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This study reports an extension of the MC-MST method to explore the conformational space of
molecules in condensed phases. The MC-MST method combines a Monte Carlo (MC)
Metropolis algorithm to sample the conformational space with the semiclassical version of the
Miertus-Scrocco-Tomasi (MST) continuum model to treat solvation effects. The extension of
the MC-MST method to describe the solvent-induced changes in the conformational space is
examined for 1,2-dichloroethane and the two tautomers of neutral histamine. The results allow
us to discuss the capabilities of the MC-MST method to reproduce the conformational
preferences of molecules in solution.

Keywords: Solvation; Conformational sampling; Monte carlo; Continuum model

1. INTRODUCTION

Solvation plays a key role in determining the structural and reactive
properties of molecules [1—3]. In particular, the conformational properties
of flexible molecules can be largely influenced by the solvent (for instance,
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see Ref. [4]), and in some cases complete conformational shifts occur upon
transfer from the gas phase to condensed phases.

Theoretical methods are valuable to interpret solvent effects on the
conformational properties of molecules [5—10]. Discrete-classical methods
based on molecular dynamics (MD) and Monte Carlo (MC) algorithms give
a suitable description of the condensed phase. Combined with statistical
mechanical techniques, they are very powerful to predict free energy
differences associated with conformational changes [6—9]. They are,
nevertheless, computationally very demanding, since the simulation must
be run long enough to avoid any bias in the sampling due to the starting
configuration of the system, and to allow the system to surpass barriers
connecting multiple minima. Furthermore, most of the computer time is
spent in sampling the solvent configurational space, and only a fraction of
the computational effort involves the exploration of the internal degrees of
freedom of the solute. Despite the advent of technical improvements and the
increase in the computer power that have occurred in the last years, much
progress is still necessary to widen the range of systems whose confor-
mational space can be studied by means of these methods. Another
possibility for the representation of the solute conformational space in
solution relies on the use of continuum models of solvation (for review, see
Refs. [1] and [10]). In this approach the solute is considered at atomic detail,
but the solvent is represented as a continuum. The combination of the
continuum approach with MD or MC approaches can provide a useful
alternative to discrete methods to represent flexible molecules in solution
[11-14].

In this paper we extend the MC-MST method to the analysis of the con-
formational of molecules in solution. The MC-MST method is based on the
combination of our semiclassical version [15] of the Miertus-Scrocco-
Tomasi (MST, also named PCM; see Refs. [10] and [16]) method with a
Metropolis-Monte Carlo program. The rest of the article is organized as
follows. In Section 2 a review of the MC-MST method is made. Particular
attention is paid to the treatment of solvation by the semiclassical MST
model. Section 3 reviews previous applications of the MC-MST method to
molecular recognition. Section 4 reports the extension of the MC-MST
method to investigate conformational equilibria in solution. This is
exemplified for the gauche/trans equilibrium of 1,2-dichloroethane, and
the conformational preference of the N1—H and N3—H tautomers of
neutral histamine. Finally, a brief discussion of the capabilities of the
MC-MST method is made in Section 5.



18: 49 14 January 2011

Downl oaded At:

CONFORMATIONAL FREE ENERGY DIFFERENCES 155
2. THE MC-MST METHOD

2.1. Energy Functional

For a given molecular configuration, the MC-MST method determines an
effective energy, E.;, obtained by the sum of the internal energy, E;,, of
the molecular system and its free energy of solvation, AG,, Eq. (1). Since
the aim of the MC-MST method is to perform an exhaustive sampling of the
configurational space, both E;,; and AGs, are computed within a classical
framework. Thus, the internal energy is evaluated using a classical force-
field, and the free energy of solvation is computed using the semiclassical
MST model.

Eef = Eint + AC}sol (1)

2.2. The Semiclassical MST Method

The MST continuum method determines AGs, as the addition of three
contributions Eq. (1): cavitation (AGeg,y), van der Waals (AG,w), and
electrostatic (AGgjo).

AC‘sol = A(}cav + A(}VW + ACTele (2)

The free energy of cavitation is computed using Pierotti’s scaled particle
theory [17] adapted to molecular shaped cavities according to the procedure
proposed by Claverie (see Eq. (3); Ref. [18]). In Eq. (3) AGp; is the
cavitation free energy of atom i in Pierotti’s formalism, S; is the solvent-
exposed surface of atom i, St is the total solvent-exposed surface of the
molecule, N is the number of atoms, and AGc_p; is the Claverie-Pierotti
contribution of atom i.

N N
Si
AGey = Y AGep; = ;§AGP,i (3)

i=1

The van der Waals component is determined using a linear relationship
Eq. (4) between the van der Waals free energy of a given atom, i, (AGyw ;)
and its exposed surface (S;). In Eq. (4), the atomic surface tension (§;) is
obtained by fitting experimental free energies of solvation for small and
medium-sized molecules that contain prototypical functional groups.
Parametrized models for water [19], carbon tetrachloride [20], chloroform
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[21], and n-octanol [22] are available.

N

N
AGyw =Y AGuw,; = > _&Si 4)
i=1

i=1

The electrostatic term is determined treating the solvent as a continuum
polarizable medium, which reacts against the solute charge distribution
generating a reaction field. This reaction field is introduced as a perturbation
operator, Vg, into the Schrodinger equation Eq. (5). Such an operator is
expressed in terms of a set of imaginary charges spread over the solute cavity
Eq. (6), which are obtained by solving the Laplace equation with suitable
boundary conditions Eq. (7). In Eq. (6) M is the total number of surface
elements, j, in which the solute/solvent boundary is divided, and {q;} is the
set of charges (located at rj) that represent the solvent response. In Eq. (7),
Vrt is the total (solute+solvent) electrostatic potential, n is the unit vector
normal to the surface of element j, and ¢ is the solvent dielectric constant.

(H® + VR)¥ = EW (5)
M .
Ve=) (6)
=1 |rj -1
e—1 8VT
QJ——TMSJ(EX ™

The electrostatic contribution to AGy,,, is then computed as noted in Eq.
(8), where the index “sol” means that the perturbation operator is adapted
to the fully relaxed charge distribution of the solute in solution, and the
index “0” stands for the gas phase environment.

1
AGele — <\Ijsol H° +§Vsol

W) - () (8

By using a perturbational treatment of the electrostatic coupling between
solute and solvent [23—-25], Eq. (8) can be rewritten as noted in Eq. (9).
According to Eq. (9), AGg is half the interaction energy between the gas
phase charge distribution of the solute and the fully polarized solvent

reaction field.
) o)

1
AGele — <\I/0 EVSOI
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The translation of Eq. (9) to a classical framework is straightforward,
since AGg is represented here only in terms of Coulomb integrals. This is
shown in Eq. (10), where the charge distribution in the gas phase is repre-
sented by a set of point atomic charges {Q7} centered at r;. Nevertheless,
note that the charges that represent the solvent reaction field, qjs"l Eq. (6),
are determined from the fully polarized charge distribution of the solute,
which is also represented by a set of atomic point charges {Q®}, i.e.,
qjSOI = qjs"l({QiSOI}). Equation 10 is denoted as the semiclassical approach. It
retains all the main features of the solute—solvent electrostatic coupling,
including mutual polarization effects, through the assignment of the solute
charges {Q°} and {Q"'}. These two sets of charges (typically atom-cen-
tered) are determined by simultaneously fitting the electrostatic potential
and field (ESPF charges) computed at the solute/solvent interface [15].

| Qg

2 =1 =1 |I’j —TIj

AGq, = (10)

2.3. Configurational Search

Sampling of the configurational space is performed with the Metropolis
Monte Carlo algorithm using the effective energy defined in Eq. (1). Because
a continuum model is used to describe solvent effects, the unique explicit
degrees of freedom are those defined for the solute, which allows for an
exhaustive exploration of the solute configurational space compared to
standard discrete MC or MD methods. To make the sampling more
efficient, the MC-MST method uses a “multiple-copy” strategy [26], where
several independent calculations are performed simultancously, each
starting from a different configuration of the solute. These configurations
are randomly selected from a preliminary MC-MST calculation performed
at high temperature. The multiple-copy strategy facilitates the sampling of
the configurational space, as it is less dependent on the starting coordinates
that a standard single (“‘single-copy’’) calculation.

3. MC-MST STUDY OF MOLECULAR ASSOCIATION

Previous applications of the MC-MST method have dealt with the dimeri-
zation of model compounds [26—28] that incorporates structural elements
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typically exploited in host—guest complexes. The systems examined include
formic acid, benzene, and the ionic pair between ammonium and formate,
among other compounds.

A salt bridge is strongly dependent on the environment [26], since the
Coulombic attraction between cation and anion is counterbalanced by the
solvation of the separate ions. Thus, whereas near all the ion pairs have a
separation less than 3 A in the gas phase, a very few pairs with the two ions
separated less than 3 A are found in water. In fact, only 44% of the sampled
configurations have a cation—anion separation comprised between 3 and
6A in water according to MC-MST calculations.

The MC-MST results also show that the formation of hydrogen-bonds is
also hindered by solvation. The doubly hydrogen-bonded complex of formic
acid [26,29], which is the predominant configuration (> 99%) in the gas
phase, is negligible in aqueous solution. Even the population of the single
hydrogen-bonded complex is predicted to be less than 2% in water. In fact,
the MC-MST results indicate that there is not a well-defined recognition
pattern for the association of the formic acid in water. The relative orien-
tation of the monomers is very variable, thus revealing the weakness and
poor specificity of their interaction in aqueous solution.

Solvation also influences the interaction of two benzene molecules [26],
but its effect is less relevant than for hydrogen-bonded complexes or ion
pairs. Thus, neither the population of bonded pairs nor the nature and
weight of the different interaction modes are largely altered upon hydration.
These results demonstrate that the MC-MST method reflects qualitatively
the effect of the polarity and hydrogen-bond donor/acceptor properties of
water molecules on both the population of bonded pairs and the nature of
the complexes.

From a quantitative point of view, the MC-MST method can also give an
accurate description of the molecular association. Thus, in the dimerization
of formamide in the gas phase [28] near 97% of the configurations
correspond to ““bound” dimers (around 62% and 35% of doubly and singly
hydrogen-bonded complexes, respectively). Accordingly, the free energy of
dimerization is predicted to be — 2.5 kcal/mol (a correction of —0.4 kcal/mol
for volume effects is also included). This estimate agrees with high level
quantum mechanical values, which range from —2.0 to —3.2kcal/mol.
Hydration largely reduces the number of “bound” dimers. Thus, in water
around 14% of the sampled configurations can be defined as bonded
complexes, and only a fraction (around 1%) are hydrogen-bonded dimers.
Accordingly, the predicted free energy of dimerization (0.7 kcal/mol)
indicates that dimerization is not favored in water, in agreement with the
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experimental evidence. Apparently, the experimental free energies of
dimerization for diverse amides are even less favorable, since the values
reported from IR measurements range between 2.5 and 3.5 kcal/mol [30, 31].
However, if we define a dimer considering only the population of hydrogen-
bonded dimers, a definition that is likely closer to what is detected in IR
experiments, the free energy of dimerization predicted from the MC-MST
results amounts to 2.4 kcal/mol, in very good agreement with experimental
evidence.

4. CONFORMATIONAL EQUILIBRIA

As noted above, the conformational equilibria of flexible molecules can
be greatly affected upon solvation. To investigate the suitability of the
MC-MST method to reflect the conformational change occurring upon
solvation, we have studied two systems well characterized both experimen-
tally and theoretically: 1,2-dichloroethane and the N1—H and N3—H
tautomers of neutral histamine.

4.1. 1,2-Dichloroethane

The gauche/trans equilibrium of 1,2-dichloroethane (DCE) is altered upon
solvation, the gauche conformer being favored as the solvent’s polarity
increases [32—36]. To investigate the influence of solvation on the gauche/
trans equilibrium, MC-MST calculations of DCE in gas phase, chloroform,
and aqueous solution were performed. The internal degrees of freedom were
explored using two force —fields. First, the united-atom (UA) model of DCE
parametrized by Jorgensen and coworkers [32] by fitting the gas-phase data
on the barrier height and gauche/trans energy difference. Second, an all-
atom (AA) model built up from standard parameters in the AMBER force —
field [37], which were adjusted to reproduce the preceding gas phase data.
The semiclassical MST model (Egs. (3), (4) and (10)) was used to compute
the free energy of solvation. ESPF charges obtained from the wavefunctions
of the solute in the gas phase and in solution (determined using the MST
HF/6-31G(d) method) were employed to compute the electrostatic com-
ponent of AG,,. Calculations were performed with the ESPF charges
determined for the trans conformer, which were similar to those obtained
for the gauche conformer. Cavitation and van der Waals components of
AGs, were determined using the standard parameters in the MST HF/6-
31G(d) model.
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MC-MST calculations were carried out using the multiple-copy strategy.
To this end, twelve MC-MST simulations starting from structures randomly
selected from a previous MC-MST calculation performed in the gas phase at
high temperature (1000 K) were performed. Each simulation consisted of a
total of 4 10° configurations. Similar results were obtained in every inde-
pendent run, which allows direct averaging of the results obtained for the
different trajectories (the shape of the minima was assumed to be similar).

The free energy profiles for the C1—C—C—Cl rotation determined from
the population distribution in the gas phase, chloroform and water are
shown in Figure 1. The plots show a symmetrical profile, which indicates
that the conformational space has been sampled properly. The change in the

Free energy difference
N
T

Free energy difference
N
1

-2 i 1 I} L 1 1 I} 1 1 | I}
0 90 180 270 360
CI-C-C-Cl dihedral angle

FIGURE 1 Free energy profiles (kcal/mol) for rotation about the C1—C—C—C1 dihedral
angle (degrees) in 1,2-dichloroethane determined from the population distributions in the gas
phase (solid line), in chloroform (dashed line), and in aqueous solution (dotted line).
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population of the gauche and trans conformers induced upon solvation is
clearly seen. Such a change is explained by the larger dipole moment of the
gauche conformer compared to that of the trans form [32—37]. Note that the
average dihedral angle for the gauche conformer decreases with increasing
solvent polarity (from 65.1 and 72.8 degrees in the gas phase to 58.1 and
65.6 degrees in water according to the UA and AA results, respectively), in
agreement with previous studies [34, 35]. This subtle conformational change
enlarges the dipole moment of the gauche conformer (around 0.1 Debyes
at the HF/6-31G(d) level), thus favoring its solvation in water (around
0.2 kcal/mol using the MST HF/6-31G(d) method).

Table I compares the MC-MST free energy difference between gauche and
trans conformers with those obtained either experimentally or from other
theoretical methods. The estimated free energy difference in chloroform
(around —0.2 kcal/mol) and water (around —0.9 kcal/mol) agrees with the
results predicted by other theoretical methods. The barrier for the trans —
gauche conversion is lowered in condensed phases compared to the gas
phase value (see Fig. 1), as expected from the better solvation of the gauche
conformer compared to the trans. These trends also agree with the changes
in the free energy profiles for the C1—C—C—C1 rotation determined from
MC-free energy perturbation simulations [35]. The results show the large
influence of solvation on the relative population between minima, but also on
the general shape of the conformational free energy surface.

4.2. Histamine

The primordial biological activity of histamine has stimulated a number
of studies about the relationship between its tautomeric and conformational
properties and the pharmacological action [38—48]. Compared to 1,2-

TABLE I Gauche/trans free energy differences (kcal/mol) for 1,2-dichloroethane at 298 K
determined experimentally and from theoretical computations

Medium e exptl® MC-FEP® SCRF* MC-MST(UA) MC-MST(AA)
Gas 1.0 1.20 1.2 1.2 1.1 1.2
Cyclohexane 2.0 0.70 1.1 0.8

Di-n-butyl ether 3.1 0.51 0.7 0.6

Chloroform 4.7 0.1 0.3
Tetrahydrofuran 7.6 0.11 —0.1

Acetone 20.7 —0.14 0.1

Acetonitrile 36.0 —0.22 -0.3 0.0

Water 78.4 -1.0 -0.8

& Wiberg et al., J. Phys. Chem., 1995, 99, 9072.
b Jorgensen et al., J. Am. Chem. Soc. 1995, 117, 11809.
¢ B3LYP/6-311+ + G(d,p).
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dichloroethane, the study of the conformational properties of histamine is
more interesting owing to (i) the larger flexibility and (ii) the involvement of
an internal hydrogen-bond.

The conformational preference of histamine has been examined from
X-ray crystallography [41], NMR [42,43] and IR [44] studies in solution,
jet spectroscopy [45,46], and molecular orbital calculations [47—48]. Here
we focus our attention to the conformational properties of the NI—H and
N3—H tautomers of neutral histamine, whose flexibility is determined by
the three torsional parameters (71, 75, 73) that define the conformation of the
side chain (see Fig. 2). These dihedral angles are defined in such a way that
the origin is in the syn arrangement (7, is defined syn with regard to the
proximal nitrogen atom). The internal energy was evaluated using the
AMBER force field [37]. To this end, the force field was defined by mixing
the corresponding parameters of the imidazole ring of the two tautomeric
forms of neutral hystidine and those of the side chain of lysine. Charges on
the methylene groups of histamine were adjusted as to maintain neutrality
of the molecule. Seven MC-MST simulations, each consisting of 10° con-
figurations, were run in the gas phase and in water using the same set-up
procedure mentioned above for 1,2-dichloroetane. Similar results were
obtained in every independent run, which supports convergence in the
conformational search. A Boltzmann-weighted average of the different
trajectories was performed to derive the global results.

Regarding the N1—H tautomer, the conformational flexibility of the side
chain is well defined in the gas phase (see Fig. 3). The torsion 7; adopts
values close to 30 or 330 degrees, and the minimum in its population

T3, 13' T3, 13,
T NH, T, NH,
T T
NVNH HN\/N
Tautomer N1-H Tautomer N3-H

FIGURE 2 Torsional parameters defining the conformers of N1—H and N3—H tautomers of
neutral histamine.
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tautomer of histamine in the gas phase (black) and in water (white).
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distribution corresponds to the region around 180 degrees. The torsion 75 is
mostly found in regions close to 60 or 300 degrees, and there is a small
fraction in the region around 180 degrees. Likewise, the torsion 73 is located
close to 180 or 300 degrees, while a very small fraction population is found
around 60 degrees. These results imply the existence of a majoritary fraction
of molecules having an intramolecular hydrogen-bond between the nitrogen
atoms of the side chain amino and the ring NH groups. This is confirmed
from inspection of Figure 4, which shows that the distance distribution
between those nitrogen atoms has a maximum at around 2.9 A. Therefore,
the results indicate that the side chain of the N1—H tautomer adopts
preferentially a gauche (7, =60 or 300 degrees) conformation.

Table II shows the most populated conformational families of the N1—H
tautomer in the gas phase. The largest fraction corresponds to internally
hydrogen-bonded structures (around 45% of the sampled structures).
Among the non-hydrogen bonded structures, gauche conformers with the
side chain normal to the imidazole ring are the most populated. These
results agree with both experimental data obtained from jet spectroscopy
[45,46] and quantum mechanical results [47,48], which point out the
hydrogen-bonded gauche conformer to be the most stable species of the
N1—H tautomer in the gas phase.

35 T I L) l L] I T I Ll I T I T I T ' T I T I L} ' T I L) ' T ' T ' T I T
30
25

20

Population

15

10

ETE TR NN SR TE PN N E S N

LI BB L L LB B L A LA BL  NLA A B BL

[

2 3 4
Distance
FIGURE 4 Population distribution (%) of the distance (A ) between the nitrogen atoms of the

side chain amino and ring NH groups for the N1—H tautomer of histamine in the gas phase
(black) and in water (white).
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TABLE II Population of the most important conformational families of the N1—H tautomer
of neutral histamine in the gas phase and in water®

T T T3 D @ %
Gas phase 330 (30) 60 (300) 150-210 3.0 120 28.6
330 (30) 90 (270)  180—-210 (150—180) 3.1 123 7.5
300 (60) 90 (270)  180—-210 (150—180) 3.1 120 6.9
0 60 (300) 300-330 (30-60) 3.0 113 6.7
300 (60) 60 (300)  180—210 (150—180) 3.0 116 6.3
270 (90) 60 (300) 270-300 (60—90) 3.3 90 4.4
240 (120) 60 (300) 300 (60) 3.7 72 2.1
270 (90) 180 180 4.7 84 1.0
Water 270 (90) 180 60,180,300 4.7 83 5.6
270 (90) 60 (300) 60,90 (270,300) 3.4 87 3.1
240 (120) 60 (300) 60,90 (270,300) 3.7 72 3.0
300 (60) 180 60,180,300 4.5 90 4.0
240 (120) 180 60,300 4.9 76 3.1
300 (60) 300 (60) 60,180 3.7 72 2.6
270 (90) 300 (60) 180 4.0 61 1.3
210 (150) 180 60 (300) 4.9 74 1.2
330 (30) 300 (60) 180 3.5 86 1.0

& Torsional parameters 7, 7o and 73 (degrees; see Fig. 2), average distance between the nitrogen atoms in
the amino and NH groups (A) and N---HN angle (degrees), and the population of the conformer. For every
internal torsion, the torsional space was partitioned in 12 windows (each window spans a range of 30
degrees) centered at 0, +30, =60, +90, +120, £150, and 180, and every conformer was classified into
one of those conformational families according to their torsional parameters. Only those conformational
families populated more than 1% are indicated, though they are grouped when they differ exclusively in the
torsion 73.

Solvation in water has a dramatic effect on the conformational preference
of the N1—H tautomer (see Fig. 3). The torsion 71 mainly adopts values close
to 90 or 270 degrees. Similarly, there is a large increase in the number of
structures with 7, = 180 degrees, which is accompanied by a notable reduc-
tion in the gauche population. Finally, the distribution of 75 is characterized
by the presence of three similar maxima centered at 60, 180 and 300 degrees.
There is a reduction in the number of hydrogen-bonded structures, as noted
in the fact that the distance between the amino and NH nitrogens reaches a
maximum in the population distribution located at around 4.6 A (see Fig. 4).
The loss of the internal hydrogen-bond upon hydration is accompanied by
an increase in the conformational flexibility, as can observed in the torsional
parameters of the conformational families collected in Table II. The popula-
tion of trans conformers is clearly larger in water than in the gas phase, which
can be understood from the favorable hydration of the polar groups. Though
there is not quantitative data about the trans/gauche ratio of the neutral
NI1—H tautomer in water, the two species can expected to exist in solution
according to the available experimental data [44].

The conformational properties of the N3—H tautomer can be examined
from inspection of Figures 5 and 6. In the gas phase, the torsion 7, adopts
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tautomer of histamine in the gas phase (black) and in water (white).
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FIGURE 6 Population distribution (%) of the distance (A ) between the nitrogen atoms of the
amino and N groups for the N3—H tautomer of histamine in the gas phase (black) and in water
(white).

values close to 90 or 270 and at less extent 180 degrees. The torsion 7,
is mainly in the region around 180 degrees, though there are significant
population in the gauche (60, 300) region. Finally, the torsion 73 populates
regions close to 60 and 180 degrees, and at less extent 300 degrees.
Therefore, MC-MST results point out relevant differences in the conforma-
tional properties of N3—H and N1—H tautomers in the gas phase, in
agreement with both experimental [45,46] and theoretical [46—48] data.
Thus, the predicted energy difference (calculated at the MP2/6-311+ +
G(d, p)//MP2/6-31G(d, p) level) between the most stable gauche and trans
forms decreases from around 5 to 1kcal/mol upon tautomerism from the
NI1—H form to the N3—H species [46]. However, whereas the gauche
conformers are more populated than the trans forms, the MC-MST results
predict the reverse trend. This discrepancy, which likely stems from the
difficulty to describe properly the interaction of the amino group with the
m-electron system that occurs in the gauche conformers [45,47], points out
the sensitivity of the results to the force—field parameters.

Compared to the N1—H tautomer, hydration has little influence on the
conformational preference of the N3—H tautomer (see Figs. 5 and 6). The
most remarkable effect is the tendency of the torsion 7, to adopt values close
to 180 degrees. There is also a slight enlargement of the trans/gauche ratio
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upon hydration, which can be understood from the better hydration of the
polar groups, as can be inferred from experimental data [44].

The results presented here suggest that the MC-MST method, in spite of
the simplicity of its formalism, can be powerful to examine the configura-
tional free energy surface of solutes in condensed phases. A potential limita-
tion of the method, nevertheless, would be the lack of information about
solvent molecules that play relevant structural or functional roles (see, for
instance, Refs. [49] and [50]), which could limit the accuracy of the method
to predict conformational free energy differences between relevant conforma-
tional families. However, the method can be easily modified to introduce
discrete solvent molecules, i.e., the first solvation shell, into the simulation
and to explore both internal and intermolecular degrees of freedom
simultaneously in the simulation with little increase in computer expense.
On the other hand, the neglect of the solvent’s degrees of freedom allow
us to obtain an exhaustive sampling at a low computational cost com-
pared to MD and MC simulations using an explicit description of the solvent
molecules. Thus, every independent run led to the same nature and
population of the most relevant conformational families of the two tautomers
of neutral histamine in aqueous solution. In addition, the efficiency of the
conformational sampling in solution is comparable to that in the gas phase,
as can be stated from inspection of Figure 7, which shows the evolution in
the number of conformational families sampled along the MC-MST
simulation.
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FIGURE 7 Number of conformational families (in percentage) sampled in the gas phase
(w}site) and in water (black) as a function of the length of the MC-MST simulation (in units of
10" steps).
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5. CONCLUDING REMARKS

The results presented in this article allow us to believe that the MC-MST
method is able to provide, at least qualitatively, reliable representations of
the conformational properties of flexible molecules in solution. Further
support to our belief comes from previous studies based on continuum
descriptions of the solvent [11—14], and particularly from the study reported
by Varnek et al. [14], who implemented the Polarizable Contiuum Model
in Molecular Dynamics simulations. Though there are differences between
their continuum representation of the solvent and the semiclassical MST
model presented here (i.e., the treatment of non-electrostatic components of
the free energy of solvation or the calculation of the mutual solute—solvent
polarization), their results allow them to conclude that methods based on
continuum models of the solvent can provide reliable descriptions of the
conformational equilibria of molecules in condensed phases. Future investi-
gations are needed to calibrate the reliability of the chemical description
and the balance between accuracy and computational efficiency obtained
from continuum-based approaches.
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