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The conformational free energy landscape of aspartic acid, a proteogenic amino acid involved in a
wide variety of biological functions, was investigated as an example of the complexity that multiple
rotatable bonds produce even in relatively simple molecules. To efficiently explore such a landscape,
this molecule was studied in the neutral and zwitterionic forms, in the gas phase and in water solution,
by means of molecular dynamics and the enhanced sampling method metadynamics with classical
force-fields. Multi-dimensional free energy landscapes were reduced to bi-dimensional maps through
the non-linear dimensionality reduction algorithm sketch-map to identify the energetically stable
conformers and their interconnection paths. Quantum chemical calculations were then performed on
the minimum free energy structures. Our procedure returned the low energy conformations observed
experimentally in the gas phase with rotational spectroscopy [M. E. Sanz et al., Phys. Chem. Chem.
Phys. 12, 3573 (2010)]. Moreover, it provided information on higher energy conformers not acces-
sible to experiments and on the conformers in water. The comparison between different force-fields
and quantum chemical data highlighted the importance of the underlying potential energy surface
to accurately capture energy rankings. The combination of force-field based metadynamics, sketch-
map analysis, and quantum chemical calculations was able to produce an exhaustive conformational
exploration in a range of significant free energies that complements the experimental data. Simi-
lar protocols can be applied to larger peptides with complex conformational landscapes and would
greatly benefit from the next generation of accurate force-fields. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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¢

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4979519]

l. INTRODUCTION

Aspartic acid (Asp) is a non-essential a@-amino acid
involved in a number of metabolic functions, from the syn-
thesis of proteins and biomolecules to the gluconeogenesis
and the activation of N-methyl-D-aspartate (NMDA) recep-
tors, important for synaptic plasticity and memory functions.
Asp side chain is a carboxyl group, usually deprotonated and
negatively charged under physiological conditions, which is
present in numerous protein active sites.! This amino acid is
found in the neutral form in the gas phase and in the zwitte-
rionic form in aqueous solution and in crystals. In the latter
form, the hydrogen of the Ca—COOH group is donated to the
nitrogen to form an NH3* amino group, as shown in Fig. 1,
resulting into opposite charges for these two moieties.> Due
to the presence of multiple rotatable bonds, there are many
possible (meta)stable conformers for both these forms, which
can be exhaustively characterized by the six torsional angles
labelled in Fig. 1: three along the backbone, i.e., @ (Og—C;
-C2—C3), B (C1-C—C3-Cy), and y (C2-C3-C4-0g); two to

O Current address: Department of Chemistry, University College London,
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describe the relative position of hydrogen atoms in the car-
boxyl groups, i.e., § (C,—C;—O¢—-H) and ¢ (C3-C4—Og-H);
and one for the rotation of the amino group, i.e., € (C,—C3-N
—Hy). ¢ is not defined in the zwitterionic form because of the
absence of the Og—H hydroxyl, while y loses relevance due to
the symmetry of the remaining carboxylate group. Even for a
simple amino acid such as Asp, the flexibility of its torsional
angles makes a complete exploration of its conformational free
energy landscape far from trivial. In general, the larger is the
molecule, the more complex this problem becomes; however,
a thorough knowledge of the conformational preferences, and
thus of the behaviour, of the building blocks of proteins rep-
resents a first crucial step towards the understanding of larger
biomolecules. Experimental information on low energy con-
formers can be obtained by spectroscopic methods (see, e.g.,
Refs. 3—-10). The most powerful technique for conformational
identification in the gas phase is rotational spectroscopy, which
has been successfully applied in combination with laser abla-
tion!"-1? to determine the conformations of many natural amino
acids.!3-10 In the condensed phases, methods such as NMR
and X-ray crystallography are also widely used.'’° Theo-
retically, stable/metastable conformers can be identified, for
example, by scanning the torsional angles at small intervals,

© Author(s) 2017
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FIG. 1. Neutral (left, (a)) and zwitterionic (right, (b)) aspartic acid, with
relevant atoms and torsional angles labelled.

calculating the potential energy for each optimized structure at
constrained torsional angles with force-fields or more accurate
methods like density functional theory (DFT) and second order
Mgller-Plesset perturbation theory (MP2), and correcting it a
posteriori for temperature effects and entropic contributions
from normal mode analysis to estimate the free energy.?!-??
Rotational constants and quadrupolar moments can then be
calculated to interpret experiments. However, this protocol is
cumbersome even for a few torsional angles; it does not calcu-
late the free energy directly at finite temperature, disregarding
usually anharmonic effects (although these can be calculated to
some extent by second order vibrational perturbation theory at
an increased computational cost23), and, in aqueous solution,
does not consider the solvent explicitly.

Hence, here we suggest an alternative approach to explore
the conformational landscape of Asp in a relative wide range
of free energies and to benchmark our theoretical protocol.
Experimental information (in the gas phase) derived from rota-
tional spectroscopy is available for this amino acid, which
has a tractable size, making it ideal for this computational
study.' The proposed approach is based on the calculation of
the free energy landscape at room temperature by means of the
enhanced sampling metadynamics technique,”* as a function
of selected torsional angles. The exploration was performed
with classical force-fields, to ease the computational cost with
respect to ab initio calculations, and the results of different
parametrisations were compared in order to assess their influ-
ence on the free energy. When needed, the dimensionality
reduction algorithm sketch-map?> was employed to simplify
the interpretation of the data and help discriminate free energy
basins and their interconnecting paths. Once the minimum free
energy conformers were identified, their stability and relative
energies were evaluated at the DFT and MP2 levels of theory.
Besides the low energy conformers in the gas phase accessible
to rotational spectroscopy experiments, high energy ones and
conformers in solution could also be extracted.

Il. METHODS

Preliminary tests showed that the paths separating some of
the conformers were too high in free energy to allow transitions
between minima in the limited time scale accessible to molec-
ular dynamics (MD), and thus required advanced simulation
techniques to accelerate the relevant “rare” events. Metady-
namics>* enhances the sampling of conventional MD by dis-
couraging the system to explore previously visited regions of
the configurational space, thus pushing it towards unexplored
areas. This is achieved by means of a history-dependent repul-
sive potential, which biases the dynamics and is built on-the-fly
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as a sum of Gaussians deposited along the system trajectory
in the space of a subset of carefully chosen slowly vary-
ing degrees of freedom, or collective variables (CVs), which
describe the process of interest. Once the exploration of the
CV space is complete, this history-dependent potential pro-
vides a cast of the free energy landscape as a function of the
selected CVs.?%28 Metadynamics has been successfully used
to study a wide range of problems in the physical, chemical,
biological, and material sciences.20-29-34

As metadynamics efficiency decreases with the number of
biased CVs, the minimal CV set providing meaningful results
should be chosen. To map the conformers of Asp, the three
backbone torsional angles a, 3, and y are an obvious, but not
adequate choice, as we observed with preliminary calculations.
In fact, the free energy as a function of @ and vy is characterised
by minima separated by barriers of few kcal/mol, which can be
adequately sampled even by conventional molecular dynam-
ics. However much higher barriers were observed between the
minima as a function of 6 and £, which define the trans and
the cis isomers of the carboxyl groups. These two angles are
involved in the formation of intra-molecular hydrogen bonds,
with the amino group acting as a donor or an acceptor when
interacting with the hydroxyl and/or the oxygen of the carboxyl
groups at the opposite ends. Such interactions can influence
the position of the carboxyl groups (e.g., by restraining their
mobility when the hydrogen bond is present), thus creating a
correlation between the two torsional angles, @ and vy, which
define the orientation of the groups, and the two torsional
angles which describe the position of the carboxylic hydro-
gens, ¢ and ¢, respectively. Hence, the most relevant torsional
angles driving conformational changes in Asp are 3, ¢, and
£, which were used as CVs in the metadynamics simulations.
Finally, low free energy barriers, which can be easily sampled
by MD, characterize the torsion about €, which determines the
orientation of the amino group, justifying its exclusion from
the CV selection. For the zwitterionic form, the CVs were lim-
ited to B and ¢, because of the symmetry of the carboxylate
group which makes y negligible to identify stable conformers,
while ¢ is not defined.

Asp was simulated with the NAMD 2.9% MD package
and CHARMM?36,%¢ one of the most commonly used force-
fields in biomolecular simulations, under different conditions:
the neutral form in the gas phase, used as reference and for
comparison with rotational spectroscopy experiments, and the
zwitterionic form in water solution. Two non-physical con-
trol systems, i.e., neutral Asp in water and zwitterionic Asp
in the gas phase, were also studied to better understand the
effect of the environment on the force-field parameters. The
two latter cases can be simulated only thanks to the pre-
defined unbreakable bonds in the force-field, which prevent
the proton transfer between the amino and carboxylate groups
that would naturally occur. To further assess the impact of
the choice of the force-field, the calculations for neutral Asp
in vacuo were repeated with two other popular parametri-
sations, i.e., AMBER ff99SB-ildn3’ and OPLS-AA,3%3° and
the resulting free energy maps were compared to identify the
common features and differences.

Restrained ESP charges were calculated at the Hartree—
Fock level of theory with a 6-31G* basis set (for consistency
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with the force-field parameters), averaging the charges of the
molecular geometries of the six conformers identified exper-
imentally,'> which were first optimised with MP2 and the
6-311++ G(d,p) basis set, using GAUSSIAN (9.4

In the gas phase, the molecule was first equilibrated at
300 K with no periodic boundary conditions, while a 12 A
buffer of TIP3P water molecules was added in the solvated
systems in periodically repeated truncated octahedral cells and
equilibrated at 300 K and 1 atm. A Langevin thermostat with
a collision frequency of 1 ps~! and a Langevin piston with a
period of 0.1 ps and a decay time of 0.05 ps were applied. The
cutoff for long-range interactions was 10 A and particle mesh
Ewald was employed for the calculation of long range electro-
static interactions. No restraints were applied to the vibration
of bonds containing hydrogens. A time step of 0.5 fs was used.
100 ns of well-tempered metadynamics simulations®’ were
then performed using the metadynamics plug-in PLUMED
1.3* in the NVT ensemble, with the average volume from the
equilibrated NPT molecular dynamics for the solvated sys-
tems. All other parameters were kept the same as those used
in the MD simulations. Gaussians with an initial height of
0.2 kcal/mol and a width of 9° were deposited every 0.25 ps to
bias the torsional angles, with a bias factor of 5. Helmholtz free
energy landscapes were reconstructed after 400 000 Gaussians
were deposited and the CVs showed a diffusive behavior.

In a multi-dimensional free energy landscape, the iden-
tification of the stable/metastable conformers and their
connection network may be non-trivial, even when the dimen-
sions are limited to three as in this case; projections to two-
dimensions by integrating out the third (or any additional)
CV may lose significant information. To overcome this lim-
itation (which becomes severe when increasing the number
of variables), we adopted sketch-map,?>#>*® a recent method
based on metric multi-dimensional scaling,** to disentangle
the conformational landscape of Asp by mapping it from
the high-dimensional space of the metadynamics CVs and
other unbiased torsional angles to a bi-dimensional plane.
This dimensionality reduction algorithm has been specifically
designed to deal with atomistic simulation data, usually char-
acterised by a set of well separated basins interconnected
by transition paths. In both biased and unbiased simulations,
the trajectory data are characterized by noise due to thermal
fluctuations and to uneven sampling of different regions in
conformational space. Sketch-map addresses these problems
by focusing on reproducing accurately the relative position
of basins that are adjacent to each other. By doing so, it can
often generate an intuitive representation of complex, high-
dimensional or non-Euclidean networks of conformers, and
the transition paths between them are kept contiguous. One
should always keep in mind, however, that, in some cases, it
may just not be possible to represent the full network in two
dimensions and hence the sketch-map projection may con-
tain discontinuities. This is the case when periodicity (e.g.,
of torsional angles) is involved. While the location of such
artifacts depends on the details of the reference landmarks
and the optimization procedure, they tend to appear in the
poorly sampled transition-state regions, so that the different
local minima and their relative free energies are typically repre-
sented faithfully. For instance, one may find that basins that are
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separated by a high free-energy barrier are projected far away
from each other even though they might be contiguous in con-
formational space. Overall, the possibility of visualizing multi-
ple conformers in two dimensions, avoiding the superposition
of distinct configurations, generally outweighs the inconve-
nience of missing some information on the connectivity of
different basins.

The sketch-map algorithm requires first the choice of
which degrees of freedom to map; then a limited set of
landmark points has to be selected, so that they respect the
underlying Boltzmann distribution of the trajectory points
in the multi-dimensional space. In our case, 500 landmark
points were selected according to this criterion and mapped
through a multi-step minimisation of a sigmoid function,
which is responsible for the mapping of distances. This func-
tion was chosen instead of the conventional Euclidean dis-
tance for its efficacy in maintaining the distance relationship
between points during the projection to a lower-dimensionality
space: points that are far or close together in the initial high-
dimensionality space are projected far or close together in the
final map, at the cost of losing the quantitative value of their
distances. The specific parameters of the sigmoid function have
to be chosen so to clearly separate the different conformational
basins; the resulting map is not unique.*> We used sketch-map
to reduce to bi-dimensional maps of the free energy landscape
as a function, e.g., of the three metadynamics CVs 8, 4, and ¢
and of @, B, and .

Once the data had been mapped and the bi-dimensional
free energy network calculated, the characteristic conforma-
tions belonging to each basin were extracted: a root mean
square deviation (RMSD) based cluster analysis of the struc-
tures within the trajectories showed that, once cleaned of
noise, a single strongly favoured conformation was present
in each basin in most cases. In a few cases, when mapping the
three-dimensional space of the metadynamics CVs, more than
one conformer was associated with a minimum free energy
basin, as information on the @ and y angles had been partially
lost because of the selection of the mapped CVs. The cluster
analysis helped disentangle the stable degenerate conformers
within the same basin: in fact, the free energy dependence
on « and v is strongly influenced by the presence of intra-
molecular hydrogen bonds, making it easy to extrapolate data
on all the six torsional angles and partially recover the infor-
mation hidden by the CV selection. To verify that we were
able to achieve a full discrimination of the conformers, we
also produced sketch-maps based on the sampling of up to
five torsional angles, e.g., only excluding the fast degree of
freedom described by €. We averaged the free energy values
of each basin weighted by the corresponding Boltzmann fac-
tor, appropriately normalized. We estimated the error by block
analysis: after convergence was reached, the data correspond-
ing to the last 2.5 ns of the metadynamics simulation were
divided into twelve blocks and populations and free energies
were calculated separately for the various blocks. The reported
error of the average free energy is the standard deviation for
these blocks divided by the square root of their number.

In order to distinguish the identified conformers, we
adopted the following nomenclature, loosely following
Ref. 15. The free energy profile of the central torsional angle
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[ is characterised by three minima: a ~ +180°, b ~ —60°, and
¢ = 60°. These have the strongest impact on the sketch-map,
which is circularly arranged around the values of . The ¢ and
{ profiles have two minima related to the cis and trans config-
urations of the COOH groups: 6 and ¢, ~ +=180° correspond
to the cis configuration (C), and ~ 0° to the trans (T). We
labelled each conformer according to the order of §, 8, and £.
Moreover, although slightly redundant, we added extra infor-
mation to account for the intra-molecular hydrogen bonds that
the specific conformer forms and to make the different interac-
tions identifiable at a glance. Intra-molecular hydrogen bonds
were here counted when the donor-acceptor distance was less
than a 3.5 A cutoff and when the donor-H- - -acceptor angle
was larger than 100°, a criterion previously used for intra-
molecular hydrogen bonds.*> Specifically, we labelled type 1
a hydrogen bond where the amino group acted as a donor to
the carbonyl oxygen, as in N-H: - -O-C, and type 2 a hydro-
gen bond where the amino group acted as an acceptor and the
O-H group as a donor, as in O-H- - -N. In type 3 hydrogen
bonds, the amino group acted as a donor, but the acceptor was
the oxygen of the hydroxyl group of COOH, i.e., N-H: - -O—
H. These type numbers were noted to the left of the 6, 8, ¢
sequence if the orientation of the COOH group involved in the
hydrogen bond was described by ¢ and on the right if it was
described by {. When the two carboxylic groups were inter-
acting, as in O—H- - -O, the hydrogen bond was of type 4: in this
case, the hydrogen bond label was attributed to the donor to
avoid double counting. In the few cases where the same group
formed multiple hydrogen bonds, both types of bond were
noted.

The stable conformers identified with the CHARMM?36
force-field were then optimized both with DFT and the B3LYP
exchange and correlation hybrid functional and with MP2,
with a 6-311++ G(d,p) basis set. The corresponding free ener-
gies were estimated by adding temperature effects and entropic
contributions, based on normal modes analysis, using the
thermochemistry algorithm in GAUSSIANQ9 at ambient con-
ditions.** DFT and MP2 calculations in water solution were
carried out using a polarizable continuum model. This allowed
us to confirm the stability of such conformers and compare
energies and ranking obtained with the empirical force-fields
to those obtained with quantum chemical calculations. While
in principle these calculations provide Gibbs free energies, the
PV terms in the enthalpy are calculated within the ideal gas
approximation and only depend on temperature. Hence it is
identical for different conformers of the same molecule and
cancels out when considering relative free energies, making
relative Gibbs free energies equal to relative Helmholtz free
energies. For a direct comparison with the force-field results,
we also employed a similar scheme, as implemented in the
GROMACS 5.1.4 simulation package,*® to calculate the har-
monic free energies for the conformers of Asp in the gas phase
with the CHARMM36 force-field. This also provided informa-
tion on anharmonic effects captured with the metadynamics
simulations.

In principle, metadynamics simulations can be also per-
formed within quantum chemical schemes that support force
calculations and molecular dynamics simulations, e.g., DFT.
However, to obtain converged free energies, the simulations
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need to be run for ~100 ns, as done with the force-field, and
become prohibitively expensive, in particular when explicit
solvent is also included. Hence we opted for the exploration
of the free energy landscape with a force-field, which allowed
us to identify the minimal free energy conformers and their
interconversion paths, and to complement with single-point
quantum chemical calculations as described above.

lll. RESULTS AND DISCUSSION
A. Neutral Asp in the gas phase

In Fig. 2, the projections of the CHARMM36 free energy
maps for neutral Asp as a function of pairs of torsional angles
are shown. Although these projections give a rough idea of
the arrangement of basins, details regarding the free energy
of individual minima and the complexity of the network of
paths and barriers among them are lost in the integration pro-
cedure over the third variable. To complement these projected
maps and disentangle the network of interconnected basins,
a bi-dimensional sketch-map of the free energy landscape as
a function of B, ¢, and ¢ was produced with sigmoid func-
tion parameters,43 o =20,ap=80,bp =20, a;=6.0, by
= 2.0. The result is in Fig. 3. Here, 12 minimum free energy
basins are identified and labelled with capital letters in order of
increasing free energy; the corresponding structures are also
shown.

A typical weakness of non-linear dimensionality reduc-
tion methods is the difficulty to reproduce the space in presence
of topological obstructions without losing information on the
distances between points and introducing artifacts, such as
tearing, in the connectivity.*’ However, here the sketch-map

180
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FIG. 2. Projected free energy maps for neutral Asp in the gas phase as a
function of pairs of torsional angles calculated with metadynamics and the
CHARMM36 force-field. The zero of the free energy scale is set at the absolute
minimum.
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FIG. 3. Left: sketch-map of neutral Asp in the gas phase. The minimum free energy conformers are shown and labelled, with the front letter indicating the name
of the basin they belong to; intra-molecular hydrogen bonds are in green. The zero of the free energy scale is set at the absolute minimum. Center: distribution
of the values of 8, 8, and ¢ onto the sketch-map. Right: schematic distributions of the 8, &, and ¢ values for the minima onto the sketch-map. 8 values are
displayed in the inner circle, with the exception of the minimum I. 6 and £ values are shown by a pair of circles at different radii corresponding to the minima

locations (&: internal circle and ¢ external circle).

algorithm is remarkably able to preserve the periodicity of the
primary torsional angle 8 and displays the bi-dimensional map
circularly around it, showing tearing only in the two other tor-
sional variables and making the interpretation of the data and
the association of conformers to the minima intuitive. The map
isindeed circular around the value of 5, which defines the main
backbone variations in the Asp conformers. This is also shown
schematically in the right panel of Fig. 3; in the central panel,
the angle distributions onto the sketch-map demonstrate that
the specific choice of sketch-map parameters is able to sepa-
rate conformers characterized by different torsional angles. In
particular, the bottom region with respect to the central hole
is mainly characterised by conformers with g ~ +180°, the
top left region with 8 ~ —60°, and the top right region with
B = 60°. The exception is represented by minima I which has
B =~ 60°, but is disjointed from the conformers with a similar
B value.

Three minima A, B, and C have significant lower free
energies than the rest of the map and are characterised by both
0 and ¢ in the cis isomer of the carboxyl group. Transitions
between the A and B basins are favoured with respect to transi-
tions to the C basin as can also be inferred from Fig. 2. The cis
isomers for both carboxyl groups make the formation of type
2 hydrogen bonds impossible, while type 1 hydrogen bonds
are frequent and more favourable with respect to type 3 or 4,
which are not observed in these basins. In fact, it is a charac-
teristic of type 2 hydrogen bonds to have the COOH group in
the trans arrangement; the establishment of a hydrogen bond
compensates the higher-in-energy COOH frans configuration
with respect to the cis. The conformer with § ~ +180°, i.e.,
with a fully extended backbone, is the most favourable and
its free energy is set as the zero reference for the calculations
made with the CHARMM36 force-field. A second concentri-
cal tier of several higher free energy minima is found around
the three main ones. These contain molecules where either
or { have values corresponding to the trans arrangement of the
respective COOH group, suggesting that trans conformers are

overall disfavoured. This is confirmed also by the presence of
a third scarcely populated tier, with only three high free energy
minima, with both ¢ and ¢ corresponding to conformers with
both COOH groups in a trans configuration; no connection to
other basins appears because of the high free energy and con-
sequently insufficient sampling. In this tier, the free energy is
up to 13.2 kcal/mol above the lowest-energy conformer, and
few stable conformers can be extracted. The free energy of the
minima belonging to the second tier, from D to I, is between 7
and 8 kcal/mol above the lowest-energy conformer and again,
type 1 hydrogen bonds are the most frequent, although the
presence of hydrogen bonds of types 2, 3, and even 4 is also
observed.

From these 12 basins, 19 distinct stable conformers were
extracted, the increased number being due to the free energy
degeneracy of conformers with different @ or y angles: each
structure is shown in Fig. 3, linked to its respective basin.
Degeneracy occurs when the presence of intra-molecular
hydrogen bonds does not hinder the torsion about o and/or
v. Exemplary is the case of the minimum B, where no intra-
molecular hydrogen bonds are present and thus two simi-
lar conformers, with complementary orientations of «, are
observed. Similarly, rotations about €, which defines the posi-
tion of the amino group hydrogens, should introduce degen-
eracy. However, isomers with different values of e, e.g., with
hydrogen bond interactions with either one or the other hydro-
gen of the amine, show little or no difference in terms of free
energy. For the sake of clarity, we decided to disregard this
extra degree of freedom which gave no useful information.

We also produced a sketch-map which mapped the five
torsional angles «, 3, ¥, ¢, and £ to enforce a full separation
of the conformers. However this did not produce additional
information with respect to the simpler sketch-maps on g, ¢,
and ¢ and the cluster analysis and is therefore not shown for
simplicity; moreover, details on the high energy conformers
were lost. It was however an important test to check that our
analysis captured all significant conformers.
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TABLE I. The relative free energies of the conformers of neutral Asp
in the gas phase relative to their absolute minimum calculated with the
CHARMM36 force-field and metadynamics simulations (FF-meta) and the
harmonic approximation (FF), DFT-B3LYP and MP2.

Free energy (kcal/mol)

Basin Conformer FF-meta FF DFT MP2
A 1CaCl 0.00 £ 0.01 0.03 0.70 0.86
A 3CaCl 0.00 + 0.01 0.00 3.00 3.00
B CcC3 0.73 £0.02 0.25 2.65 2.23
B CcC3(p) 0.73 £0.02 1.52 4.06 343
C 1CbCl1 2.11 +£0.05 3.07 0.76 0.00
C 1CbC3 2.11 £0.05 4.37 0.97 3.08
D 2TaCl 6.89 + 0.06 6.38 0.93 1.21
E 4TcC3 7.24 +0.06 4.56 5.95 6.33
F 1CaT2 7.46 +0.08 7.48 0.00 0.69
G 2TbC1 7.66 +0.13 5.14 243 1.98
G 4\3TbC 7.66 +0.13 5.83 5.79 6.26
H 1CbT2 7.87 £0.15 7.03 0.45 0.36
H 1CbT4 7.87 £0.15 5.05 4.50 5.07
I CcT4\1 8.27 +0.10 5.52 2.49 3.34
J 4TcT2 12.17 £ 0.53 11.82 3.96 5.33
K 1TaT2 12.17 £ 0.49 14.66 5.98 6.45
L 4\1TbT2 12.18 £ 0.44 11.65 4.45 4.41
L 2TbT4\1 12.18 £ 0.44 10.94 8.22 7.77
L 1TbT4 12.18 £ 0.44 16.13 9.49 10.17

In Table I, the free energy of the conformers extracted with
metadynamics and sketch-map (on 83, d, and £) for neutral Asp
with respect to their respective absolute minimum is shown.
The table includes the average free energies of the basins cal-
culated with metadynamics and the CHARMM36 force-field
(FF-meta), and those obtained for the optimized structures by
including temperature and entropic effects using normal mode
analysis, with CHARMM36 (FF), DFT-B3LYP, and MP2.

Quantum chemical calculations confirm that the identified
conformers are all minimum energy structures. However, there
are some discrepancies between the free energies obtained
with the force-field and those obtained with quantum chemi-
cal calculations in the free energy ranking; DFT-B3LYP and
MP2 results are overall in good agreement with differences
mostly within chemical accuracy (<1 kcal/mol). According
to these calculations, 1CbC1 and 1CaT2 found in the basins
C and F are the absolute minima for MP2 and DFT-B3LYP,
respectively, closely followed by 1CaCl in basin A. Never-
theless, when making these comparisons, one should bear in
mind also the differences between the adopted methodologies;
while the force-field metadynamics simulations were carried
out at finite temperature and the free energies were calculated
directly on the basins, the B3LYP-DFT and MP2 calculations
were performed over the minimal potential energy structure at
absolute zero, with temperature effects and entropy corrections
added a posteriori, disregarding, e.g., anharmonic effects. By
comparing the free energy differences from metadynamics,
those obtained within the harmonic approximation with the
CHARMM36 force-field, and the static force-field minimum
energies, we can observe that the mean absolute error on
the free energy differences due to disregarding anharmonic
effects is 1.4 kcal/mol, which is larger than the mean absolute
harmonic correction (0.5 kcal/mol) to the free energy
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differences. The fact that even for a relatively simple molecule
in the gas phase anharmonic corrections are significant under-
scores the importance of considering them in the analysis
of complex biomolecules. Conformer 1TbT4 is a stable high
energy conformer, scarcely populated, that was found in basin
L together with lower energy conformers.

Experimentally, six conformers were observed with rota-
tional spectroscopy. The results are summarised in the work
of Ref. 15, where the estimated relative abundances did not
fully correlate with ab initio free energy calculations at the
MP2 level. These experiments were conducted in supersonic
jets. On the initial stages of the supersonic expansion, colli-
sions of the different conformers in the jet with the carrier gas
molecules (typically noble gases) can lead to conformational
relaxation of higher energy conformers to the lowest energy
ones if the interconversion barriers are sufficiently low. For sys-
tems involving only one degree of freedom, such as torsional
isomerism or axial/equatorial equilibrium in hydrogen bond
complexes, barriers less than about 400 cm™! (1.1 kcal/mol)
have been proposed to allow relaxation. In multiconforma-
tional systems, where several degrees of freedom can channel
the relaxation, it has been suggested that barrier heights of
1000 cm™! (2.9 kcal/mol) or higher would impede conforma-
tional relaxation. The “effective population” of the observed
conformers in the supersonic jet is a consequence of population
due to their relative energies plus the possible contributions
from relaxation of other conformers.*®*° Using our nomencla-
ture, the relative abundances estimated in experiments follow
the ranking 1CaCl > 1CbCl1 = 2TaCl > 1CaT2 =~ 2TbCl1
> 1CbC3, with conformers attributed according to the MP2
calculations of the rotational constants.'> Correlating relative
free energies and abundances, this trend is in overall good
agreement with the results obtained with metadynamics and
the CHARMM26 force-field, with the exception of 1CbC3,
which belongs to basin C and is thus lower in free energy than
expected. The choice of mapping only the metadynamics CVs
makes this conformer degenerate with 1CbC1 from which it
differs only for the orientation in « of the carboxyl group.

B. Zwitterionic Asp in water

The free energy surface obtained with metadynamics of
the solvated Asp in its zwitterionic form is shown in Fig. 4 (top
panel) as a function of S8 and J; here, six minima are observed.
The symmetry of the COO™ carboxylate moiety allows us to
reduce the number of CVs to two (8 and ¢) without losing cru-
cial information; ¢ is non-existent in this system, due to the
transfer of the carboxyl oxygen to the nitrogen group. There
is in principle no need to use sketch-map in this case because
the map is already bi-dimensional; however, in order to clar-
ify the process of deformation involved in the application of
the algorithm, a two CV sketch-map, computed with sigmoid
parameters, o = 2.0, A =8.0, B=2.0,a =6.0,b=2.0, is
also shown in Fig. 4. This sketch-map transforms the toroidal
surface of the two periodic CVs into a map in the Euclidean
plane, with the consequent tearing of connections like in the
case of basins D and F.

10 stable conformers, which account for the free energy
degeneracy with respect to the a torsion, were extracted with a
structural cluster analysis and associated with their respective
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FIG. 4. Top: free energy surface of zwitterionic aspartic acid in water as a
function of B and 6. The zero of the free energy scale is set at the absolute
minimum. The conformers extracted are shown and labelled with the front
letter indicating the basin they belong to. Intra-molecular hydrogen bonds
are shown in green. Bottom: bi-dimensional representation of the free energy
obtained with sketch-map.

minima. We verified that this list exhausts all the favourable
isomers of zwitterionic Asp. Hence, an additional sketch-map
starting from the four-dimensional space of the @, 3, v, and ¢
angles to eliminate degeneracies was not necessary. The only
two remaining conformers, obtained from the rotation of the «
angle in basins D and E, require the carboxyl hydrogen to move
closer to the positive amino group, in highly unfavourable con-
formations. In all the stable isomers, a hydrogen bond between
the positively charged NH3* moiety and the negatively charged
COO™ group is present. This interaction is stabilized in the sol-
vent and does not prevent the formation of further hydrogen
bonds with the surrounding water molecules. When compar-
ing the metadynamics map in Fig. 4 with the projection of the
three-dimensional free energy landscape of neutral Asp in the
gas phase onto the -9 plane in Fig. 2 (right), interesting sim-
ilarities emerge. The main change seems to be the decreased
free energy difference between trans and cis conformers in
solution with respect to the gas phase.

The free energy has two regions corresponding to the trans
and cis values of § and, as in the gas phase, the cis conformers
seem favoured. In the three lowest free energy basins A, B, and
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C, the carboxyl group is indeed in the cis conformers, while
B has values of +£180°, =~ — 60°, and 60°, respectively. All
three minima have similar free energies (within 0.5 kcal/mol)
and again are arranged circularly in the sketch-map. Basin
A contains conformers with § ~ +180° with the possibility
to form a type 1 or a type 3 hydrogen bond involving the
COOH group. Similarly, both B and C comprised degenerate
conformers characterised by the two possible orientations of
a. Type 3 hydrogen bonds were observed in B, while in C no
hydrogen bond interaction between the amino group and the
carboxylic group can occur. This similarity in the free energies
of the A, B, and C basins may be facilitated by the presence of
water molecules, which provide a favourable environment for
Asp through numerous hydrogen bond interactions with both
the carboxyl groups and the amine. For the frans conformers in
¢ (D and E), the double degeneracy in « is lost as orienting the
OH group near the NH3* moiety would draw the hydrogens of
both groups too close: the repulsion of their positive charges
would prevail making these conformers unstable and only type
1 hydrogen bonds were thus observed. This is not the case for
basin F, whereas for basin C, the configuration of S prevents
the NH3* and the COOH groups to interact; hence, the double-
degeneracy with respect to the a-torsion is preserved.

In Table II, the free energies for zwitterionic Asp in a water
solution are shown for the 10 distinct conformers obtained
from metadynamics and ab initio calculations with implicit
solvent. The relative free energies calculated with the different
methods are more similar in water solution than in vacuo. This
may be due to the specific force-field parametrization, which
is primarily developed for use within a solvated biomolecular
environment rather than in the gas phase, and may be therefore
more appropriate in this case.

In Fig. 5, the free energy of both the zwitterionic system
in water and the neutral system in the gas phase is mapped
via sketch-map starting from the three-dimensional space of
a, 3, and y which is common to both systems. While the
absence of £ in the zwitterionic simulations prevented a direct
comparison with the previous sketch-maps, working with these
torsional angles allows us to observe how the free energy is
modified by the presence of water molecules. Neglecting 6 and

TABLE II. Therelative free energies for the stable conformers of zwitterionic
Asp in water, calculated with metadynamics and the CHARMM36 force-field
(FF-meta), DFT-B3LYP, and MP2 (with implicit solvent), with respect to their
respective absolute minimum.

Free energy (kcal/mol)

Basin Conformer FF-meta DFT MP2
A 3Cal 0.00 + 0.08 0.21 0.93
A 1Cal 0.00 £ 0.08 1.48 1.83
B 1Cbl 0.42 +0.08 0.00 0.00
B 3Cbl 0.42 £0.08 1.62 1.19
C Ccl 0.47 £0.08 2.05 2.56
C Ccly) 0.47 +0.08 2.38 2.83
D 1Tbl 449 +0.11 2.53 2.29
E 1Tcl 4.62 +0.10 4.45 5.35
F Tal 4.86 +0.10 3.14 3.61
F Tal(y) 4.86 = 0.10 3.14 3.61
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FIG. 5. Left: sketch-map of zwitterionic Asp in water and its neutral version in the gas phase obtained by mapping the three-dimensional space of the torsional
angles @, 3, and y. The zero of the free energy scale is set at the absolute minimum. The minimum free energy conformers of the zwitterionic form are shown
and labelled to help the comparison; intra-molecular hydrogen bonds are in green, while the colour range has been reduced with respect to previous figures to
improve the readability. Center: distribution of the values of «, 8, and y onto the sketch-maps. Right: difference between the sketch-map of neutral Asp in vacuo

and that of zwitterionic Asp in water.

{, whose isomerisation heavily affects the free energy land-
scape, however, causes a non-negligible loss of information,
as most basins are now hidden by lower energy minima previ-
ously labelled as A, B, and C (for both systems). This makes it
more difficult to distinguish quantitatively different conforma-
tions and required to decrease the range of free energy in the
graph; hence, these maps should be considered complementary
to the others.

The most evident effect is the absence of half of the
map in the zwitterionic simulation with respect to the verti-
cal axis. This is due to the formation of a stable hydrogen
bond between the amino group and the negative carboxyl
group. v, the angle defining the rotation of such group, hence
is bound to explore only values around 120° since it was
not biased in the metadynamics. The symmetry of this moi-
ety, however, guarantees that the second half of the map
would be identically mirrored with respect to the vertical axis.
This is not the case for the neutral map, where differences
between the two halves arise from the presence of the hydroxyl
hydrogen.

While y is mapped “horizontally,” @ is mapped “verti-
cally,” with conformations with negative a values mapped
onto the top half and conformations with positive a values
mapped onto the lower half. The basins belonging to different
values of § are also easily discernible.

Another interesting feature is the lowering in free energy
of certain regions of the map for zwitterionic Asp in water
with respect to its neutral counterpart in vacuo: specifically,
at the top, a basin containing 1Cbl and 1Tb1, belonging to
basins B and D in the previous sketch-map of Fig. 4, in the
middle, the basin containing Ccl(yy and Tal(z), previously in
C and F, respectively, and finally at the bottom of the map, a
basin containing 3Cbl, previously in B. It is safe to assume
that the lowering of such minima is due to the presence of
1Cbl, Ccl(z), and 3Cbl, rather than the other three conform-
ers. In this map, all minima are quite close in free energy, as

already observed in the analysis of the bi-dimensional map
of zwitterionic Asp, which is likely to be due to the numer-
ous favourable hydrogen bonds that the conformers can form
with the solvent in competition with intra-molecular hydrogen
bonds.

C. Unphysical systems: Neutral Asp in water
and zwitterionic Asp in the gas phase

The pre-set unbreakable bonds of the force-field allow
us to study extremely unfavourable environments: two con-
trol simulations of unphysical systems, neutral Asp in water
and zwitterionic Asp in the gas phase, have been thus car-
ried out (using the same simulation protocol as before), to
analyse the behaviour of this amino acid from a different per-
spective. It is interesting to analyze the behaviour of Asp in
such extreme conditions as they may provide information on
the transformation between the neutral and the zwitterionic
forms.

The sketch-map for solvated neutral Asp can be seen at
the top of Fig. 6 and, when compared with the sketch-map
obtained in the gas phase, it allows us to understand the effect
of the water environment. The positions of the minima are
consistent with those of the gas phase and so is their rank-
ing in most cases, but the relative free energy differences
(calculated with the CHARMM236 force-field) between trans
and cis conformers (in § and ) are smaller. Indeed, the free
energy difference of the cis-trans configurations (in ¢ or £) is
about 4 kcal/mol, with respect to 7.5 kcal/mol in vacuo, in line
with the effect of water on the trans conformers observed in
Sec. III B for zwitterionic Asp in solution. This is likely
to be due to the occurrence of hydrogen bond interac-
tions between the carboxyl groups and the water molecules,
which weaken the intra-molecular hydrogen bond network,
previously seen to define the morphology of this map in
the gas phase, and diminish its effect on the Asp free
energy. As a consequence, new minima of relatively high
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FIG. 6. Top: (a) sketch-map of neutral Asp in water and
(b) its comparison with the corresponding sketch-map in
the gas phase AFgqs phase — AFyater- Bottom: (c) free
energy map as a function of 8 and & of zwitterionic Asp
in the gas phase and (d) its comparison with the corre-
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free energy, which were not visited in the gas phase sce-
nario, are sampled at the bottom and at the periphery of the
sketch-map.

The transition paths connecting the basins of the second
tier are also lowered by this effect, allowing for easier changes
of the values of the ¢ and £ angles. Cis-trans isomerisation of
the two COOH groups is thus more favourable than in vacuo
with isomerisation barriers of ~6 kcal/mol. The trans configu-
ration of the side chain COOH determined by ¢ is expected to
facilitate a direct proton transfer to the nitrogen group dur-
ing the formation of the zwitterionic molecule. One could
sensibly speculate that this is the favourable proton transfer
mechanism, although here conformers characterised by direct
intra-molecular hydrogen bonds between the amino moiety,
acting as acceptor, and the Og—H hydroxyl group, as donor, are
the minima with the highest energy. An alternative mechanism
may include the intervention of chains of water molecules as
proton carriers: in this scheme, the carboxyl group may donate
the hydrogen to the solvent, which could then transport and
give it to the amine.

In the map for zwitterionic Asp in vacuo at the bottom
of Fig. 6, differences with respect to the case in water can be
clearly seen. Although the location of the minimum free energy
basins remains the same and the absolute minimum still cor-
responds to basin A, the basins are deformed and there is a
change in their relative free energy and ranking. While B was
before the second deepest basin, it is here the fourth, with C
and D which become instead the second and third lowest free
energy minima. In particular, the conformers with 8 =~ 60°
are destabilized with respect to the water solution. The map
loses symmetry because of the presence of a wide barrier at
B =~ 0° affecting especially the basins at § ~ 0°, which are
now narrower but higher in free energy for § =~ 60° and
180°. Conformational changes involving 8 torsions between
~60° and ~— 60° are hindered by this barrier. All the min-
imum free energy conformers present a direct interaction
between the COO~ group and the NH3* moiety, which would
lead, in unconstrained conditions, to a direct proton transfer

without barrier, as easily demonstrated with quantum chemical
methods.>®

D. Force-field assessment

As already observed, in the sketch-map of neutral Asp in
the gas phase in Fig. 3, it is notable the arrangement of basins
in tiers, which reflect an increase of about 6-7 kcal/mol per tier
in the free energies of Table L.

From these data, one could argue that the CHARMM?36
force-field penalizes the frans configuration of the carboxyl
COOH groups with respect to the cis by such an amount,
increasing the free energy of the basin by ~7 kcal/mol when-
ever one of the two carboxyl groups assumes the frans
configuration or by ~12 kcal/mol when both do, as in the
case of the external tier. Since this force-field parametriza-
tion is optimized for solvated proteins rather than gas phase
simulations, this penalty may arise from its use in vacuo,
where the absence of networks of hydrogen bonds with
the surrounding water molecules may affect the simulation

TABLE III. The relative free energies of neutral Asp conformers in the gas
phase with respect to their absolute minimum calculated with metadynamics
and the CHARMM36, AMBER99-ildn, and OPLS-AA force-fields.

Free energy (kcal/mol)

Basin CHARMM AMBER OPLS

A 0.00 +0.01 3.35+0.03 1.40 £ 0.02
B 0.73 £0.02 0.00 +0.03 0.00 £0.03
C 2.11+£0.05 2.96 + 0.06 0.63 +£0.04
D 6.89 +0.06 6.30 +0.08 8.56 +0.07
E 7.24 +0.06 3.01 £0.17 10.36 + 0.07
F 7.46 £ 0.08 3.59+£0.14 9.63 £0.08
G 7.66 £0.13 5.31+0.81 10.04 £0.13
H 7.87+0.15 2.39+0.57 8.61 +0.31
1 8.27+0.10 2.08 £0.22 10.49 £ 0.10
J 12.17 £0.53 4.46 +0.78

K 12.17 £ 0.49 4.35 +0.36

L 12.18 £ 0.44 522 +0.57 16.29 £ 0.31
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and could be mitigated with the use of a specific force-
field parametrization for the gas phase. The corresponding
CHARMM36 results for the zwitterionic molecule in vacuo
seems to confirm this, as the difference between basins with
the 6 CV in cis or trans configuration is decreased to about
4 kcal/mol.

As an assessment of the selected force-field, neutral
Asp in vacuo was simulated with two other popular force-
fields, AMBER ff99SB-ildn and OPLS-AA. In spite of the
differences in the relative free energies (Table III), all three
force-fields were consistent in maintaining the positions of the
principal minima and maxima. This can be observed in Fig.
7, where the sketch-maps obtained with AMBER {f99SB-ildn
and OPLS-AA are compared to that with CHARMM36 using
the same free energy scale as in previous figures. It is evident
that the energy penalty of the frans with respect to the cis
configuration is decreased by AMBER ff99SB-ildn, but it is
sensibly increased by OPLS-AA. The penalty for the isomer-
ization of the carboxylic hydrogens is reduced consistently,
similarly to what was observed in the case of solvated sys-
tems with CHARMM36, which modifies the ranking of the
extracted conformers. The previously lowest free energy min-
imum A has its free energy increased to 3.4 kcal/mol, which is
higher than those of minima like C and I, thus making B the new
absolute minimum. As before, minima belonging to the outer
tier are the least favoured, but with a free energy now lowered
to about 4.5 kcal/mol. On the opposite side of the spectrum,
OPLS-AA may downplay the role of hydrogen bonds over
the penalties of cis-trans isomerisation. This force-field repro-
duces the lowest cis conformers similarly to the others, but its
sampling of the higher free energy trans basins is too sparse
due to their increased energy. The sketch-map free energies are
calculated from histograms of the conformers population in
each region, and therefore the high energy conformers, which
are scarcely sampled, do not appear in the map.

In conclusion, the choice of the force-field did not affect
the identification of the structures of the stable minimum
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FIG. 7. Left: free energy sketch-maps for neutral Asp in
the gas phase calculated with the AMBER ff99SB-ildn
(top) and OPLS-AA (bottom) force-fields. The zero of
the free energy scales is set at the corresponding abso-
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free energy conformers, but only their relative free energies.
CHARMM36 produced results for Asp in the gas phase in
between the other two tested force-fields and was able to repro-
duce reasonably well the estimated abundances of the exper-
imentally identified conformers; results can then be refined
with quantum chemical methods. Hence we can consider it an
adequate choice, at least at the qualitative level.

IV. CONCLUSIONS

A thorough investigation of the conformational prop-
erties of biological systems can be cumbersome even for
relatively small molecules with multiple rotatable bonds. Rota-
tional spectroscopy experiments are able to extract information
for the most populated low energy conformers in the gas
phase and they are usually aided by computational methods to
map the potential energy surface and predict conformational
abundances.

In this work, we have shown how a powerful protocol,
which combines classical MD simulations enhanced by meta-
dynamics and the dimensionality reduction algorithm sketch-
map, allowed us to efficiently explore the conformational free
energy landscape, at finite temperature and at a relatively low
computational cost, of a typical amino acid, Asp, in the neu-
tral and zwitterionic forms, in the gas phase and in aqueous
solution. These methods allowed us to recover conformers
that were identified with rotational spectroscopy experiments,
together with a number of structures that were not observed
before because of their higher free energy. The use of meta-
dynamics to efficiently enhance the sampling of the confor-
mational space with respect to conventional MD helped us
overcome energy barriers, accessing stable conformers within
a relatively wide range of free energies. The dimensionality
reduction algorithm sketch-map proved useful in simplifying
the representation of the multidimensional free energy, disen-
tangling basins, and their network of interconversion paths.
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The use of a classical force-field, which is imposed by the
computational cost, has some limitations, especially in the gas
phase when using force-fields developed for the wet biomolec-
ular environment. Qualitative consistency, however, was found
among the three different force-fields here tested, which pro-
duced the same conformers albeit with discrepancies in the
relative free energies.

Differences in the energy ranking were also observed
with the quantum chemical data, more prominently in the
gas phase than in solution. It should however be noted that
these calculations are also approximate: in fact, they consist
of single-point potential energy calculations corrected a pos-
teriori and, at variance from direct free energy calculations,
do not include anharmonic entropic effects, which may be
significant.

Our protocol for mapping amino acid and peptide con-
formers at finite temperature can be potentially applied to other
more complex cases and can be improved with the use of novel
and accurate force-fields, e.g., based on machine learning on
high quality training sets, presently under development. These
studies would ultimately contribute to the understanding of the
conformational complexity of the building blocks of biologi-
cal matter, which is important in a wide variety of problems
and fields, from drug design based on molecular recognition
mechanisms to the identification of organic compounds and
amino acids in the interstellar environment.
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