includes the Phe-Phe (FF), Leu-
Leu (LL), Leu-Phe (LF), Phe-Leu (FL) and Ile-Leu (IL). Determin-
ing peptide zwitterion conformations in solution is challenging
using theoretical methods. This is primarily due to the inade-
quacy of the procedures commonly used for describing solvent
effects, particularly in situations in which the solute is locally or
globally charged.

Commonly, the non-zwitterionic N-acetyl-alanyl-N’-methyl-
amide (Ac-Ala-NHMe) molecule is used to investigate peptide
conformational preferences.'® Ac-Ala-NHMe is a capped pep-
tide comprising two peptide bonds flanking a single side chain;
hence, it is usually called dipeptide. The crystallized natural
peptides mentioned above, however, are constituted by two
amino-acid residues linked by one peptide bond. Thus these
are named dipeptides too. Hereinafter the term dipeptide is
used solely for referring to the latter systems. Dipeptide con-
formations are here characterized in terms of the ¢ and
torsional angles (Fig. 1), in the same way as these torsional
angles are ordinarily used to describe the Ac-Ala-NHMe
conformations.

According to calculated Ramachandran maps for Ac-Ala-
NHMe, i.e., plots of its potential energy surface (PES) in terms
of ¢ and y, the most stable conformation in aqueous solvent is
the so-called polyproline II conformation,'””* outcome that has
been confirmed using Raman optical activity experiments.”?
If Ac-Ala-NHMe is considered to be in vacuum, the preferred
conformation is predicted to be an extended one,**** a

This journal is © the Owner Societies 2024

geometry similar to that of protein residues in strands forming
B-sheets.>® The B-sheets are common protein backbone con-
formations characterized by ¢, y mean values around —130°,
144° in antiparallel B-sheets and —122°, 137° in parallel
B-sheets, respectively.”” Thus, either in aqueous solvent or in
vacuum, Ac-Ala-NHMe prefers to adopt conformations that lie
in the upper left quarter of the Ramachandran map (Fig. 3).”®
Molecules containing glycine (Gly) instead of Ala behave
similarly.'>*® The conformations of class V-A dipeptides in
crystals grown in aqueous solutions are similar to those of a
B-strand segment (Fig. 3). These conformations are character-
ized by ¢, Y dihedral angles with values around —137° and
155°, respectively.®® However, conformations of class F-F
dipeptides in their crystals are quite different from those of
the class V-A (Fig. 3). Conformations of class F-F dipeptides lie
in the upper right quarter of the Ramachandran map and are
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Fig. 3 Ramachandran plot and dipeptide conformations in the crystals.
The + symbols at the upper left quarter correspond to the V-A class
conformations in the crystals (side chains in trans orientation). The +
symbols at the upper right quarter correspond to the F—F class conforma-
tions in the crystals (side chains in cis orientation). Solid lines account for
the 95% of residue conformations in protein crystals, and dashed lines for
99%.%! Apart from the extended conformations, that usually form part of
B-sheets and polyproline I motifs, regions in which residue conformations
correspond to right- and left-handed helices, other major backbone
motifs of proteins, are also indicated.

Phys. Chem. Chem. Phys., 2024, 26, 8210-8218 | 8211


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05742a

Open Access Article. Published on 07 February 2024. Downloaded on 12/4/2025 1:58:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

characterized by a ¢ angle around 60°, and a y angle with
values between 120° and 170° (Fig. 3).*°

Despite the conformational differences described above,
both classes of dipeptides, the F-F and V-A, crystallize as a
bundle of tubes in aqueous solutions.**** In such crystal
structures, however, class V-A dipeptides accommodate their
side chains in a ¢rans arrangement, while the class F-F dipep-
tides do it in a cis conformation, with respect to the peptide
plane (Fig. 2). Consequently, the interior of the formed tubes is
hydrophobic and narrow in class V-A crystals, whereas hydro-
philic and wide in the class F-F ones. These crystal morphol-
ogies seem to be dictated by inter- and intra-peptide
interactions, as well as by interactions with the solvent.*~’
For example, if the FF crystal is grown in methanol or tetra-
hydrofuran instead of water, the crystal structure changes as
well as the FF conformation in it, which becomes similar to an
extended one, like the arrangement of amino-acid residues in
strand-forming B-sheets.**’

To determine the conformational preferences of dipeptide
zwitterions in aqueous solvent, we use density functional theory
(DFT) calculations and classical molecular dynamics (MD)
simulations, combined with explicit and implicit solvent
models. As mentioned above, proper description of solvent
effects is challenging for theoretical methods. Particularly if
the solute is a zwitterion, since it is a neutral molecule posses-
sing both positive and negative electrical charges. Therefore,
care should be taken in selecting the solvent model for inves-
tigating such kinds of systems. If an implicit solvent model is
chosen, it should describe equally well both the cationic and
anionic environments coexisting in the same molecule. The
latter is not the case for commonly used implicit solvent
models.*® If an explicit solvent model is used, it should be
considered that a minimum number of water molecules is
required to stabilize the zwitterionic state of a peptide.***
Inclusion of explicit solvent in DFT calculations has been
mostly done for investigating microsolvation effects on the con-
formation of peptides and their relative stability at 0 K.>”*"*?
Implicit solvent models, however, can be used to estimate
relative stabilities at room temperature, as these models are
usually parameterized to estimate free energies. Here we use
both solvent models together with DFT calculations to deter-
mine the optimal conformation of the zwitterions in solvent
and implicit solvent to determine relative stabilities at room
temperature.

To choose a suitable implicit solvent model that adequately
describes solvated dipeptide zwitterions, we first investigate the
tautomerization reaction of Gly (Fig. 4). It is found that among
the different implicit solvation models tested, the charge-
asymmetric nonlocal determined local-electric (CANDLE) solva-
tion model** gives the best result for the free energy difference
between the canonical and the zwitterionic state of Gly, as com-
pared to the experimental value. Thus, geometries obtained for
each dipeptide zwitterion, obtained combining MD simulations
and DFT calculations, are solvated using CANDLE. In this
manner, it is found that the most favorable conformation for
dipeptide zwitterions in aqueous solution is quite similar to the
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Fig. 4 Glycine tautomerization reaction of (a) the non-assisted model
and (b) the assisted model.

conformation of the dipeptide in the corresponding crystal
structure, and that the zwitterion-solvent interaction is funda-
mental in determining the preferred conformation of, pri-
marily, the class F-F dipeptides. Furthermore, it is also found
that the conventional continuum solvation model such as the
integral equation formalism of the polarizable continuum
model (PCM)***® predicts that only the V-A class dipeptides
adopt conformations like these in their respective crystal
structures. Lastly, it is argued that the obtained results help
to understand the self-assembly mechanism of the investigated
systems.

2. Methodology

2.1. Glycine tautomerization reaction

To select an adequate solvent model for describing solvated
zwitterions, the energy associated with the Gly tautomerization
reaction, AE, (Fig. 4), is calculated at the DFT level of theory
using the Perdew-Burke-Ernzerhof (PBE) approximation®” to
the exchange-correlation functional, and the Grimme’s D2
dispersion corrections.*® Several solvation models are tested:
conventional continuum solvation models like PCM and the
self-consistent reaction field solvation model (SMD),*® the self-
consistent solvation models within the joint-density functional
theory (JDFT),>® such as the PCM-like model proposed by
Gunceler, Letchworth-Weaver, Sundararaman, Schwarz and
Arias (GLSSA13),”" the spherically averaged liquid susceptibility
ansatz (SaLSA),>> and CANDLE, a solvation model derived from
SaLSA. The solvent is also described using classical DFT (CDFT)
for fluids with a simplified free energy functional for liquid
water.”® PCM and SMD are tested using the Gaussian 09
software®® with a 6-311+G(d,p) basis set. The other solvent
models are used as implemented in the JDFTx code® version
1.6.0, with the Garrity-Bennett-Vanderbilt library of ultrasoft
pseudopotentials®® and a plane-waves basis set with an energy
cutoff of 800 eV.

2.2. Searching the lowest energy conformations for dipeptide
zwitterions in aqueous solvent

The conformational space of the investigated dipeptides in the
canonical state, i.e., with -NH, and -COOH as capping groups,

This journal is © the Owner Societies 2024
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is explored to identify the allowed conformations in vacuum.
The canonical state is used in this point of the study because it
is known that the zwitterionic state is not stable in vacuum. The
PES as a function of the torsion angles ¢ and ¥ (Fig. 1) is
calculated using PBE and the dispersion correction method
reported by Tkatchenko and Scheffler (TS),”” as PBE-TS has
been shown to properly describe peptide systems."*>>® Plane
waves and pseudopotentials together with the projector
augmented-wave method®*®° are used with an energy cutoff
of 1100 eV. The dipeptide in vacuum is modeled using the
supercell approach, where the unit cell is chosen large enough
to avoid interactions with neighboring images. The I'-point is
employed for sampling the Brillouin zone. These DFT calcula-
tions are carried out with the Vienna ab initio simulation
package (VASP).%%%!

The PES maps are obtained varying the torsion angles ¢ and
¥ from —180° to 180° in twelve steps of 30° each, yielding a total
of 144 distinct geometries. The latter are subjected to geometry
optimization using the RMM-DIIS algorithm®? (or the conjugate
gradient algorithm upon convergence issues) with a conver-
gence criterion of a maximum force of 1.2 x 1072 eV A~*. The
atoms defining ¢ and y are fixed and the others fully opti-
mized. The positions for the fixed atoms are chosen such that
bond distances and angles associated with them equal those of
the optimal geometry of the fully extended conformation in
vacuum. The optimal orientation of the carboxyl capping group
is only evaluated for the FF dipeptide varying the N-C-C-O
dihedral angle. The -COOH orientation with the lowest energy
for each (¢, ) pair in FF is used in the initial geometry for all
the other dipeptides. The full PES maps are generated using a
cubic spline interpolation.

The structures connected to the minima thus obtained are
further relaxed without constraints. Afterwards, these optimized
canonical dipeptides are turned into zwitterions, solvated with
explicit water molecules by inserting them into a pre-
equilibrated cubic box of water molecules with a padding of
10 A. For this the VMD software is used.®® The solvent is fully
relaxed around the dipeptides using a classical MD equili-
bration protocol. The water molecules are first energetically
minimized by 20000 steps using the conjugate gradient and
line search algorithm. The CHARMMS36 force field®* with the
CMAP correction is used to describe the dipeptides together
with the TIP3P water model.®> The particle mesh Ewald
algorithm® is chosen to treat the electrostatic interactions
under periodic boundary conditions, and the van der Waals
forces are smoothly switched off between 9 and 10 A. The
minimization is followed by two 100 ps NVT and 500 ps NPT
MD simulations. A 2 fs integration time step is used with the
water covalent bonds restrained by the SETTLE algorithm.%”
The r-RESPA algorithm®® is used to integrate the equations of
motion, with non-bonded short-range forces computed every
time step and a full electrostatic evaluation every five time-
steps. The temperature is kept at 300 K using a Lanvegin
thermostat with a damping coefficient of 2 ps~'. Pressure is
kept at 1 atm by the Nose-Hoover Langevin piston method,*®”°
with an oscillation period of 400 fs and a damping timescale of
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300 fs. The dipeptide atoms are fixed at the initial coordinates.
These calculations are performed using the NAMD v2.14
software.”*

A single frame from the trajectory is selected for each
dipeptide such that the backbone hydrogen bond (H-bond)
acceptors and donors form an expected minimum number of
hydrogen bonds; i.e., 3 for -NH** cap, 6 for -COO™ cap, 2 for
backbone -CO, and 1 for backbone -NH. Water molecules that
do not interact with the dipeptide are removed. The micro-
solvated geometries are then geometry optimized with PBE-TS,
first with the dipeptide atoms fixed to optimize the orientation
of the water molecules, and next fully optimizing all the atomic
coordinates. These calculations are carried out using VASP with
the same parameters as those used in the PES calculations.

Finally, the optimized geometries for the microsolvated
dipeptide zwitterions are solvated with the implicit solvent
models CANDLE and PCM, and fully geometry optimized under
each scheme. As is shown below, CANDLE is chosen owing to
the adequate description of the Gly tautomerization reaction.
PCM is also chosen for contrasting the CANDLE results against
a commonly used solvation scheme. In this latter step micro-
solvation water molecules are not considered.

3. Results and discussion

3.1. Glycine tautomerization reaction

In aqueous solution, the canonical and zwitterionic Gly states
coexist in chemical equilibrium. Measurements of the corres-
ponding tautomerization free energy, AG, indicate that the
zwitterionic state is more stable by 7.3 kcal mol " than the
canonical one at a temperature of 298 K.”>”* These experi-
mental results opened a theoretical discussion about the
number of water molecules needed to stabilize the otherwise
unstable Gly zwitterion,”*’® and whether implicit solvent
models are able to stabilize the zwitterion over the canonical
state. It has been suggested that an explicit water molecule
should be added for predicting AG values close to the experi-
mental one with implicit solvent models.””

Starting from the geometries reported in ref. 77, we calcu-
late the relative stability of zwitterionic Gly with respect to the
canonical one, using the solvent models mentioned in the
methodology section and two models for representing
the solute: the non-assisted model (NAM), in which the solute
is the bare Gly, and the assisted-model (AM) in which the solute
is Gly plus a water molecule. Both, the canonical and zwitter-
ionic Gly conformations here investigated are such that all
heavy atoms lay in the same plane (Fig. 4). In the canonical
glycine, the -OH group lays in the same plane as the heavy
atoms, and it is located such that it can form a hydrogen bond
with the -NH, group (Fig. 4(a)). In the AM, the water molecule
is located between the amine and carboxilate groups such that
it forms hydrogen bonds with both groups either in the
canonical and in the zwitterionic state (Fig. 4(b)). The solvated
canonical and zwitterionic AM and NAM are fully optimized
using each of the solvation schemes.

Phys. Chem. Chem. Phys., 2024, 26, 8210-8218 | 8213
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Table 1 Glycine tautomerization energy, AE (in kcal mol™), calculated
with different solvation models and using non-assisted (NAM) and assisted
models (AM) for representing the solute

AEtOt
Solvation model NAM AM
PCM 1.22 —0.96
SMD —4.62 —6.34
GLSSA13 —-3.36 —4.72
CANDLE —7.77
SaLSA —2.28 —3.41
CDFT —4.72 —5.62
sp-GLSSA13* —4.90 —5.89
sp-CANDLE® -7.31 —7.86
Sp-CDF'Iﬂ —4.90 —5.89
Exp.? —7.30

“ single point calculation using the PCM geometry. ? From ref. 72 and
73.

According to the results for AE,, listed in Table 1, all the
solvation schemes predict the zwitterionic Gly as the energeti-
cally favorable tautomer in solution, either with NAM or AM.
Except for PCM which only in combination with the AM
forecasts the expected ordering. We compare AE, directly
against the experimental free energies as the implicit solvation
schemes here used were parameterized to predict free solvation
energies. Notably, AE,, calculated with CANDLE and the AM
differ by less than 1 kcal mol " from the experimental tauto-
merization free energy, and CANDLE in combination with NAM
predicts that only the zwitterionic state exists in aqueous
solvent. Hence, to be able to calculate AE,,, with CANDLE
and the NAM we perform single-point calculations combining
the PCM-optimized geometries with CANDLE. The latter is also
done using the GLSSA13 and CDFT solvation schemes. Unex-
pectedly, all but one of the AE, values calculated in this
manner are in better agreement with the experimental value;
e.g., we get a difference between experiment and theory of less
than 0.1 kcal mol " solvating with CANDLE the PCM-optimized
NAM. Nevertheless, the PCM-optimized NAM, solvated with the
other solvation schemes, still underestimates the experimental
value (in absolute value) by ~2.5 keal mol™" (34%) or more.
Conversely, all the solvation schemes improve the estimation
of the tautomerization energy if the AM is used instead of
the NAM. Except for CANDLE in combination with the PCM-
optimized geometries. Yet, CANDLE together with the AM
provides a better estimation of the tautomerization energy than
the other solvation schemes combined with the AM. The
appropriate performance of CANDLE is related to the fact that
it is calibrated to describe solvation free energies at 298 K of
negative and positive species with the same accuracy. For
calibrating the CANDLE parameters a set of 346 free energies
(240 of neutral molecules, 54 of cations and 55 of anions)
obtained at 298 K was used, as reported in ref. 43, 78 and 79.
Accordingly, for investigating the most stable conformation of
the V-A and F-F dipeptides in aqueous solvent, we use PCM-
optimized NAM geometries solvated with CANDLE, and further
re-optimized under the CANDLE solvation scheme. The ener-
gies thus obtained are used for the conformational ordering
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described below. For comparison purposes we also report the
energetic analysis obtained with PCM and the NAM, as PCM is
a commonly used implicit solvation model.

3.2. Conformational search in vacuum

To determine the most stable conformations for the V-A and
F-F classes of dipeptide zwitterions in solution, we first explore
the conformational space for the corresponding canonical
dipeptides in vacuum. For this, we calculate a PES in terms of
(¢, ¥) for each of the investigated dipeptides using DFT-PBE/TS.
These Ramachandran-like maps exhibit well-defined minima
labelled according to the corresponding orientations of the side
chains (either cis or trans with respect to the peptide bond
plane), as shown in Fig. 5. The regions of low energy somewhat
agree with the most-populated Ramachandran regions in pro-
teins (gray lines), but the shape and location differ signifi-
cantly, likely due to the structural differences among protein
residues and the dipeptides studied here; i.e., a protein residue
is more like Ac-Ala-NHMe. Dipeptide structures associated with
the minima labelled as ¢ and c, are similar to the trans and cis
dipeptide conformations observed in their crystal structures.
The (¢, ¥) angles corresponding to the actual dipeptide con-
formations in these crystals are marked by + symbols in the
maps. As can be seen in Fig. 5, all the + marks lay inside the
energy basins labelled with ¢ or ¢, and in some cases the marks
are at the basin minimum. The ¢ minima are in the region that
is associated with extended conformations such as § sheets in
proteins. In contrast, the c minima are located in an area that is
scarcely populated by protein residues and even considered to
be an energetically prohibited region for a hard-spheres model
of Ac-Ala-NHMe.* For all the dipeptides at least two other well
defined minima are found, in one of them dipeptides have
their side chains in cis conformation (minima labelled as c¢’),
and in the others in trans conformation (minima labelled as ¢’
or ¢ if a fifth minimum exist). The ¢’ minima are shallow and
appears only for Al, AV, FF and FL. Basins associated with the ¢’
minima are close to the Ramanchandran region connected to
right-handed o-helices in proteins, and those associated with
the ¢’ minima of the V-A dipeptide class to the left-handed
a-helices. However, the corresponding basins to ¢ and ¢’
minima for the F-F class are in a region poorly populated in
protein Ramachandran maps.

The chart in Fig. 6 shows the relative energies for the
conformations connected to the minimum at each basin. These
relative energies are referred with respect to the lowest one.
All the lowest energy conformations of the V-A class dipeptides
in vacuum belong to t basins, except for the V-A dipeptide
whose lowest energy conformation is located in the corres-
ponding ¢’ basin (Fig. 6). On the contrary, the lowest energy
conformations of the F-F class belong to ¢’ basins, except for
the IL dipeptide whose lowest energy conformation is located in
the corresponding ¢ basin. Notably, the energy difference
between the ¢ and the ¢/ minima is around 1 to 3 kcal mol "
for all these canonical dipeptides in vacuum. Nevertheless,
none of these dipeptides crystallize adopting a conformation
connected to a ¢’ basin. In Fig. 6 are also depicted the relative

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05742a

Open Access Article. Published on 07 February 2024. Downloaded on 12/4/2025 1:58:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

2 4 6 8 10 12 14 16
Relative conformation energy
AE = Etotal — Emin [kcal/mol]

Y [degrees]

&

75 ¥
L 4 ov o

Fig. 5 Ramachandran PES of each the twelve investigated dipeptides in vacuum. Relative energies are referred to the lowest minimum at each PES. +
symbols indicate the conformation observed in the corresponding crystals. The minimum position at each basin is labelled with t (in yellow) if the relative
side chain orientation is trans, or with c (in red) if such orientation is cis. The labels ¢’ (in green), ' and ¢” (both in pink) stand for minima connected to
alternative cis and trans conformations not observed in dipeptide crystals. Solid lines account for 95% of proteins, and dashed lines for 99%.%
FF geometries at each of the minima found in the corresponding PES are shown at the bottom. Carbon atoms are colored in yellow, oxygen atoms in red,

nitrogen atoms in blue, and hydrogen atoms in light gray.
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Fig. 6 Relative energies, AE in kcal mol™?, of the canonical dipeptide
conformations in vacuum connected to the t (in yellow), ¢ (in red), t’ (in
pink) and ¢’ (in green) minima along the potential energy surfaces shown in
Fig. 5. The reference energy corresponds to the lowest energy conforma-
tion found in this work for each system. Left panel class V-A dipeptides.
Right panel class F-F dipeptides. For LF, the energy of t and ¢ conforma-
tions is the same, therefore a yellow mark is not distinguishable for this
dipeptide. The + symbols stand for the AE values corresponding to the
canonical gas-phase dipeptides reported in ref. 30.

energies for the canonical dipeptides in vacuum investigated by
Gonzalez-Diaz et al.*° (the + symbols). As it can be seen, some of
these conformations are lower in energy than the ones found
here, although by less than 1 kcal mol . The discrepancy is
attributed to the orientation of the -COOH capping group. Here
it was only sampled for FF, but the ideal orientation may vary
depending on the dipeptide and conformation. That may
account for the inconsistencies found for VA and IL.

3.3. Conformations of dipeptide zwitterions in aqueous
solvent

Next, solvation effects are assessed following two steps. First,
it is evaluated if structures connected to the energy basins
found for the canonical dipeptides in vacuum preserve their

This journal is © the Owner Societies 2024

conformation upon transforming them into solvated zwitterions.
For that, the structures connected to the minima of each basin are
transformed into zwitterions, solvated with explicit solvent and
subjected to a md simulation to properly distribute the water
molecules around the dipeptide zwitterion (see the methodology
section). Then, the solute with a microsolvation shell is extracted
from the md trajectories. Such microsolvated dipeptide zwitterions
are further fully geometry-optimized using DFT-PBE/TS. The num-
ber of water molecules in the microsolvation shells fluctuates
between 8 and 13, depending on the dipeptide and the conforma-
tion (see Fig. S1 and S2 of the ESIt). The water molecules in the
microsolvation shell are chosen such that the backbone amine and
carbonyl groups, as well as the charged -NH*" and ~COO™ capping
groups, form all the expected H-bonds. We have found that after
optimization, microsolvated dipeptide geometries change slightly
(up to 20° for both ¢ and ) except for the AV and AI conformers
belonging to the ¢’ minima. Thus, for most of the dipeptide
zwitterions the initial arrangement of their side chains (either
trans or cis) is the same after optimization. For AV and Al, the
structures connected to the ¢’ minima turned the side chain
position into c¢is upon optimization due to changes in ¢ and
around 40°. However, that change is not large enough for con-
sidering such structures as part of the ¢’ basins. Based on these
results one can conclude that solvation and transformation to a
zwitterionic state keep the structure in the energetic basin found
for the canonical dipeptide in vacuum, and that the conformation,
as measured with ¢ and ), changes little, i.e., charged endings in
zwitterions do not have a sizable effect on the dipeptide conforma-
tion; however, as it is discussed below, they affect the energetic
ordering.

In the second step for evaluating the solvation effects, the
microsolvation shell of the optimized dipeptide zwitterions is
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stripped out. Then, these are solvated with implicit solvent. In
this step we have also considered other dipeptide conforma-
tions belonging to the ¢ and ¢ basins, namely the dipeptide
zwitterions obtained from the conformations marked with +
symbols in Fig. 5. All these structures are fully optimized
considering the PCM implicit solvent. Next, the lowest energy
conformations found at each basin are chosen for the energy
comparison presented in Fig. 7. According to these results, all
class V-A PCM-solvated dipeptide zwitterions and some of the
class F-F (IL and LL) prefer to adopt a conformation belonging
to the ¢ basin. The other class F-F PCM-solvated dipeptide
zwitterions prefer to adopt conformations belonging to the ¢’
basin. Lastly, the PCM-optimized structures are further opti-
mized considering them solvated with the CANDLE implicit
solvent model. The energy comparison of the lowest energy
conformations found at each basin is presented in Fig. 8. For
class V-A, all dipeptide zwitterions prefer to adopt conforma-
tions belonging to the ¢ basin, as it is found using PCM.
However, for class F-F, the outcome is different; all dipeptide
zwitterions prefer to adopt conformations belonging to the ¢
basin. Differences in the results obtained with PCM and
CANDLE are also noticeable in the energetic ordering of the
conformations belonging to the other basins. While CANDLE
predicts that the second most stable conformation is around 1
to 2 kcal mol™' above the most stable ones, PCM predicts
differences ranging from 1 to 7 kcal mol~'. Moreover, CANDLE
predicts that the two lowest energy conformations are con-
nected either to basin ¢ or basin ¢, except for LF that prefer
basin ¢’ for the second lowest energy conformation, whereas
PCM predicts that the two lowest energy conformations belong
to basin ¢, ¢’ or c. Yet, both implicit solvation schemes predict
that for all dipeptide zwitterions but one (solvated with PCM),
the least stable conformation is the connected to the ¢ basin.

It is noteworthy that the lowest energy conformations for all
the dipeptide zwitterions solvated with CANDLE, except one,
are alike to those observed in their corresponding crystal
structures, as is illustrated by the Ramachandran-like plot
depicted in Fig. 9. The exception is the conformation for the
AV dipeptide, which still belongs to the ¢ basin but with a
¢ angle differing about 100° with respect to the experimental
value. For that structure, however, an alternative conformation

—
N
L

el
PR

AE [keal/mol]
N

w
|
|

" VA AV Al 1A IV VI VV FF IL FL LF LL

Fig. 7 Relative energies, AE in kcal mol™, of PCM solvated dipeptide
zwitterions. The reference energy corresponds to the lowest energy
conformation found in the t (in yellow), ¢ (in red), t' (in pink) and ¢’ (in
green) basins. Left panel class V-A dipeptides. Right panel class F-F
dipeptides.
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Fig. 8 Relative energies, AE in kcal mol™, of CANDLE solvated dipeptide
zwitterions. The reference energy corresponds to the lowest energy
conformation found in the t (in yellow), ¢ (in red), t' (in pink) and ¢’ (in
green) basins. The yellow open box stands for an alternative conformation
found for the AV dipeptide zwitterion in the t basin. Left panel class V-A
dipeptides. Right panel class F-F dipeptides.
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Fig. 9 Lowest-energy dipeptide zwitterion conformations found using
the PCM implicit solvent (grey open dots), the CANDLE implicit solvent
(cyan open dots) and the dipeptide zwitterion conformations in their
crystal structures (“+" symbols). Brown open dot (barely visible) stands
for the alternative conformation in the t basin for the AV dipeptide
zwitterion.

is found in the ¢ basin that is solely ~0.3 kcal mol " higher in
energy than the lowest one (see Fig. 8). This second structure
has a ¢ angle that differs by less than 20° from the ¢ value for
the dipeptide zwitterion in the crystal structure (brown open
dot in Fig. 9).

According to the results presented above, the CANDLE
solvation scheme is the one that predicts accurately the tauto-
merization free energy for glycine. Hence, one may assume that
it also correctly describes class V-A and F-F dipeptide zwitterions
in aqueous solvent. The latter is supported by our findings about
the most stable dipeptide conformations in aqueous solvent, ie.,
the CANDLE-solvated dipeptide zwitterions prefer conformations
similar to the ones in their corresponding crystal structures.

These results suggest that along the self-assembling path for
these systems, the dipeptide zwitterions behave like semi-rigid
objects in aqueous solvents, changing little their backbone
conformation and side chains relative orientations, thus avoid-
ing large conformational changes that could prevent them from
crystallizing in a reasonable time. Therefore, it can be sug-
gested that diffusion and desolvation, but not the conforma-
tional changes, should play a major role in the self-assembly
process of such systems.

This journal is © the Owner Societies 2024
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4. Conclusions

In this work, we have presented evidence indicating that PBE
plus van der Waals corrections, together with the implicit
solvent CANDLE adequately describes zwitterions in aqueous
solutions. Particularly, the AG of the tautomerization reaction
of Gly in aqueous solvent is accurately predicted, and it is
shown that the twelve dipeptide zwitterions resulting from
combining Ala, Ile, Leu, Val and Phe hydrophobic amino acids
adopt a conformation in aqueous solvent quite similar to that
in their corresponding crystal structures. Therefore, it can be
suggested that the process that leads to the formation of
the corresponding crystal structures involves an assembly of
semi rigid objects, which may ease the crystallization of such
dipeptide zwitterions from aqueous solutions.
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