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TMAO is a highly polarized molecule with
Cs, symmetry. TMAO influences the distribu-
tion and the alignment of the surrounding
water molecules. (a) Electrostatic map of
TMAO, (b) two-dimensional number density
(atoms A=3) of water O atoms around TMAO,
and (c) two-dimensional distribution of direc-
tion of the average dipole moment of solvent
water around TMAO.
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By means of Monte Carlo simulations together with an
ab initio molecular orbital method, we present the influence of
trimethylamine N-oxide (TMAOQO), which is a highly polarized
spherical-polyhedron, on the distribution and the alignment of
surrounding water molecules. The specific alignment of the
average dipole moments of solvent water around TMAO is
observed in the MC simulation. The number of water molecules
in the first hydration shell from MC simulation was in good
agreement with the experimental value. A cluster model of
TMAO with 12 water molecules was presented as a representa-
tive hydration structure of TMAO.

Trimethylamine N-oxide (TMAO, Figure 1a) is one of the
well-known osmolytes that play an important role in maintaining
osmotic equilibria in living cells.! TMAO also plays a
prominent in stabilizing protein structure.” Although many
experimental and theoretical investigations have been carried out
using different techniques to understand the characteristics of
TMAO, the molecular mechanism by which TMAO functions is
not completely known yet. Hydration structure around TMAO,
especially around the methyl groups, has been a point of interest
and also of controversy.>!°

In this letter, by means of Monte Carlo (MC) simulations
together with ab initio molecular orbital (MO) method, we shed
light on the influence of TMAO on the distribution of the
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Figure 1. (a) Global minimum structure (Cs, symmetry) of TMAO.
Some notations are described. (b) NPA charges of TMAO atoms.
(c) Side-, top-, and bottom-views of electrostatic potential map on the
isoelectronic density (0.005 e/ay®) surface of TMAO. MP2/6-31G* is
used as the theoretical level.

surrounding water and reveal a specific alignment of average
dipole moments of solvent water around TMAO. This is the first
report concerning the influence of TMAO on the alignment of
solvent water molecules.

The geometry of TMAO was optimized in the gas phase
using the ab initio MO method. The MP2/6-31G* level of
theory was used for the geometry optimization using the
Gaussian09 program package.'! By means of the normal mode
analysis, we confirmed that it is the local minimum structure.
TMAO has Cs, symmetry (Figure 1a). For geometrical parame-
ters, see Table S1 in the Supporting Information.!> The barrier
height of one methyl group rotation is +5.2 kcal mol™!, indicat-
ing that the methyl groups of TMAO are not free to rotate.

With the global minimum geometry, the atomic charges of
TMAO using natural population analysis (NPA)'* were calcu-
lated: they are listed in Figure 1b. We adapted NPA, since it is
generally accepted that NPA gives reasonable values for atomic
charges.!# The top-, side-, and bottom-views of the electrostatic
potential map of TMAO are shown in Figure 1c. Based on the
isoelectronic density surface, we can estimate the effective size
of TMAO, which may correspond to the van der Waals volume.
Assuming TMAO to be a sphere, the effective radius of TMAO
was roughly estimated to be ~3 A with the nitrogen atom as the
center. This is a highly polarized spherical polyhedron. It is
divided into two parts: one is the partially negative region (oxide
region), and the other is the partially positive region (methyl
region). The dipole moment of TMAO was calculated to be
4.67 D. This is large, indicating the ability of TMAO to influence
the distribution of the surrounding solvent molecules. Note that
TMADO is a highly polarized molecule with C3, symmetry.

For MC simulation, the NPA charges (Figure 1b) were used
as the molecular mechanics (MM) parameters of TMAO. The
Lennard—Jones parameters determined by Freindorf and Gao'>
were applied to the atoms of TMAO. The TIP3P water potential
function'® was employed for solvent molecules to compare
the hydration pattern of TMAO with that of adamantane,'” for
which we had used TIP3P.

Our own MC program was used to create the configurations
of water molecules so as to form the NVT ensemble (at constant
number N, volume V, and temperature 7) using the canonical
MC method based on the Metropolis—Hastings algorithm.'® 500
water molecules were distributed around TMAO in a solvation
sphere with a radius of 15.3 A. The density of TMAO with 500
water molecules in this sphere is 1 gem™. The temperature was
set at 300 K. The nitrogen atom of TMAO is set at the origin of
the system, with the oxide bond along the direction of the z-axis.
The N-C bond of one of the three methyl groups of TMAO is set
on the xz plane, which is one of three o, planes.
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The MC simulation was carried out using the following
procedure. First, 108 MC steps simulation was done for the
equilibrium. Afterward 2 x 10' MC steps simulations were
performed and used for the analysis.

The number densities of O and H atoms of solvent water
were calculated in the same way as in the previous work!” (see
Method S1).? The average dipole moment of solvent water at
the position (x, y, z) was calculated, as follows:

> ix, 8x,y, 8y, z,82)
|fLl{No(x, 8x, y, 8y, z, 82))

M(x,y,z) = [M(x,y,2)| @
Here, [t denotes the dipole moment of a water molecule,
the O atom of which resides in x~x + éx, y ~y + 9y, and
z a2z + 8z. The length of the dipole moment is denoted by |fi|.
In this study, we use the TIP3P potential function for water,
so that the length of the dipole moment of each water molecule
is fixed (2.35D). M(x, y, z) is the length of the average dipole
moment of the solvent at (x,y,z). The dipole moment was
sampled every time when all water molecules had moved. The
direction of the average dipole moment is defined as

— P(x,y,)*M(x,y, 2)

|—P(x, y,I|M(x, y,2)]
Here, i’(x, v,z) denotes the position vector at the position
(x, 5, z). The angle between the inverse position vector and the
average dipole moment vector at the position (x, y, z) is denoted
as 6(x,y,z). When the average dipole moment at a position
(x, y, z) points to the origin (N atom of TMAO), the angle 6 is 0°
and D is +1. See Figure 2g for the definition.

The radial distributions of the number densities are shown in
Figure S1.'? Two-dimensional distributions of water molecules
on specified planes around TMAO are calculated, and some
of them are shown in Figure 2, since TMAO has a C; axis.
Spherical or orientational averagings, which are often done in
molecular simulations, led to the loss of intrinsically important
local structural information!® of TMAO.

The number density of water O atoms around TMAO is
plotted on the o, plane (xz plane at y = 0) in Figure 2a, and also
on the xy plane at z =0 in Figure 2d. The first hydration shell
(yellow-red portion) is clearly recognized. The second hydration
shell outside the oxide region is clearly recognized around
z~5A. The second hydration shell (slightly red portion)
outside the methyl region is recognized less clearly around the
radius of ca. 7.5 A.

The distribution of the M value, which is the length of the
average dipole moment, is plotted in Figures 2b and 2e. An M
value close to 1 means that water molecules in a position tend to
align in a similar direction. It is noticeable that M values are
large in the first hydration shell, especially in the oxide region.

The distribution of the D value, which is the direction of the
average dipole moment of solvent water molecules, is plotted in
Figures 2c and 2f. It is noteworthy that the D values are negative
(blue-colored) in the methyl region, indicating that the average
dipole moment is directed toward the outside of TMAO not only in
the first hydration shell but also up to the range around the radius of
ca. 7.5 A. In the oxide region, the D values are positive, indicating
that the average dipole moment is directed toward TMAO.

The first hydration shell of TMAO is fairly distinctive. The
area where the number density of water in the first hydration shell

M(x,y,z) = (1)

D(x,y,z) = cos(0(x,y,2)) = 3)
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Figure 2. Two-dimensional number density (atoms A~3) of water O
atoms plotted on (a) the o, plane (xz plane at y = 0), and (d) the xy plane
at z = 0. Two-dimensional distribution of M value on (b) the o, plane,
and (e) the xy plane at z = 0. Two-dimensional distribution of D value
on (c) the o, plane, and (f) the xy plane at z=0. (g) Schematic
description of the definition of the direction of average dipole moment at
a point (x, y, z).

is large, the average dipole moment is large. In the area where the
first hydration shell is clearly formed, the average dipole moment
of the second hydration region is rather large, indicating that the
outer water molecules tend to align in such an area.

In the top- and bottom-regions along the C; axis of TMAO,
water molecules tend to align even in an area rather far away, as
seen in Figure 2c. In the bottom region, the O atom of water is
directed toward TMAO; in the top region, one of the H atoms of
water is directed toward TMAO. The hydrogen-bonding net-
work of water molecules is preserved in those regions, while the
direction of the network formation is restricted. Previously, it
was demonstrated that TMAO does not disrupt the hydrogen
bonding of water.!® We show here clearly the anisotropy in the
effect of TMAO on the surrounding water.

As seen in Figure 2f, D values outside the first hydration shell
around the methyl region are more or less 0, indicating that the
water molecules are not aligned. The region between neighboring
methyl groups has the alignment of the second solvation shell.

In the case of adamantane, which is regarded as a hydro-
phobic molecule, water molecules in the first solvent shell are
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Figure 3. Three-dimensional side-, top-, and bottom-views of the
distribution of O (red) and H (white) number densities of solvent water
molecules around TMAO. Threshold to plot is 0.09 atoms A= for
oxygen, and 0.12 atoms A~ for hydrogen.

oriented in such a way that the direction of the average dipole
moment of water is tangential to the skeleton surface, and the
hydrogen-bonding network is formed among the water mole-
cules in the first shell as well as between the first shell and the
outer shell.'”?° The hydration structure of the methyl region of
TMAO is different from that of adamantane.

The first hydration shell around TMAO is highlighted in
Figure 3. We plot a red point where the O number density is
higher than 0.09atoms A=, and a white point where the H
number density is higher than 0.12 atoms A=>. Note that the O
number density, no(x, y, z), of bulk water (1 gcm™>) is uniform
and 0.033 atoms A—>. As seen in Figure 3, TMAO has a highly
populated hydration region of almost C; symmetry. The
hydration region is spread not only around the oxide region
but also in the three gorges between the methyl groups.

In the oxide region, one of the H atoms of each water
molecule is pointed to the O atom of TMAO. The number of the
directly hydrogen-bonded water molecules in the oxide region
was calculated to be 3.7 from the MC simulation. In the methyl
region, solvent water molecules are populated in the three gorges
between the methyl groups. It is noteworthy that the O atoms,
not the H atoms, of water molecules are pointed toward TMAO
in this region. This is consistent with the D value distribution
(Figures 2c and 2f). The number of populated water molecules
in the methyl region was calculated to be 9.6 from the MC
simulation. In total, 13.3 water molecules reside in a sphere with
a radius of approximately 6 A (Figure S1). As indicated above,
the effective radius of TMAO is ~3 A. That is, there are 13.3
water molecules surrounding TMAO, with a thickness of ~3 A
for the first geometric hydration shell. This is in fairly good
agreement with the experimentally observed view: using the
extended frequency range depolarized light scattering (EDLS)
technique, it was demonstrated that the number of retarded water
molecules around TMAO was 12-14 in the first geometric
hydration shell with a thickness of ~3.1 A7

Taking account of the water distribution (Figure 3) from
MC simulation, we constructed several kinds of TMAO-water
cluster models. One of those TMAO hydration structures, the
cluster of TMAO with 12 water molecules in C3 symmetry, is
shown in Figure 4. The MP2/aug-cc-pVDZ level of theory was
used for the geometry optimization.

The cluster model of TMAO with 12 water molecules
(Figure 4) represents well the characteristics of the water
distribution around TMAO (Figure 3). One of the H atoms of
the water molecules in the oxide region points to the O atom of
TMAO. Three arrays, each of which is composed of three water
molecules, are set in three gorges between the neighboring
methyl groups. The interaction energy (with BSSE corrected)
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Figure 4. A cluster model (C; symmetry) of hydration structure of
TMAO with 12 water molecules, optimized with MP2/aug-cc-pVDZ.

between TMAO and the cluster of 12 water molecules was
calculated to be —64.38kcalmol™!, which is fairly large,
considering that the interaction energy between 2 water
molecules is around —4 kcal mol~! (Table S2).!2

In the current work, we performed MC simulations with an
all-MM model. The calculated distribution of water O molecules
around TMAO is consistent with the spatial density function of
water around TMAO from X-ray and neutron scattering studies®!
although the experimentally derived distribution did not show
the H distribution of water molecules. Ab initio MO calculations
of TMAO with 12 water molecules show characteristics for the
water distribution around TMAO similar to that in aqueous
solution from MC simulations with MM. Thus, we consider that
the current MM calculation is good enough to represent the
qualitative character of the hydration structure of TMAO.

TMAO has a great influence on the distribution and the
alignment of water. Not only the oxide region, but also the gorge
region between the methyl groups is strongly hydrated. The
methyl groups in TMAO are not “hydrophobic.”
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