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Abstract. Water solvation effects on theoretical binding
energies of the tetramethylammonium cation with ben-
zene, phenol and indole have been analyzed as a pro-
totype of biological cation—x interactions. Solvent effects
were introduced in the quantum chemical computations
either by considering molecules belonging to the first
solvation of the tetramethylammonium or by a polar-
izable continuum model. Our results show that the cal-
culated binding energies are reduced by about three
quarters with respect to the corresponding gas-phase
results, but the sequence benzene < phenol <indole is
preserved, in accordance with the concept of cation—=n
interactions. Similar results are obtained for the inter-
action of tetramethylammonium with the benzene—
indole pair.

Keywords: Cation—p interactions — Quaternary
ammonium ion — Solvent effects

Introduction

The possibility for a biological role of the aromatic rings
of phenylalanine, tyrosine and tryptophan interacting
with onium ions by ‘“‘cation—z” interaction was sug-
gested early on the basis of various observations [1, 2].
Among those was the determination of the crystal
structure of the phosphocholine-binding immunoglob-
ulin FabMcPC60 [3] and the detection of numerous
tyrosine and tryptophan residues in the region of bind-
ing of acetylcholine (ACh) on the surface of the nicotinic
ACh receptor [4]. This proposal was strengthened by
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the discovery, in the X-ray structure of the enzyme
acetylcholinesterase, of 14 aromatic residues along the
walls of a narrow gorge leading to the binding site of the
substrate (ACh) [5]; thereby the suggestion that this
could help the molecule to slide down to the active site
along a series of low-affinity sites involving aromatic—
quaternary ammonium interactions[6].

A computation of the interaction energy of a flexible
ACh molecule with a model of the gorge (built on the X-
ray coordinates) indeed revealed the existence of a suc-
cession of local sites of increasing energy, culminating at
the binding site [7]. Within the limits of the model, the
analysis of the structures of these sites provides insight
into the respective roles and of other key residues (see
Ref. [8] for a detailed discussion).

Much interest has developed in the last few years in
achieving better understanding of the cation—= interac-
tion, and this has resulted in a number of quantum
mechanical calculations on simplified systems modeling
biological processes [9]. From a series of correlated post-
Hartree—-Fock computations with rather flexible basis
sets [10, 11, 12, 13] using mainly tetramethylammonium
(TMA) as a simple model for ACh and small
aromatic molecules (benzene, phenol and indole) as
models for the aromatic amino acid receptors phenyl-
alanine, tyrosine and tryptophan, we drew the following
conclusions:

1. TMA is a good model for the ACh—benzene inter-
action.

2. The sequence of the TMA binding energy with the
aromatic receptors is benzene < phenol <indole,
while a single atomic ion, like Na ™, gives much larger
values.

3. According to second-order Mogller—Plesset (MP2)
computations, TMA in its stablest arrangement with
respect to benzene has a binding energy in fair
agreement with the value measured in the gas phase
(9.1 versus 9.4 kcal mol™' [1]).



4. The partition of the binding energy between its
Hartree—-Fock components, essentially due to the
purely Coulombic interaction of the TMA and
benzene charge distribution, and the MP2 one,
mainly associated with dispersion forces, is about
2/3-1/3 [11]. This point is of particular importance in
view of the past discussions on the nature of such
interactions (i.e. electrostatic versus dispersion) [14].

The preceding works were carried out for systems in
the gas phase, the question of solvation being generally
neglected in these quantum-mechanical investigations.
However, the role of water, which may be of great
importance in the ACh-aromatic interaction phenomena
owing to its universal presence in biological systems, was
considered in calculations concerning the location of
H>O molecules fixed on ACh hydrate and the related
conformation problem [15]. Besides, computer simula-
tion studies using molecular mechanics potentials have
been performed in order to clarify the question of the
hydration of hydrophobic substrates such as benzene [16,
17, 18, 19].

Here we have tried to elucidate this problem by means
of new quantum-mechanical calculations including sol-
vation effects. Two different approaches to this problem
have been considered. In the first one, the solute with the
surrounding solvent molecules (strongly bonded to it)
was included in the quantum chemical computations,
while in the second the solvent was modeled by the
polarizable dielectric continuum of Scrocco and Tomasi
[20, 21] (for a comprehensive review see Refs. [22, 23]). In
such an approach the solvent is described by a polariz-
able continuum medium (PCM) representing, in an
average way, all the possible accessible conformations to
the solvent molecule, while the radial distribution is a
“step” function [24]. This model provides accurate re-
sults for molecular properties and thermodynamics
quantities in a nonpolar environment, while it catches the
major part of solute—solvent interactions in polar,
hydrogen-bonded liquids [25, 26, 27, 28, 29].

Computational details

All the complexes investigated in this study were treated in the
frame of the so-called supermolecule approach, by calculating the
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interaction energy of the two entities A and B inside the total
energy AB. In particular, electronic energies E°(AB) and E°(A)+
E°(B), basis set superposition error (BSSE) corrections [30], and
zero-point vibrational energies (ZPVE) were evaluated, as well as
PCM corrections. As in our previous work, correlation was
introduced at the self consistent-field (SCF) MP2 level of theory
[31], using completely optimized structures for the individual
molecules A and B and a partial determination of geometry in the
case of the whole complex AB, i.e. the relative disposition of its two
components A and B. In order to verify this last point, a complete
optimization was carried out only for phenol, owing the flexibility
of the OH tail.

All the computations, including the MP2 ones, were performed
with a slightly modified 6-31G(d,p) basis set. In this basis, denoted
6-31G““ in Refs. [10, 11, 12, 13], the valence orbitals of the nitrogen
atom in TMA were contracted by a scale factor of 1.09, obtained
by minimizing the total energy of N . Polarization functions were
also added, namely H(p), exp=1.22; C(d), exp=0.83; N(d),
exp=0.91; and O(d), exp=0.99.

Concerning ZPVE corrections, the evaluation of relevant values
made, as usual, at the SCF 6-31G level from harmonic frequencies
scaled by a factor of 0.9 [32] deserves some attention in the present
case. First of all, it is necessary to optimize all the geometrical
parameters of the supermolecule AB, in order to avoid the occur-
rence of imaginary wave numbers polluting the remaining vibra-
tional spectrum. As pointed out in an early paper on the water
dimer [33], the total number of internal vibrational motions of an
AB system is 3(N + Ng)-6 for a complex built with N4 atoms from
molecule A and N atoms from molecule B, instead of (3Na-
6)+ (3Ng-6). This includes the transformation of six translation—
rotation motions of A and B, assumed to have zero energies in the
vibrational treatment of the isolated molecules, into six vibrational
motions of frequencies less than 100 cm™'. To have an estimation
of the upper and lower limits of the effects due to this change on
ZPVE values, we computed them into two ways: first, in the
standard manner with the 3N-6 vibrational modes for the AB
complex; second, by removing the 12 lower frequencies from the 3N
set generated by the treatment of AB in Cartesian coordinates. For
the systems considered in this work, the six lowest frequencies
excluded from the second treatment give an almost constant con-
tribution to the ZPVE correction originally computed, very similar
to those quoted for the water dimer and equal to about half the
total ZVPE differences. The magnitude of the total correction itself
is not sufficient to alter the relative stability order of the various
complexes. At the same time, the vibrational contribution of TMA
was computed for its stablest conformation, with the hydrogen
atoms in an eclipsed position with respect to the adjacent hydro-
gens, but in a staggered position with respect to the CN bonds
(Fig. 1). All the other conformations accessible through a rotation
along the CN bonds were not considered in the calculations of the
interaction energy, since they correspond to first-order saddle
points, quite high in energy (+ 3.9 kcal mol™).

Nonspecific solvent effects were evaluated using the original
dielectric polarizable continuum model [20, 21] with cavities
adapted to the shape of the molecule. These latter were determined
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Fig. 1. Structure of the different complexes:
a tetramethylammonium (7'M A)-benzene;
G5 b TMA-indole; c TMA—phenol
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by the united atom topological model [34] to determine the
molecular cavity, instead of spheres in the Onsager theory or
ellipsoids in the improved method of Rivail and Rinaldi [35]. The
effect of outlying charge (the so-called “escaped charge” effect) was
taken into account by means of an additional effective charge,
distributed according to the solute electronic density [36].

All the computations were done by means of the Gaussian
computer code [37]. They were carried out not only to calculate the
binding energy of TMA, using benzene, phenol and indole as
unique receptors, but also in the case of two receptors, benzene and
indole, conveniently arranged in space, as in the natural product.

Results and comments

The structures of the complexes considered are depicted
in Fig. 1. They correspond to the best gas-phase
arrangement of TMA with the aromatic substrate as
reported in Refs. [10, 12]: TMA is linked perpendicu-
larly to the receptor through three hydrogens belonging
to three different methyl groups in the case of benzene
and indole, or in an oblique way in the case of phenol
because of its interaction with the OH substituent. A
similar arrangement has been obtained recently by
density functional calculations on the TMA-benzene
adduct [38].

As already mentioned, all the molecules (TMA,
indole, benzene and phenol) were optimized separately,
while only the distance between the nitrogen atom of
TMA and the molecular plane of the aromatic mole-
cules was relaxed in the supermolecular calculations.

Table 1. Tetramethylammonium (7MA)-aromatic ring distance
(A) for the complexes considered, computed at the second-order
Moller—Plesset level, using the modified 6-31G(d) basis set (see text
for details). The values corresponding to the complete optimization
of the complex are reported in parentheses

According to the data reported in Table 1, such a dis-
tance decreases in the order phenol > benzene >indole,
the TMA—phenol distance being the largest (4.43 A). As
already stated, a full optimization of the geometrical
parameters allowing us to check the effects of the TMA—
aromatic interactions on the geometries of the different
moieties was carried out for the TMA-benzene com-
plexes. Only small variations (less than 0.002 A) were
found for all the intramolecular parameters, in agree-
ment with recent computations also showing that the
intramolecular bond lengths in the TMA-benzene
complex do not change with respect to those charac-
teristic of the isolated fragments [38]. At the same time,
the N-ring distance practically does not change (less
than 0.001 A). All these results, as well as our previous
calculations [10, 12], strongly suggest that the weak
cation—II interaction has practically no effect on the
geometries of the two moieties.

The Mulliken charges of the TMA residues in the
different complexes, computed at the equilibrium TMA—
ring position, are reported in Fig. 2. As expected these
charges are close to the formal + 1 charges assumed for
the ammonium salt, all ranging between +0.94 and
+0.95/e’|. The negligible charge transfer found (less
than 0.06|¢’|) well underlines the role played by disper-
sion forces in this kind of interaction [10], especially
when related to the magnitude of the interaction ener-
gies.

We give the interaction energies for all the species
considered as well as all the different corrections (i.e.
BSSE and ZPVE) in Table 2. An examination of these
results indicates that these energies follow the order
benzene < phenol <indole.

Our present results for the TMA—benzene complex,
using a somewhat reduced basis set with respect to our
precedent investigations, are close to those already
reported using a larger basis set [13] and, when ZPVE
and thermal correction (not reported in the table) are
added, are close to the experimental values (8.0 versus
9.4 kcal mol™"). This last result shows the kind of pre-
cision we also expected for the other complexes (indole

Fig. 2. Mulliken charges on the TMA fragment in the
different adducts. The charges were evaluated either for

Adduct Adduct+ Adduct+ Adduct+
PCM 3H,0  PCM+3H,0
TMA-benzene 4.21 4.23 4.28 4.28
(4.21) (4.24) (4.28) (4.26)
TMA-—phenol 4.43 4.49 4.50 4.52
TMA-indole 4.15 4.25 4.27 4.07
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Table 2. Different contributions to the interaction energies between TMA and the aromatic molecules considered (kcal mol™"). The
solvent contribution, AE,, was computed using the dielectric polarizable continuum model (DPCM) approach. Low and high vibra-

tional contributions (AZPVE) to the binding energy (see text for details)

Benzene Phenol Indole Benzene-indole
With respect to benzene With respect to indole
AE,s 10.9 13.1 16.4 10.1 15.6
BSSE -2.8 -3.8 -4.2 =32 -4.6
AEy -7.0 1.3 9.6 6.5 -9.0
Total 1.1 2.0 2.6 0.4 2.0
AZPVE (low/high) -0.21/-0.54 —-0.18/-0.54 —-0.26/-0.57

and phenol), for which no experimental data are avail-
able. We also note that the trend in the interaction
energies is not clearly related to the differences in the
intermolecular distance already discussed. Furthermore,
the interaction energies practically do not change upon
the complete optimization of the whole complex; for
instance, the variation for the benzene-TMA interaction
energy is less than 0.3 kcal mol™".

As a first step in the study of the solvation effect on
our systems, we have represented the solvent as a
dielectric continuum, thus modeling only the nonspecific
solute—solvent interactions. The effects of the solvent
reaction field on the intermolecular TMA-ring distance
are reported in Table 1 (second column). As can be seen
from these data, a small lengthening is observed for all
systems, slightly more evident for the indole system
(+0.1 A) than for the other complexes. This behavior
can be related to the stabilization, induced by the sol-
vent, of the form with greater charge separation between
the two fragments. In our case, this corresponds to the
localization of a greater positive charge on TMA, as
illustrated by the Mulliken charges for the different
fragments reported in Fig. 2. This effect is larger for
the complexes with indole, where the TMA charge is
+ 0.97]e7|, than for the other two.

Looking at the energy differences given in Table 2 for
the TMA complexes in the presence of the PCM field,
the most striking feature is a lowering of all the inter-
actions energies. This result can be rationalized in terms
of two concurrent effects. On one hand, the bulk solvent
reduces the charge-transfer component to the interaction
energy (thus increasing the role of the dispersion forces),
while on the other, it mimics the interactions of TMA
with water solvent molecules. This latter is stronger than
the contact with the aromatic ring. As a consequence,
the initial values, corresponding to gas-phase calcula-
tions, are drastically reduced in a continuum model of
the solvent (compare the first and fourth rows of
Table 2). However, the sequence of interaction energies
computed for water present is the same as without a
solvent. Effects due to possible ZVPE variations are not
significant.

As in the gas-phase systems, a full optimization of all
the parameters for the TMA—benzene complex does not
induce any significant variation either in the geometrical
parameters or in the interaction energy. For instance,

the distance is the same as in the gas-phase, while the
interaction energy decreases by 0.2 kcal mol™' with
respect to the value computed for the gas phase. These
results well underline the use of “frozen” structures for
all the other calculations.

As mentioned earlier, the continuum model, as the
one considered in the present paper, only partially
mimics the effects of strong and specific solute—solvent
interactions. These effects are particularly important in a
polar solvent (like water), where at least the first solva-
tion shell has to be considered in order to correctly
reproduce solute physicochemical properties [26]. So, to
better elucidate the problem of the hydration of TMA
complexes, we investigated the effects resulting from
additional H,O molecules fixed on some of the previ-
ously mentioned systems and, eventually, to be plunged
in the dielectric continuum simulating the bulk water. In
this last case, of course, the cavities involved in the final
PCM treatment have to be reconstructed and the total
energies have to be reevaluated accordingly. To do that,
TMA, cither isolated or complexed, was surrounded by
three H,O molecules located in the first three bisector
planes of the cations, in such a way that the approach of
the N atom can be effected by the fourth side (Fig. 3).
For the substrates only the possible formation of a
hydrogen bond between the NH group of indole and one
H,O molecule was taken into account. This molecule
strongly interacts with the nitrogen atom of the NH
group, the corresponding binding energy being 5.9 kcal
mol™', about half of the TMA-H,O interaction
(10.9 kcal mol™' for TMA-H,O after BSSE correction).
At the same time, this contact is still competitive with
respect the water—water interaction (about 5.0 kcal
mol™! [39]). However, the presence of further solvent
molecules bonded less strongly (especially those inter-
acting with the aromatic cycles) might be considered, but
in such an eventuality solvent—solvent interaction may
become competitive [40]. These phenomena could be
treated only in the framework of a quantum dynamics
study, which is well beyond the scope of the present
work.

The three explicit water molecules affect the inter-
molecular rearrangement in a more significant way than
the bare continuum model, the intermolecular distance
being slightly more stretched. This effect is more evident
for the TMA-—phenol adduct (+0.07 A) than for the
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Fig. 3. Structure of the adduct TMA plus three water molecules
plus benzene (left) and sketch of the corresponding cavity (right)
used in the polarizable continuum medium approach

Table 3. Different contribution to the interaction energies between
TMA +3H,0 and the aromatic molecules considered (kcal/mol).
AE,, was computed using the DPCM approach (see text for
details)

Benzene Phenol Indole Indole + H,O
AE g, 8.2 9.7 12.1 15.2
BSSE -2.6 -3.5 -39 -4.2
AE, -39 -4.4 -5.1 -8.1
Total 1.7 1.8 3.1 2.9

other systems. It is interesting to note that, anyway, both
continuum and supermolecular approaches show the
same trend (lengthening of the N-ring distances). At the
same, the small difference observed between the two
models, +0.02 A in the indole complex, +0.01 A for
phenol and +0.04 A for benzene, can be related to the
electron-withdrawing effect through the hydrogen
bonds, a mechanism ruling the solute—water interaction
in the cluster. The positive charge on the water molecule
(+0.03J¢e7]), well underlines such behavior. The overall
effect is a significant decrease of the positive charge lo-
cated on the TMA: from +0.94/e’| in the TM A—benzene
complex to 0.86|e’| in the corresponding adduct with
three water molecules.

When the TMA—-aromatic-water adduct is plunged in
the continuum model, in order to simulate the solvation
shell beyond the first, no significant variations of the
molecular properties are observed. In fact, a glance at
the results listed in Table 3 shows that the lowering of
the binding energy of TMA with aromatics as a conse-
quence of hydration is a little less important than

Fig. 4. Structure of the TMA-indole-benzene complex

previously. Two different factors are operative in this
more sophisticated model: first, a part of the solvation
effect is transferred to the primitive supermolecule cal-
culations; second, the lowering of the PCM contribu-
tions to solvation energies is in line with the increasing
size of the cavities, but the interplay of both contribu-
tions does not affect, qualitatively speaking, the final
balance very much. It can be added that a similar low-
ering of the binding energy of TMA with benzene has
also been found in Monte Carlo simulations using the
semiempirical AM1 potential [18], but to a larger extent
than our PCM ab initio approach.

As concerns the other parameters considered, that is
intermolecular distances and TMA charge, the contin-
uum model does not introduce any perturbation, thus
underlining the negligible contribution of the solvation
shells beyond the first one to such parameters.

In summary, our conclusion shows that the PCM
model provides, at least, reliable trends for the energetics
and the geometrical features of the TMA—aromatic ad-
ducts and the explicit consideration of water solvent
molecules does not affect the results, even when a cation
such TMA is present.

In order to finally assess the problem of cation—n
interactions and to better reproduce probable biological
situations, we also investigated, in a last series of cal-
culations, the possibility of having cation—n complexes
with two aromatic molecules, each of them being linked
by three hydrogens belonging to TMA. This kind of
structure is preserved in the benzene-TMA-indole sys-
tem depicted in Fig. 4; this is due to the fact that start-
ing, for instance, from the TMA—indole complex, there
are still three CH bonds which are able to interact lat-
erally with benzene (and vice-versa). Following our
previous results on the different TMA-aromatic pairs,
this structure was built up starting from the single
fragments and optimizing only the two N-ring distances
as well as the angle defined by them.

These distances do not significantly differ from those
obtained in the two corresponding dimers, being 4.15
and 4.22 A for TMA-indole and TMA-benzene,
respectively. Concerning the magnitude of the interac-
tion between TMA and the benzene-indole pair, we
found that the affinity of this ion for benzene is not
lowered very much if it is previously attached to indole



(or the reverse). The dissociation energy of the complex
with respect to its three components is close to the sum
of the binding energy of TMA with benzene and indole
(26.5 kcal mol™! in the gas phase before BSSE correc-
tions instead of 27.3 kcal mol™'). In a similar manner,
solvation has the same effect as for the two separate
dimers, so the total interaction energies are only slightly
lower (cf. last two columns of Table 2). These last points
may be interesting in connection with data coming from
laboratory analogues of biological receptors.

Conclusions

To conclude, it appears that the relative affinities of the
aromatic rings of phenylalanine, tyrosine and trypto-
phan for modeling the binding of the quaternary
ammonium group in TMA remains in the same order
after introduction of the solvent in spite of an important
reduction (by about three quarters) of their magnitude
in the gas phase. Although the amount of this reduction
depends clearly on the characteristics of the theoretical
model used to describe hydration, such an effect seems
reasonable in making the binding energies more com-
patible with the necessary labiality of transient biologi-
cal interactions.
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