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Abstract

Analyses of 20-ns simulations of aqueous solutions of the recently synthesized cavitand benzotriborneol (BTB) show that this mol-
ecule binds a single water molecule within its hydrophilic cavity for an average time interval of ca. 750 ps, that is 370 times longer than
the permanence time of water around borneol. Moreover, this time becomes three times longer in a 99.8% (V/V) chloroform—water solu-
tion, while it decreases for BTB methylether derivatives in water, becoming 279, 36 or 119 ps when one, two or all three hydroxyl hydro-

gen atoms are replaced by methyl groups, respectively.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The study of water in confined geometry conditions can
enlighten properties that are potentially useful to under-
stand its behavior when involved within proteins [1],
molecular channels [2], polymers [3] or more complex sys-
tems [4].

In the present Letter, we report results obtained by
molecular dynamics (MD) simulations concerning the
interaction of water with a recently synthesized molecule
(benzotriborneol, BTB, see Fig. 1) [5] featuring two cav-
ity-like regions, one of which possesses a hydrophilic char-
acter due to the presence of three hydroxyl groups.

The possibility that this host could be a strong water
receptor was suggested by the experimental observation
[5] that during the purification phase it was difficult to
dry this triol with standard anhydrification procedures
(e.g., magnesium sulphate, reduced pressure). As the bot-
tom trace of Fig. 2 shows, residual water was still present
after this treatment. The compound was finally dried by
azeotropic removal of water in boiling toluene (Fig. 2,
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top trace). These findings prompted us to start this simula-
tion work aiming to ascertain whether the BTB stereody-
namics is particularly suitable to host a water molecule in
its hydrophilic cavity.

Since such a strong interaction with water was not
observed for the trimethylether derivative of BTB [5] we
also decided to investigate systems in which one or more
hydrogen atoms of the BTB hydroxyl groups are replaced
by methyl groups. Moreover, in order to simulate experi-
mental conditions similar to those used to obtain the
results shown in Fig. 2, a BTB solution in 99.8% (V/V)
chloroform-water was also considered.

2. Computational methods

BTB and the related molecules examined in this work
were fully optimized with GaussiaN 98 [6] at RHF/6-
31G" level. At the same level, molecular properties were
calculated to evaluate their atomic charges according to
the RESP procedure [7]. Simulations were performed using
the Amber {199 force field [8] and the SANDER program [9]
with truncated octahedral periodic boundaries. The tem-
perature was controlled according to the Berendsen cou-
pling algorithm [10] with t7=1ps, and tp=1ps was
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Fig. 1. Stick representation of benzotriborneol (BTB) and borneol molecules. Upper row: top (A) and front (B) views of BTB. Lower row: top (C) and
front (D) views of the borneol. The top views evidence the hydroxyl groups of molecules.
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Fig. 2. Top trace: '"H NMR spectrum of BTB in chloroform after azeotropic removal of water. Bottom trace: 'H NMR spectrum of BTB in chloroform

solution in the presence of residual water after standard drying procedure.

used for the pressure control. A cutoff of 9 A and Ewald
sums were adopted for the nonbonded interactions.
SHAKE [10] kept constrained bonds involving hydrogen
atoms. NPT (7'=298 K, P =1 bar) simulations were per-
formed with 1-fs time step. Water was modeled according
to the TIP3P scheme [11], and the geometry and atomic

charges of chloroform were assumed as in Ref. [12]. System
configurations were stored on disk every 0.5 ps for off-line
statistical analyses based on home-made programs, and
PTRAJ and ANAL modules of the AMBER7 package.
Graphical visualization was performed using gOpenMol
[13].
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3. Results and discussion

For each system listed in Table 1, two NPT 20-ns simu-
lations have been performed. The system labeled as BTB
consists of one BTB molecule and 1055 water molecules,
while the BTB-chl system includes one BTB, 10 water
and 1065 chloroform molecules. TheBTB-Im, BTB-2m
and BTB-3m systems include one mono-, di- or tri-methy-
lether BTB molecule (namely, a BTB molecule with one,
two or three hydroxyl hydrogen atoms replaced by methyl
groups) and 1125, 1251 and 1127 water molecules, respec-
tively. For comparison, a system has also been considered
consisting of 612 waters and one borneol molecule, which
can be considered a building block of the BTB molecule
(Fig. 1).

In order to get a general insight into the solute hydration
properties, we have evaluated the space distribution func-
tions (SDFs) of the oxygen atoms of the water molecules
residing in the solute first hydration shell (i.e., within
3.5A from the solute atoms) according to the following
expression [14]:

g(r) = p(r)/po

Table 1

where p(r) indicates the number density of the water oxy-
gen atoms at the position r and pg its average within the
simulation box. The position vector r is defined in a coor-
dinate system attached to the solute molecule.

In Fig. 3, we report the contour map corresponding to
the level g(r) =2.2 of the SDF for the BTB system. As
expected, the solute hydration is more relevant in the
hydrophilic side of the molecule.

The contour maps reported in Fig. 4 show the SDFs for
the BTB, BTB-1m, BTB-2m and BTB-3m systems repre-
sented at the g(r) = 5.0 level to limit the visualization to lar-
ger SDF values. One may notice that the common feature
of all these systems is the prominent presence of water at
the center of the hydrophilic cavity. Indeed, in this space
region statistical analysis shows that the number density
p(r) is at least 30 times larger than p,.

Fig. 5 shows that for all systems the highest SDF values
correspond to the presence in the hydrophilic cavity of the
solute molecules of a single water molecule, whose average
permanence time 7 values within the cavity are reported in
Table 1. They are evaluated by averaging the consecutive
time intervals that a given water molecule remains in the
cavity. The time resolution of this analysis is 1 ps. For com-

T is the average time spent by the water molecule bound within the solute hydrophilic cavity (i.e., the space region delimited by the solute oxygen atoms).
Egsw is the average interaction energy between solute and bound water molecule, on the average forming Nyg hydrogen bonds with the solute. Deyv.ow
and Dcwv.pw represent the average distance (and in parentheses their standard deviations) between the center of mass of the solute oxygen atoms and the
oxygen and hydrogen atoms of the bound water molecule, respectively. Ngsw is the average number of the first-shell water molecules (i. e., within 3.5 A
from the atoms of the solute), some of which are close to the solute oxygen atoms (data in parentheses). The simulated systems are described in the text

Systems T (ps) Egsw (kcal/mol) Dcm.ow (A) Dcyvaw (A) Nug® Nesw

BTB 747 —13.5 0.8 (0.3) 1.1 (0.3) 2.3 52.1 (9.6)
BTB-chl 2226 —13.7 0.7 (0.2) 1.1 (0.3) 2.3 5.3 (4.5)
BTB-1m 279 —11.0 0.8 (0.4) 1.1 (0.4) 2.0 54.2 (7.7)
BTB-2m 36 -7.8 1.1 (0.8) 1.2 (0.8) 1.3 56.3 (5.8)
BTB-3m 119 -7.4 1.3 (0.5) 1.1 (0.5) 0.6 58.4 (4.3)
Borneol 2 —4.5 2.8 (0.2) 2.6 (0.7) 0.8 29.2 (4.1)

2 Hydrogen bond definition: distance rogm.ow < 3.5 A; angle Oogrs-rw-ow OF Ooprs-tsrs-ow = 150° [16].

Fig. 3. Spatial distribution functions (SDFs), g(r), of the water oxygen atoms surrounding the BTB molecule: top (A) and bottom (B) views. The

isosurfaces correspond to the level g(r) = 2.2.
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Fig. 4. Top views of the spatial distribution functions of the water oxygen
atoms surrounding different solutes. Upper row: BTB (A), BTB-1m (B).
Lower row: BTB-2m (C) and BTB-3m (D). BTB-xm indicates a molecule
obtained by BTB by replacing x hydroxyl hydrogen atoms with methyl
groups. The isosurfaces correspond to the level g(r) = 5.0.

parison, a similar analysis has been performed for borneol
by averaging successive time intervals a given water mole-
cule keeps being the closest to the hydroxyl group. From
Table 1, one can see that the T value for BTB is ca. 370
times larger than that for borneol. It is also worth mention-
ing that the analysis of trajectories of aqueous solutions of
trimethylamine-N-oxide (TMAO) and of tert-butyl alcohol
from previous simulations [15] yields T values similar to
that for borneol.

The presence of chloroform as a co-solvent considerably
lengthens the corresponding 7" value which becomes three
times larger than that for the BTB system. This is paral-

BL LS
BHEBD

leled by the number of water molecules within the solute
first hydration shell, Ngsw, reported in Table 1. Indeed,
on the average almost half of the water molecules of the
BTB-chl system remain in the neighborhood of the hydro-
philic moiety of the solute rather than being uniformly dis-
tributed within the simulation box.

Table 1 shows also that the T value corresponding to the
BTB-1m system becomes ca. 2.7 times smaller than that for
the BTB system, as a result of the replacement of one
hydroxyl hydrogen atom with a hydrophobic methyl
group. The replacement of a second hydroxyl hydrogen
atom (BTB-2m system) induces a further strong decrease
of the T value, which becomes more than 20 times smaller
than that corresponding to the BTB system.

These findings can be explained considering that the
cavity hydrophilicity decreases with increasing the number
of methyl groups. However, if the last hydroxyl hydrogen
atom is replaced by a methyl group, passing from the
BTB-2m system to the BT B-3m system, a threefold increase
in the 7 value is observed. To enlighten this point, the tra-
jectories have been statistically analyzed to evaluate ener-
getic and geometric properties of the water molecules
residing within the hydrophilic molecular cavity. From
Table 1, we can see that the average values of the interac-
tion energy, Esw, of such molecules with the solutes
decreases monotonically with the number of methyl
groups. The same behavior is also present for the number
of hydrogen bonds, Nyp, formed by the water inside the
cavity and the hydrophilic groups of the solutes. Therefore,
neither of these quantities is useful to explain the 7" mini-
mum corresponding to the BTB-2m system.

A possible explanation is instead suggested by examin-
ing the distance values from the center of mass of the oxy-
gen atoms of the solutes and the oxygen and hydrogen
atoms of the water inside the cavity, Dcm.ow and
Dcm.pw, respectively. One can see that for all systems
except BTB-3m, the water oxygen atom is on the average
closer to the center of mass of the solute oxygen atoms than
the water hydrogen atoms. This suggests that for all sys-
tems except BTB-3m the solute hydroxyl hydrogens are

Fig. 5. Top (upper row) and front (lower row) views of the simulated solutes including the water molecule bound within the hydrophilic cavity: (A) BTB,
(B) BTB-1m, (C) BTB-2m, (D) BTB-3m. Data are taken from statistically representative snapshots.
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more effective than the oxygen atoms in attracting the
water molecule inside the cavity. We also observe that
the smallest value of the difference between Dcnv.ow and
Dcm.aw is for BTB-2m, suggesting that the average orien-
tation of the water molecule inside the cavity is in this case
not as firm as for the other systems. It seems then reason-
able to conclude that in these conditions the water mole-
cule inside the cavity is more prone to leave the solute,
although it remains within it for a time interval which is
almost 20 times longer than around borneol. The propen-
sity of water to leave the cavity in BTB-2m case is also indi-
cated by the rather high value of standard deviation of
both Dcwv.ow and Dey.pw reported in Table 1.

4. Conclusions

Results obtained by simulating aqueous solutions of the
recently synthesized cavitand molecule benzotriborneol
(BTB) show that the latter binds one water molecule inside
its hydrophilic cavity for a time interval of 747 ps, as aver-
aged over two 20-ns MD simulations. This time is ca. two
orders of magnitude longer than the time the closest water
molecules spend in the neighborhood of a borneol mole-
cule, which may be considered a component of the BTB
molecule.

When the BTB molecule is solvated by 99.8% (V/V)
chloroform-water solvent, such as to mimic conditions
suitable for "H NMR spectroscopy, the average perma-
nence time of water within the BTB cavity becomes almost
three times longer. Instead, if aqueous solutions are consid-
ered including a BTB molecule with one, two or all three
hydrogen atoms of its hydroxyl groups replaced by methyl
groups, the permanence time is reduced approximately by a
factor of 3, 21 or 6, respectively. Analyses of energetic and
structural properties of these systems suggest that the min-
imum value occurring when two hydroxyl hydrogen atoms
are replaced by methyl groups could be induced by the fluc-

tuating action exerted by the residual hydroxyl hydrogen
atoms on the water molecule bound in the BTB hydrophilic
cavity.
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