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The hydrogen bond network structure within the hydration shell around
simple osmolytes: Urea, tetramethylurea, and trimethylamine-N-oxide,
investigated using both a fixed charge and a polarizable water model

Anna Kuffel and Jan Zielkiewicza�

Department of Chemistry, Gdańsk University of Technology, Narutowicza 11/12, 80-952 Gdańsk, Poland

�Received 1 April 2010; accepted 24 June 2010; published online 19 July 2010�

Despite numerous experimental and computer simulation studies, a controversy still exists regarding
the effect of osmolytes on the structure of surrounding water. There is a question, to what extent
some of the contradictory results may arise from differences in potential models used to simulate the
system or parameters employed to describe physical properties of the mixture and interpretation of
the results. Bearing this in mind, we determine two main aims of this work as follows: description
of the water-water hydrogen bond network structure within the solvation layer around solute
molecules �urea, trimethylamine-N-oxide, and tetramethylurea�, and also comparison of rigid simple
point charges �SPC� and polarizable �POL3� models of water. The following quantities have been
examined: radial distribution functions of water molecules around the investigated solutes, both
local and overall characteristics of the hydrogen bond network structure �using recently elaborated
method�, along with estimation of the mean energy of a single hydrogen bond, and also the
probability distributions which describe the orientation of a single water particle plane relatively to
the center of mass of the solute molecule. As an independent method for the evaluation of the degree
of changes in local structural ordering, a harmonic approximation has been adopted to estimate the
absolute entropy of water. It was found that within the solvation shell of the investigated solutes, the
structure of hydrogen bond network changes only slightly comparing to bulk water. Therefore, we
conclude that the investigated osmolyte molecules do not disturb significantly the structure of
surrounding water. This conclusion was also confirmed by calculations of the absolute entropy of
water using a harmonic approximation. In the immediate vicinity of the solutes, we observe that the
water-water hydrogen bonds are slightly more stable; they are slightly less distorted and a little
shorter than in bulk water. Nevertheless, although this local water structure is more stable and stiffer,
our results do not indicate that it is more ordered compared to bulk. Finally, the comparison of both
used models of water, the fixed charge and the polarizable, leads to unambiguous conclusion that
rigid �SPC� water model may be successfully used in simulations instead of polarizable �POL3�, as
no significant differences between these two models have been observed. © 2010 American
Institute of Physics. �doi:10.1063/1.3464768�

I. INTRODUCTION

Osmolytes are small organic molecules, the addition of
which to solution dramatically affects the stability of dis-
solved proteins. There are two classes of osmolytes: urea, for
example, is the well-known protein denaturant, which simi-
larly acts tetramethylurea �TMU�. On the contrary,
trimethylamine-N-oxide �TMAO� is known to be a chemical
chaperone and is able to correct protein-folding defects; it
also counteracts the denaturant effect of urea. Mechanisms of
both of these processes—denaturation and stabilization—are
not fully recognized. In general, two possibilities are taken
into account. One supposition is that osmolytes interact
directly1–4 by hydrogen bonding with the protein. Another
possibility is that they act indirectly by altering the solvent
�water� structure.5–7 It should be noted, however, that there is
no evidence for excluding any of these possibilities: certain

results emphasize direct mechanism, while other studies sug-
gest the indirect one. It seems that both these explanations
are not mutually exclusive and it is likely that at various
stages of protein folding/unfolding process, various mecha-
nisms are active. Therefore, investigation of the structure of
water within the solvation layer is an important task. This
fact has motivated our work.

The local properties of water within solvation shell of
osmolytes, especially around urea molecule, were investi-
gated extensively, using both experimental8–11 and molecular
dynamics methods.6,7,11–16 However, in spite of many efforts,
structure of water within this layer still arouses some contro-
versies, and it is the case of both: experiments and molecular
simulations.

To illustrate the problem, let us choose a few examples
from recent works devoted to molecular simulations of urea.
Stumpe and Grubmüller17 stated that urea enhance water
structure. Hua et al.4 concluded that urea has negligible ef-a�Author to whom correspondence should be addressed. Electronic mail:

jaz@chem.pg.gda.pl.
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fect on water local structure and dynamics. Lately, Idrissi
et al.15 reported that urea induces a distortion of the
tetrahedral arrangement of water molecules.

It is not clear to what extent we can ascribe some con-
tradictory statements found in the literature to differences in
potential models applied to simulate the systems or to param-
eters used to describe physical properties of the mixtures and
interpretation of the results. This is especially important
when we deal with quite concentrated solutions of os-
molytes, and that is the case of numerous simulations. Ap-
propriate simulations of mixtures require more attention than
simulations of simple liquids. For example Sokolić et al.18

studied four different urea models combined with one water
model and found that changing the parameters may lead to
different results.

Herein, we focus our attention on the solvent and use
two different water models while keeping parametrization of
all three solutes the same. Furthermore, we analyze systems
which can be called infinitely diluted solutions �containing
only one solute molecule in each simulation box�. It means
that all possible interactions between solute molecules are
deliberately not taken into account.

What is more is that the usefulness of some of the pa-
rameters frequently employed to describe the structure of
solvation layer sometimes raises some doubts. As an ex-
ample, we can mention radial distribution functions and
popular order parameter for tetrahedral configurations intro-
duced by Chau and Hardwick.19 Athawale et al.20 performed
molecular dynamics simulations of TMAO in water and con-
cluded that calculated radial distribution functions indicated
enhanced structuring of water, while analysis of orientational
parameter �slightly modificated Chau and Hardwick’s param-
eter� indicated something opposite. A bit similar conclusion
concerning solution of urea was drawn by Mountain and
Thirumalai.21 They stated that examination of water pair
functions showed that the structure of water was not signifi-
cantly perturbed, and nevertheless could indicate that hydro-
gen bond network was a bit more structured than in pure
water. Although calculations of distribution of cos � �� was
defined as an angle between atom of water molecule con-
nected with urea by hydrogen bond and two neighbor water
molecules hydrogen bonded to it� pointed out, according to
them, that there were great distortions in the hydrogen bond
network of water near the urea molecule.

In our opinion, the structure of water may be, to some
extent, identified with the whole structure of hydrogen bond
network created among the water molecules. Therefore, in
this paper we wish to report the results of investigations of
such structure, applying recently elaborated method, used by
us in a previous paper for different systems.22

II. METHOD

A. Molecular dynamics simulations

The simulations were carried out using the AMBER10

�Ref. 23� molecular dynamics package. The cubic box con-
tained one solute molecule and 1000 of rigid simple point
charge �SPC� or polarizable POL3 �Ref. 24� water mol-
ecules; the minimal distance of the solute molecule from the

box walls exceeded 1.25 nm. Approximate size of the boxes
was 2.8�3.4�3.2 nm3 and varied only slightly between the
systems. Besides the solute-water systems, systems contain-
ing only 1000 SPC or POL3 water molecules have been
investigated; they have served as reference systems to deter-
mine the physical properties of both water models. The simu-
lations of all systems were carried out using NPT conditions;
temperature �T=298 K� was kept constant by the weak cou-
pling to an external bath ��T=0.2 ps�; pressure �p=1 bar�
was kept constant, using the weak coupling method ��p

=0.5 ps�. Periodic boundary conditions were adopted. Every
system was initially equilibrated for at least 2 ns; then the
trajectory was written to a file for further analysis. The tra-
jectory was written after each 8 fs, and the total simulation
time equals to �6–8� ns for each system.

Parameters for solute molecules are collected in Tables
I–IV. Parameters for urea had been developed for force field
consistent with SPC model of water and the ones used in this
paper were derived from Ref. 25. Parameters for TMU were
taken from Ref. 26 �Lennard-Jones parameters and partial
charges�, Ref. 25, and using force field �43a1� of GROMOS.27

Parameters for TMAO were adapted from Ref. 28.

TABLE I. Lennard-Jones parameters �� ,�� and partial charges �q� of the
atom types.

Compound Atom type
�

�Å�
�

�kcal mol−1�
q

�e�

Urea C 3.7500 0.1050 0.1420
O 2.9600 0.2100 �0.3900
N 3.2500 0.1700 �0.5420
H 0.0000 0.0000 0.3330

TMU C 3.7500 0.1050 0.7954
O 2.9650 0.1770 �0.6437
N 3.2500 0.1270 �0.2961

CH3 3.7538 0.1280 0.1101

TMAO N 2.9260 0.2000 0.4400
O 3.2660 0.1526 �0.6500
C 3.0410 0.0676 �0.2600
H 1.7750 0.0185 0.1100

TABLE II. Harmonic bond stretching parameters: equlibrium distances �b0�
and force constants �Kb�.

Compound Bond
b0

�Å�
Kb

�kcal mol−1 Å−2�

Urea C–O 1.265 501.0
C–N 1.350 448.7
N–H 1.000 446.9

TMU C–O 1.265 501.0
C–N 1.350 448.7

N–CH3 1.470 449.8

TMAO N–O 1.407 171.290
N–C 1.506 128.085
C–H 1.082 295.480

035102-2 A. Kuffel and J. Zielkiewicz J. Chem. Phys. 133, 035102 �2010�
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Whenever it was necessary, force constants were recal-
culated according to instructions in Ref. 27 to fit in potential
of AMBER, where the force field has the following form:29

U = �
bij

Kbij
�bij − bij

0 �2 + �
�ijk

K�ijk
��ijk − �ijk

0 �2

+ �
�ijkl

Vn

2
�1 + cos�n�ijkl − 	n��

+ �
i
j

N �4�ij�	�ij

rij

12

− 	�ij

rij

6� +

qiqj

rij
� . �1�

In the expression presented above, r is the distance be-
tween atoms, b, b0, �, �0, and � are bond length, bond angle
�actual and equilibrium, respectively�, and dihedral angle.
Kb, K�, and Vn are the force constants for the bond, bond
angle, and dihedral angle. Phase angle 	 takes values of ei-
ther 0° or 180°. As long as the nonbonded part of the poten-
tial is concerned, Lennard-Jones parameters are represented
by � and �, and partial charges by q.

The equation, in case of simulation with POL3 water
model, is extended with term describing the polarization
energy23,24

Upot = −
1

2�
i

��i� Ei
0� � , �2�

where �i� is the induced dipole moment of atom i and Ei
0� is

the local electrostatic field due to charges. Molecule of water

POL3 is regarded as rigid, with geometry of SPC water and
polarizabilities �i placed at the nuclei of the atoms.

The induced dipole moments �i� are determined by the
local electrostatic field Ei

0� , which is a sum of two terms: local
electrostatic field due to permanent charges and local elec-
trostatic field due to induced dipoles. The following equation
is fulfilled:

�i� = �iEi
� = �i�Ei

0� + �
j�i

Tij�� i� , �3�

where Tij is the dipole tensor. To find the induced dipole
moments, we solve the equation iteratively at each dynamics
step.

B. Hydrogen bond analysis and structure of hydrogen
bond network

An important factor which determines structural order-
ing in liquid water is, of course, the hydrogen bond network.
Thus, we take into account both the geometry of the water-
water hydrogen bond network and the mean geometry of a
single bond.

In the computer simulation studies two definitions of hy-
drogen bond are commonly applied: the energetic30,31 one
and the geometric31,32 one. Moreover, recently Wernet et al.33

proposed a relatively generous “cone” criterion for defining
such bond. Although various criteria are used in the litera-
ture, it should be noted here that selection of definition of
hydrogen bond is not of primary importance, as long as it is
physically reasonable. As it was shown by Luzar,34 the func-
tional form of probability distribution of hydrogen bond life-
times is independent on the definition of hydrogen bond used
for calculations. This means that although absolute values of
various parameters �such as time constants� are, of course,
model dependent, relations between these parameters do not
depend on the model used.

In this work we adopt the Wernet et al.33 definition be-
cause it agrees with the x-ray measurements of local water
structure. According to this definition, the hydrogen bond
between two water molecules is formed if the oxygen-
oxygen distance fulfills the relation

ROO  − 0.000 044�OOH
2 + 0.33 �nm� , �4�

where �OOH is the O–O–H angle �in degrees�.
For SPC model of water, we also calculate the total in-

teraction energy between two “hydrogen-bonded” water mol-
ecules. This quantity has been calculated as the sum of both
Lennard-Jones and electrostatic terms between two mol-
ecules for which relation �4� is fulfilled; its absolute value,
averaged over all H-bonded molecules, was assumed to be
the mean H-bond energy of the system. For polarizable
�POL3� water model, however, the calculations of an elec-
trostatic term were not conducted because in this case the
dipole moment of water molecule is not constant. Therefore,
for this model the mean interaction energy has not been cal-
culated.

To analyze the properties of a single hydrogen bond, we
take into account the probability distributions of the �OOH

TABLE III. Harmonic angle bending parameters: equilibrium angles ��0�
and force constants �K��.

Compound Angle
�0

�deg�
K�

�kcal mol−1 deg−2�

Urea O–C–N 121.4 60.00
N–C–N 117.2 60.04
C–N–H 120.0 34.88
H–N–H 120.0 39.81

TMU O–C–N 121.4 60.00
N–C–N 117.2 60.04

C–N–CH3 120.0 34.88
CH3–N–CH3 120.0 39.81

TMAOa O–N–C 109.99 30.470
C–N–C 108.16 68.850
N–C–H 108.07 24.970
H–C–H 108.25 27.435

aFor additional Urey–Bradley parameters, see the Ref. 28.

TABLE IV. Torsional parameters: force constants �Vn /2�, phase angles �	�,
and multiplicity �n�. Parameters for torsional dihedral angles and improper
dihedral angles for urea and TMU are standard parameters present in applied
AMBER force field �ff02pol.r1�.

Compound Dihedral
Vn /2

�kcal mol−1�
	

�deg� n

TMAO O–N–C–H 0.27 0 3
C–N–C–H 0.27 0 3

035102-3 The hydrogen bond network structure J. Chem. Phys. 133, 035102 �2010�
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angle and the oxygen-oxygen distance ROO. All of these
properties have been determined within the first solvation
layer, and also for pure water.

To describe the overall hydrogen bond network struc-
ture, we wish to analyze the tetrahedral arrangement of such
bonds, and to this purpose, we have modified Chau and
Hardwick’s19 idea. To describe local water ordering these
authors have introduced the well-known “tetrahedral order-
ing parameter:” after selection of four nearest oxygen atoms
which surround a tagged “central” water molecule, they cal-
culate six angles between the vectors which link the selected
atoms with the central water molecule oxygen atom. In our
present and previous22 work, this idea is modified as follows.
Investigating a single snapshot of trajectory file, we take into
account—for a tagged central water molecule—all the water
molecules which are bonded �by the hydrogen bond� with the
central one; let us notice that the number of such partners, of
course, is not fixed, unlike in Chau and Hardwick’s ap-
proach. Next, we calculate—similarly as it has been pro-
posed by Chau and Hardwick—all the angles between the
vectors linking the oxygen atom of the central water mol-
ecule with the oxygen atoms of all its partners. Adopting this
procedure to all water molecules, and repeating it over the
whole trajectory file, we build histogram describing the prob-
ability distribution for such angles. The obtained histogram
has been normalized, assuming a total area enclosed by the
graph equals to 100. This histogram reflects �geometrical�
structure of the hydrogen bond network. The reason for
changing the original definition by Chau and Hardwick’s was
that it may not prove useful when applied to water in hydra-
tion layer. In the nearest neighborhood of the solute, four
water molecules closest to the central one practically must be
arranged differently than in bulk. This difference is not nec-
essary caused by the change of the structure of water itself,
but because of the fact that some part of the space is occu-
pied by the solute molecule and therefore is inaccessible for
water or because of hydrogen bonding of water to solute
molecule.

III. RESULTS AND DISCUSSION

There are two main aims of this work: description of the
water-water hydrogen network structure within the solvation
layer around solute molecules, and also comparison of rigid
�SPC� and polarizable �POL3� models of water. Thus, all the
obtained results are presented for both these models.

At the beginning, we calculated the radial distribution
function of water molecules �as their center of mass� around
the center of mass of the solute. It allowed us to determine
the radius of the solvation layer around this particle. Results
of these calculations are presented in Fig. 1. Shapes of the
curves are determined by the fact that shapes of solute mol-
ecules are not spherical and different from each other. Ac-
cording to the presented graph, the radius of solvation layer,
Rsol, is estimated to be equal to 0.60 nm for urea, 0.70 nm for
TMU, and 0.65 nm for TMAO. We have examined properties
of water beyond this limit and found that various physical
quantities differ only negligibly from the ones determined for
pure water. Thus, we take into account only the water mol-

ecules present within the sphere of radius Rsol around the
solutes, and the properties of hydrogen bonds created by
these molecules are analyzed.

The average geometry of a single hydrogen bond is char-
acterized by mean values of the angle �OOH and the oxygen-
oxygen distance ROO, and they are collected in Table V. For
comparison purposes, the values calculated for bulk �pure�
water are included in this table, too. As it can be seen, the
mean values calculated within solvation shell deviate from
the bulk ones only slightly. A similar behavior of water in the
solvation shell has been observed previously for almost the
same11 and some other22,35 systems. It suggests that structure
of hydrogen bond network within the solvation layer remains
almost unperturbed compared to bulk water. Analysis of
Figs. 2 and 3, showing the deviations in probability distribu-
tions of hydrogen bond angles and oxygen-oxygen distances
between the first solvation shell and bulk water, also supports
the same supposition. The presented deviations are small;
they do not exceed a few per cent of the histogram values. It
can be noticed, though, that the direction of these changes is
the same in every case: for all investigated systems and both
water models. Hydrogen bonds in solvation shells are
slightly shorter and more linear, what is accompanied with a
little higher average energy of the bond.

To describe overall properties of hydrogen bond net-
work, we adopt the procedure described in Sec. II. Results of
our calculations are presented in Fig. 4, in the form of dif-
ferences between the probability distribution of tetrahedral
angles for water within solvation layer and the bulk one. For
comparison purposes, the distribution for bulk water is pre-
sented in this figure, too. Note that this histogram confirms
roughly tetrahedral structure of hydrogen bond network in
pure water, as it was reported previously—see Fig. 3 in Ref.
36—with the angle between adjacent bonds equal to 109°
approximately. Two important deductions can be outlined
from this figure. First, the most visible fact is that the angle
distribution for hydration water remains nearly unaltered
comparing to bulk water. Some small differences do not ex-
ceed a few percent. It confirms our above expressed suppo-
sition that structure of “solvation” water around investigated
molecules �TMAO, TMU, and urea� differs only slightly
from the bulk one. In other words, geometry of the water-
water hydrogen bond network within solvation layer is very
similar to the geometry of this network in the bulk water.

FIG. 1. �a� The radial distribution functions, describing distribution of water
molecules �as the center of mass� around the center of mass of the osmolyte
molecule. The dashed line represents the SPC water model, while the solid
one represents the polarizable �POL3� model of water.

035102-4 A. Kuffel and J. Zielkiewicz J. Chem. Phys. 133, 035102 �2010�
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However, we observe some systematic deviations on the
graphs representing the differences between the calculated
probability distributions for water within solvation layer,
Psolv, and the ones calculated for bulk water, Pbulk. Second,
although observed changes are, in terms of quality, very
similar, some quantitative differences between investigated
osmolytes are visible: urea disturbs the hydrogen bond net-
work less than TMU and TMAO. Note that a glance on Fig.
2, and searching the last column of Table V, also allows us to
discern the same tendency. The fact that all differences are
similar when it comes to their direction is inconsistent with
one of the recent papers by Wei et al.16 They concluded that
urea practically does not affect the structure of the hydrogen
bond network, TMAO seems to be a “structure maker,”
while TMU can be classified as a structure breaker. It should
be added, however, that they used quite concentrated solu-
tions of osmolytes, while we analyzed infinitely diluted so-
lutions.

As the last analyzed quantity, we take into account the
probability distribution of the angle � between two vectors:

the one linking the center of mass of a tagged water molecule
and the center of mass of the solute, and the second one,
which is normal to the H–O–H plane of this water particle.
This distribution describes the orientation of the water par-
ticle plane relatively to the center of mass of the solute mol-
ecule. Calculated histograms are presented in Fig. 5. Looking
at this figure, we again conclude that urea disturbs the struc-
ture of surrounding water the least in comparison with other
osmolytes.

In the case of urea, our results agree with some of the
literature data. It is said that urea “fits” well into the water
structure because it has the right size to be able to substitute
for water dimer in the hydrogen bond network.37 This sup-
position has been supported using both molecular
dynamics17 and experimental methods.9 Urea amine and car-
bonyl groups can serve as donors and acceptors of hydrogen
bonds and there might occur specific “water bridges” be-
tween the carbonyl oxygen and the cis hydrogen of the urea
NH2 group.9 Similarly as it was reported previously,17 we

TABLE V. Average structural properties of water-water hydrogen bonds within the solvation layer, determined
around various osmolyte molecules. EHB, nHB, ROO, and �OOH represent the mean energy of the water-water
hydrogen bond, the mean number of hydrogen bonds per water molecule, the mean oxygen-oxygen distance and
the mean O–O–H angle �Eq. �1��, respectively. Rsol symbolizes radius of solvation shell, determined from the
radial distribution function �Fig. 1�.

Model system
EHB

�kJ/mol� nHB

ROO

�nm�
�OOH

�deg�

TMAO �Rsol=0.65 nm� SPC 18.413 2.986 0.2827 12.61
POL3 �¯ � a 3.073 0.2802 11.61

TMU �Rsol=0.7 nm� SPC 18.452 2.985 0.2828 12.60
POL3 �¯ � a 3.072 0.2802 11.61

Urea �Rsol=0.6 nm� SPC 18.312 2.912 0.2827 12.74
POL3 �¯ � a 3.059 0.2802 11.67

Bulk water SPC 18.269 3.058 0.2829 12.77
POL3 �¯ � a 3.152 0.2804 11.73

aFor POL3 water model the energies EHB have not been calculated—see Sec. II.

FIG. 2. �a� The probability distribution Pbulk of the hydrogen bond angle
�OOH in bulk water. ��b�–�d�� The differences ��P= Psolv− Pbulk� in probabil-
ity distributions of the hydrogen bond angle �OOH between the first solvation
shell and bulk water. The dashed line represents the SPC water model, while
the solid one represents the polarizable �POL3� model of water.

FIG. 3. �a� The probability distribution Pbulk of the oxygen-oxygen distance
ROO in bulk water. ��b�–�d�� The differences ��P= Psolv− Pbulk� in probability
distributions of the oxygen-oxygen distance ROO between the first solvation
shell and bulk water. The dashed line represents the SPC water model, while
the solid one represents the polarizable �POL3� model of water.

035102-5 The hydrogen bond network structure J. Chem. Phys. 133, 035102 �2010�
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have also found a slight increase of the water-water hydro-
gen bond energy �for the bonds within the solvation shell of
urea molecule�. Stumpe and Grubmüller17 concluded that
urea strengthens water structure; a similar conclusion has
also been derived earlier by Idrissi et al.,13 from analysis of
the velocity autocorrelation function. However, as it has been
pointed out previously, this is not a universal point of view.

It should be noted here that such effects—slight increase
of the water-water hydrogen bond energy, and increased
stiffness of local water structure around the solute
molecule—have been observed not only around other os-
molytes �see Table I�, but also around some large
solutes.22,35,38 Thus, in our opinion, the increased rigidity of
local water structure within the hydration shell of solutes is
rather some general property, which arises as a consequence
of both the orientational effects, and the slowing down of
water dynamics within this layer.22

Both TMAO and TMU molecules disturb the water-
water hydrogen bond structure in a very similar manner: the
water-water hydrogen bonds within solvation shell are
slightly less distorted �see Fig. 2�, and O–O distance be-
comes shorter �Fig. 3�. We also observe similar increase

�comparing to bulk water� of the hydrogen bond energy:
0.15 kJ /mol for TMAO and 0.18 kJ /mol for TMU,
while for urea this difference equals to 0.04 kJ /mol only.
The experimental and computational studies of other authors
also indicate that TMAO enhances local water structure.6,7

This special arrangement of water around TMAO is some-
times ascribed to its semispherical symmetry with four me-
thyl groups and only one oxygen, which can serve as an
acceptor for quite long-lived hydrogen bonds.6,11 However,
to make the picture more complicated, Rezus and Bakker8

speculated that polar NO group of TMAO may locally in-
creases the density of network defects, like, for example,
five-coordinated water molecules. The reason for this may be
that oxygen in TMAO molecule contains three lone pairs,
which can accept more than two hydrogen bonds and in this
way disrupt local tetrahedral hydrogen bond network. Rezus
and Bakker8,10 in their studies showed that around both
TMAO and TMU particles, two kinds of water molecules are
present: some of them displays bulklike dynamics, while oth-
ers are “immobilized,” display much slower orientational dy-
namics, and the immobilization of water molecules arises
around hydrophobic CH3 groups because of a steric effect.10

A detailed explanation of this phenomenon is given in the
paper of Laage et al.,14 where authors, invoking into the
excluded volume concept, adopt their jump model describing
the hydrogen bonds exchange process. On the other hand,
both these molecules �TMAO and TMU� show dual, hydro-
phobic and hydrophilic, character. Therefore, their solvation
picture is determined by the presence of hydrophobic group
�CH3�, balanced by the hydrophilic character of the oxygen
atom.20 This is why the local water structure is so similar in
both cases. Moreover, slowing down of the rotational mo-
tions of water molecules around hydrophobic groups causes
the strengthening of their positions, which is clearly visible
in Fig. 5.

IV. CONCLUDING REMARKS

As it was mentioned in Sec. I, it seems that the water
structure may be, at least to some extent, identified with the
whole structure of hydrogen bond network created among
the water molecules. We were led to this conclusion by our
previous36 results, concerning the entropy calculations of
pure water. We keep in mind that entropy is the most appro-
priate measure of overall structural ordering. In the cited
work36 the interesting, almost linear correlation between the
mean number of the hydrogen bonds �per water molecule�
and two-particle contribution to entropy has been found.36

Moreover, our other �still unpublished� results also strongly
suggest the existence of such correlation for water within
solvation shell around some peptides. Also analyzing the
structural properties of “solvation” water around simple
polypeptides, it was found that small structural changes of
such water correspond with small changes in structural prop-
erties of the hydrogen bond network.22 If so, describing the
structure of such hydrogen bond network for water within
the solvation layer, and comparing it with the one for bulk
water, seems to be a rational approach to the problem of
structural changes in the solvent present in the vicinity of the

FIG. 4. �a� The probability distribution Pbulk of tetrahedral angles � �see
text� in bulk water. ��b�–�d�� Presentation of the differences ��P= Psolv

− Pbulk� between the probability distribution of such angles within the sol-
vation layer, Psolv, and bulk water. The dashed line represents the SPC water
model, while the solid one represents the polarizable �POL3� model of
water.

FIG. 5. The probability distribution of angle �, describing orientation of
H–O–H plane of water molecules within the solvation shell relative to the
center of mass of the solute molecule �see text�. Similarly as in other figures,
the dashed line represents the SPC water model, while the solid one repre-
sents the polarizable �POL3� model.
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solute. Our results indicate that observed differences are rela-
tively small. Thus, it can be outlined that structure of solva-
tion water around all the investigated osmolytes differs only
slightly from the bulk one. However, such a strong-minded
conclusion seems to be controversial. Therefore, any inde-
pendent method of the estimation of local water structural
ordering �within solvation shell� is highly desired, and such a
method is undoubtedly the calculation of the entropy. Re-
cently Henchman39,40 proposed an elegant and simple
method for estimation of the absolute entropy of pure water,
using the harmonic approximation. This method bases on the
calculation of the mean force �or torque� acting on a single
water molecule, and therefore it is also sensitive to water
structure. After a slight modification of this procedure,41 we
adopt it to the estimation of the absolute entropy of water
within the solvation shell, and the results of our calculations
are included in Table VI. It should be noted, however, that
using this method may rise some doubts. For the water mol-
ecules within the solvation layer �near the peptide surface�,
their environment is anisotropic, and therefore the results of
the entropy calculations using Henchman’s method may not
be fully correct. However, in spite of doubts expressed
above, results of entropy calculations also indicate that struc-
ture of water within solvation layer remains nearly un-
changed, and it amazingly agrees well with all our previous
conclusions. Therefore, in our opinion, such calculations
confirm all our previous deductions. This indicates that in-
vestigated osmolyte molecules fit very well into the structure
of surrounding water. In the immediate vicinity of the solutes
we observe that the water-water hydrogen bonds are slightly
more stable; they are less distorted and a little shorter than in
bulk water. Note again that although this local water struc-
ture is more stable and stiffer, our results do not indicate that
it is more ordered comparing to bulk.

The second aim of the paper is a comparison of two
water models. It seemed to be obvious that the hydrogen
bond network structure within solvation layer should be sen-
sitive to the choice of parameters describing the water mol-
ecule �model�. However, as it can be seen from all of the
figures presented in this paper, there are no very significant
differences between both the fixed charge and the polarizable
models of water. What is more is that when there are small
differences between bulk water and solvation layer, the di-
rection of these changes is the same for both models. There-
fore, our second conclusion is that SPC water model, one of
the most popular rigid ones, may be successfully used in

simulation of aqueous solutions of small osmolyte molecules
�TMAO, TMU, and urea� instead of polarizable POL3
model, at least for description of structural properties of hy-
dration layer. This is an important observation because re-
placing the polarizable model with the rigid one allows us to
shorten the time of simulation significantly �using a polariz-
able model consumes roughly six times more of computer
time�. However, this conclusion concerns only two investi-
gated models: SPC and POL3, and we do not know, of
course, how more sophisticated polarizable models would
work.

ACKNOWLEDGMENTS

The calculations were carried out at the Academic Com-
puter Center �TASK� in Gdańsk. This work was also partially
supported by the Republic of Poland within the Research
Grant No. N N204 3799 33.

1 J. Grdadolnik and Y. Maréchal, J. Mol. Struct. 615, 177 �2002�.
2 R. D. Mountain and D. Thirumalai, J. Am. Chem. Soc. 125, 1950 �2003�.
3 D. K. Klimov, J. E. Straub, and D. Thirumalai, Proc. Natl. Acad. Sci.
U.S.A. 101, 14760 �2004�.

4 L. Hua, R. Zhou, D. Thirumalai, and B. Berne, Proc. Natl. Acad. Sci.
U.S.A. 105, 16928 �2008� �supporting information�.

5 X. Hoccart and G. Turrell, J. Chem. Phys. 99, 8498 �1993�.
6 Q. Zou, B. J. Bennion, V. Daggett, and K. P. Murphy, J. Am. Chem. Soc.

124, 1192 �2002�.
7 B. J. Bennion and V. Daggett, Proc. Natl. Acad. Sci. U.S.A. 101, 6433
�2004�.

8 Y. L. A. Rezus and H. J. Bakker, J. Phys. Chem. B 113, 4038 �2009�.
9 Y. L. A. Rezus and H. J. Bakker, Proc. Natl. Acad. Sci. U.S.A. 103,
18417 �2006�.

10 Y. L. A. Rezus and H. J. Bakker, Phys. Rev. Lett. 99, 148301 �2007�.
11 A. Panuszko, P. Bruździak, J. Zielkiewicz, D. Wyrzykowski, and J. Stan-

gret, J. Phys. Chem. B 113, 14797 �2009�.
12 A. Fornili, M. Civera, and M. Sironi, Phys. Chem. Chem. Phys. 5, 4905

�2003�.
13 A. Idrissi, F. Sokolić, and A. Perera, J. Chem. Phys. 112, 9479 �2000�.
14 D. Laage, G. Stirnemann, and J. T. Hynes, J. Phys. Chem. B 113, 2428

�2009�.
15 A. Idrissi, M. Gerard, P. Damay, M. Kiselev, Y. Puhovsky, E. Cinar, P.

Lagant, and G. Vergoten, J. Phys. Chem. B 114, 4731 �2010� �article in
press, available in web as ASAP article�.

16 H. Wei, Y. Fan, and Y. Q. Gao, J. Phys. Chem. B 114, 557 �2010�.
17 M. C. Stumpe and H. Grubmüller, J. Phys. Chem. B 111, 6220 �2007�.
18 F. Sokolić, A. Idrissi, and A. Perera, J. Chem. Phys. 116, 1636 �2002�.
19 P.-L. Chau and A. J. Hardwick, Mol. Phys. 93, 511 �1998�.
20 M. V. Athawale, J. S. Dordick, and S. Garde, Biophys. J. 89, 858 �2005�.
21 R. Mountain and D. Thirumalai, J. Phys. Chem. B 108, 6826 �2004�.
22 D. Czapiewski and J. Zielkiewicz, J. Phys. Chem. B 114, 4536 �2010�.
23 D. A. Case, T. A. Darden, T. E. Cheatham III, C. L. Simmerling, J. Wang,

R. E. Duke, R. Luo, M. Crowley, R. C. Walker, W. Zhang, K. M. Merz,
B. Wang, S. Hayik, A. Roitberg, G. Seabra, I. Kolossváry, K. F. Wong, F.
Paesani, J. Vanicek, X. Wu, S. R. Brozell, T. Steinbrecher, H. Gohlke, L.
Yang, C. Tan, J. Mongan, V. Hornak, G. Cui, D. H. Mathews, M. G.
Seetin, C. Sagui, V. Babin, and P. A. Kollman, AMBER 10, University of
California, San Francisco �2008�.

24 J. W. Caldwell and P. A. Kollman, J. Phys. Chem. 99, 6208 �1995�.
25 L. J. Smith, H. J. C. Berendsen, and W. F. van Gunsteren, J. Phys. Chem.

B 108, 1065 �2004�.
26 P. Belletato, L. C. G. Freitas, E. P. G. Arêas, and P. S. Santos, Phys.

Chem. Chem. Phys. 1, 4769 �1999�.
27 W. F. van Gunsteren, S. R. Billeter, A. A. Eising, P. H. Hünenberger, P.

Krüger, A. E. Mark, W. R. P. Scott, and I. G. Tironi, Biomolecular Simu-
lation: The GROMOS96 Manual and User Guide. Zürich �1996�.

28 K. M. Kast, J. Brickman, S. M. Kast, and R. S. Berry, J. Phys. Chem. A
107, 5342 �2003�.

29 Y. Duan, C. Wu, S. Chowdhury, M. C. Lee, G. Xiong, W. Zhang, R.
Yang, P. Cieplak, R. Luo, T. Lee, J. Caldwell, J. Wang, and P. Kollman,

TABLE VI. Calculated �for the investigated systems� differences in the
“harmonic” entropy, SH, �determined using Henchman’s method �Refs. 40
and 41�, and recalculated per one water molecule� between solvation water
and the bulk one: �SH= �SH�bulk− �SH�solv. Presented values represent aver-
ages over simulation run of 2.5 ns. long. All the values are given in
�J /mol K� units.

Water model SPC POL3

TMAO �SH= 0.37�0.10 0.30�0.10
TMU �SH= 0.01�0.10 −0.11�0.10
Urea �SH= −0.13�0.10 −0.25�0.10

Bulk water entropy, SH= 70.54�0.03 66.86�0.03

035102-7 The hydrogen bond network structure J. Chem. Phys. 133, 035102 �2010�

 26 February 2024 10:55:09
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://dx.doi.org/10.1016/S0022-2860(02)00214-4
http://dx.doi.org/10.1021/ja020496f
http://dx.doi.org/10.1073/pnas.0404570101
http://dx.doi.org/10.1073/pnas.0404570101
http://dx.doi.org/10.1073/pnas.0808427105
http://dx.doi.org/10.1073/pnas.0808427105
http://dx.doi.org/10.1063/1.465626
http://dx.doi.org/10.1021/ja004206b
http://dx.doi.org/10.1073/pnas.0308633101
http://dx.doi.org/10.1021/jp805458p
http://dx.doi.org/10.1073/pnas.0606538103
http://dx.doi.org/10.1103/PhysRevLett.99.148301
http://dx.doi.org/10.1021/jp904001m
http://dx.doi.org/10.1063/1.481566
http://dx.doi.org/10.1021/jp809521t
http://dx.doi.org/10.1021/jp911939y
http://dx.doi.org/10.1021/jp9084926
http://dx.doi.org/10.1021/jp066474n
http://dx.doi.org/10.1063/1.1429958
http://dx.doi.org/10.1080/002689798169195
http://dx.doi.org/10.1529/biophysj.104.056671
http://dx.doi.org/10.1021/jp037610g
http://dx.doi.org/10.1021/jp9086199
http://dx.doi.org/10.1021/j100016a067
http://dx.doi.org/10.1021/jp030534x
http://dx.doi.org/10.1021/jp030534x
http://dx.doi.org/10.1039/a905214c
http://dx.doi.org/10.1039/a905214c
http://dx.doi.org/10.1021/jp027336a
http://mostwiedzy.pl


J. Comput. Chem. 24, 1999 �2003�.
30 F. Sciortino and S. L. Fornili, J. Chem. Phys. 90, 2786 �1989�.
31 F. W. Starr, J. K. Nielsen, and H. E. Stanley, Phys. Rev. Lett. 82, 2294

�1999�.
32 A. Luzar and D. Chandler, Phys. Rev. Lett. 76, 928 �1996�.
33 Ph. Wernet, D. Nordlund, U. Bergmann, M. Cavalleri, M. Odelius, and H.

Ogasawara A. Näslund, T. K. Hirsch, L. Ojamäe, P. Glatzel, L. G. M.
Pettersson, A. Nilsson, Science 304, 995 �2004�.

34 A. Luzar, J. Chem. Phys. 113, 10663 �2000�.

35 A. Kuffel and J. Zielkiewicz, J. Phys. Chem. B 112, 15503 �2008�.
36 J. Zielkiewicz, J. Phys. Chem. B 112, 7810 �2008�.
37 A. K. Soper, E. W. Castner, and A. Luzar, Biophys. Chem. 105, 649

�2003�.
38 B. Jana, S. Pal, P. K. Maiti, S.-T. Lin, J. T. Hynes, and B. Bagchi, J. Phys.

Chem. B 110, 19611 �2006�.
39 R. H. Henchman, J. Chem. Phys. 119, 400 �2003�.
40 R. H. Henchman, J. Chem. Phys. 126, 064504 �2007�.
41 J. Zielkiewicz, J. Chem. Phys. 128, 196101 �2008�.

035102-8 A. Kuffel and J. Zielkiewicz J. Chem. Phys. 133, 035102 �2010�

 26 February 2024 10:55:09
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://dx.doi.org/10.1002/jcc.10349
http://dx.doi.org/10.1063/1.455927
http://dx.doi.org/10.1103/PhysRevLett.82.2294
http://dx.doi.org/10.1103/PhysRevLett.76.928
http://dx.doi.org/10.1126/science.1096205
http://dx.doi.org/10.1063/1.1320826
http://dx.doi.org/10.1021/jp805440n
http://dx.doi.org/10.1021/jp7103837
http://dx.doi.org/10.1016/S0301-4622(03)00095-4
http://dx.doi.org/10.1021/jp061588k
http://dx.doi.org/10.1021/jp061588k
http://dx.doi.org/10.1063/1.1578622
http://dx.doi.org/10.1063/1.2434964
http://dx.doi.org/10.1063/1.2921161
http://mostwiedzy.pl

