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Abstract—Water molecules and the hydrogen-bond network are essential structural components of many bio-
logical macromolecular systems, such as nucleic acids, as well as fibrillar and globular proteins. The water
density in the protein hydration shell is known to differ from that of bulk water. In this paper, spatial density
as function of the distance from the protein surface is discussed. The electric potential function is considered
in the same way. The resulting profiles of the bound water density are characterized by the presence of several
distinct maxima due to the existence of the regular structure of bound water at distances over 7 Å. The minor
discrepancies that are observed in both radial functions for different proteins are explained by topological
variations that were revealed earlier by studying the valence and dihedral angle-distribution functions for
water bound to the same proteins.
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INTRODUCTION
The characteristics of physical properties of pro-

tein–solvent surfaces are essential for understanding
protein structure, protein folding, and protein interac-
tions with one another and other macromolecules [1].
Protein chains remain virtually immobile under anhy-
drous conditions; they either exhibit no enzyme activ-
ity at all, or this activity is negligibly low. Protein dehy-
dration studies have demonstrated that a protein typi-
cally has to be surrounded by at least the first
hydration shell to maintain its enzymatic and struc-
tural functions [2].

Water molecules in protein solutions can be subdi-
vided into four groups:

• strongly and specifically bound water molecules
inside a protein, where water molecules act as a struc-
tural component;

• water molecules that comprise the first hydration
shell and interact with the protein surface;

• water molecules in the transition state between
the first hydration shell and bulk water;

• bulk water.
Strongly bound water molecules occupy internal

protein cavities and can be revealed by crystallography
and NMR. The properties of the first hydration shell
of water mostly depend on the properties of the protein
surface, dipole moment, polarizability, and the ability
of each water molecule to form hydrogen bonds. The

surface-water molecules that form the hydration shell,
as well as intermediate water molecules, are more
mobile than the strongly bound molecules; their
hydrogen bonds can be distorted and our study focuses
on this type of water molecule.

The internal parameters of the surface water, i.e.,
valence and dihedral angles of bound molecules, sig-
nificantly differ from those of bulk water. It was
demonstrated by small-angle X-ray scattering that the
average density of the first hydration shell (0–3 Å from
the protein surface) is higher than the density of bulk
water for different proteins [3]. In some studies this
fact was confirmed by X-ray diffraction analysis and
neutron scattering, as well as by numerical experi-
ments that employed molecular dynamics simulation.
The density of the water shell of a protein up to 5 Å
thick was found to be higher than that of bulk water by
15%. Protein hydration is usually discussed using the
terms of the hydrophobicity and hydrophilicity of sur-
face protein groups and the number of bound water
molecules.

However, disturbance of the hydrogen-bond net-
work is the main reason that the density increases.
This disturbance consists of changes in its internal
parameters, such as a reduced O…O distance and an
increased coordination number of water molecules
[4–6]. We have previously shown that the structures of
the hydration shell of proteins and bulk water differ
topologically. The content of hexacycles and other

THEORETICAL AND
MATHEMATICAL PHYSICS



MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 70  No. 5  2015

THE STATISTICAL CHARACTERISTICS OF PROTEIN HYDRATION SHELLS 363

closed rings that consist of more than six water mole-
cules in the hydration shell of proteins is high [7].

Along with the radial density distribution, the dis-
tribution of the electrostatic potential in hydration
shell is also of interest, since this distribution is
responsible for the type of intermolecular interaction
that occurs.

This study aims at simulating the averaged distribu-
tion of the density and electrostatic potential as a func-
tion of the distance from the protein surface.

With respect to their structures, proteins can be
subdivided into two large groups: globular and fibrillar
proteins. Fibrillar proteins have periodic helical struc-
tures. Collagen is an example of a fibrillar protein.
Collagen is among the most common and important
structural proteins; it is characterized by a specific
sequence of amino-acid residues [–Gly–X–Y–],
where Gly is glycine and X, Y are most typically pro-
line or hydroxyproline.

Specific water structuration in procollagen and
collagen fibrils, as well as the formation of the native
collagen structure that is associated with it, has been
repeatedly confirmed using various methods. It has
been demonstrated using different experimental
methods (e.g., NMR and dielectric relaxation) that
water molecules in the structure of collagen fibers are
less mobile compared to bulk water [8–11]. It has also
been shown that melting of bound water makes the
main contribution to the enthalpy of heat denaturation
of collagen; in other words, bound water stabilizes the
collagen structure [11]. We proposed the hypothesis
that the topological patterns of the hydrogen-bond
network can be more pronounced in this structure
compared to the hydration shell of globular proteins.
For this reason, we studied two types of proteins in this
work: the globular protein ubiquitin and collagens, as
well as collagen fragments.

COMPUTER-SIMULATION EXPERIMENTS
SOLVATE software was used to describe the struc-

ture of hydration shells of proteins [13]. This program
uses the thickness of a solvent layer as a variable
parameter, simulates a convex hydration shell with a
desired thickness around a protein complex, which
was originally set as a structure from PDB (the high-
resolution international Protein Data Bank), approxi-
mately calculates the density function, and fills the
hydration shell volume with water molecules using the
TIP3P water model (a rigid three-point model [14])
based on the resulting data. That is the method by
which the spatial arrangement of bound water mole-
cules is determined. The PDB data are presented for
proteins in the state of molecular crystals; i.e., proteins
surrounded by the minimal amount of water that is
required to maintain the native conformation of a pro-
tein. In this work, we studied the hydration-shell
structures of collagen fragments that are dissolved in
water (1CAG.pdb, 1BKV.pdb, and 1ITT.pdb), as well
as ubiquitin (1UBQ.pdb).

The first step was to simulate hydration shells for
the structures that were mentioned above; let us give
the structural characteristics:

• 1CAG.pdb is the collagen helix triple determined
at 1.9 Å resolution; each chain is 30 amino acids long;
the number of solvent molecules equals 10 062;

• 1BKV.pdb is the collagen helix triple determined
at 2 Å resolution; each chain is 30 amino acids long;
the number of solvent molecules equals 7164;

• 1ITT.pdb is the collagen helix triple determined
at 1.9 Å resolution; each chain is 7 amino acids long;
the number of solvent molecules is 2292;

• 1UBQ.pdb is the ubiquitin protein determined at
1.8 Å resolution; the number of solvent molecules is
9630.

The structures of hydration shells for the 1ITT.pdb
collagen fragment in two projections ((a) transverse
and (b) longitudinal) are shown in Fig. 1 as an exam-
ple.

Fig. 1. The hydration shell of the 1ITT.pdb protein: (a) transverse and (b) longitudinal projections.
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After simulating the dilution of the proteins in
water, one needs to make sure the system is unstrained
in order to reduce the possible effects of an energeti-
cally non-optimal arrangement of the protein–solvent
structure. One of the main reasons that artifacts
emerge is they attain the local minimum of the poten-
tial energy function during minimization using the
gradient descent method depending on the number of
minimization steps, while the point of the global min-
imum is not attained. For |MIN – MINglobal| ≫ e (if
there is a significant difference between the local and
global minima), the system will be strained (in other
words, it will have a significant reserve of potential
energy) after minimization and the subsequent molec-
ular dynamics will yield different statistical character-
istics of the system under different initial conditions.
The following sequence of processes was used to elim-
inate these nonequilibrium states:

(1) minimization of the potential energy of the
structure of the primary hydration shell;

(2) the subsequent molecular dynamics procedure
at low temperatures (close to the normal conditions;
however, the structural integrity is retained), T ∈ (50–
150) K.

The molecular dynamics procedure should not be
carried out at high temperatures, since it may yield
strongly nonequilibrium structures that have com-
pletely different characteristics. In order to rule out a
case where the system finds itself in a shallow local
minimum, one needs to alternate energy minimization
with the molecular dynamics procedure.

The widely used NAMD molecular dynamics soft-
ware package was employed for the minimization and
molecular dynamics simulation of the system [15].

After the quasi-equilibrium state of the protein–
hydration shell system was attained, we studied the
density of hydration water as a function of the distance
from the protein surface.

Let us describe the algorithm for finding the den-
sity of this function:

(1) The CGAL software package [16] is used to
form the internal and external hydration shells (Fig. 2
shows how the set of points that comprise the convex
shell is found on the nonconvex protein shell).

(2) The coordinates of a parallelepiped inside
which the structure of hydrated protein could be
placed are found.

(3) An arbitrary point, ARAND, in the structure of an
isolated parallelepiped is considered (this point does
not necessarily have coordinates that coincide with an
oxygen atom).

(4) We determine whether this point lies inside the
bound water layer. To do so, we ensure that the point
lies inside shell W but outside shell P.

(5) If the point is internal and lies inside the hydra-
tion shell, ARAND is enclosed in a sphere with radius R
(the 1.5 Å value was selected as the parameter R in our
case). We first ensured that the sphere entirely
belonged to the hydration shell.

(6) The density of the water molecules in the sphere
is calculated: ρ = NMOL/V, where NMOL is the number
of atoms in the water molecules and V is the volume of
a sphere with radius R.

(7) Let us assume that the distance between an iso-
lated point and the protein dist = min(r(ARAND, Cprotein,
Cprotein) ∈ Ω, where Ω is the set of points within a pro-
tein.

(8) Repeating iterations (1–7) M times (M ≫ 1)
and averaging the ρ values for each dist yields the
dependence of the average density of hydration shell
on the distance from a protein.

(9) The error is calculated as follows: we assume
g(r) to be density-distribution functions.

(a) Let us consider the values of the functions g1 =
g(rm) and g2 = g(rm+M), the functions for steps m and
(m + M), respectively, where M is the number of water
molecules in the structure. M is set equal to the num-
ber of water molecules so that on average each mole-
cule has an effect on function g(rm+M);

(b) Next, let us consider the normal error of the

space h[a, b]: Δg = 2/(||g1|| + ||g2|| . The
criterion for terminating the iteration process is attain-
ing |Δ| < e, where e ≪1, in our case e = 0.001. The
physical meaning of this criterion is as follows: the
density distribution function reaches a stable level and
an increasing number of iterations does not signifi-
cantly change the distribution.

The following algorithm was used to determine the
electric potential as a function of the distance from the
protein:

• the procedure for determining the electric poten-
tial as a function of the distance from the protein is
similar to the one that was used to determine hydration

2
1 2( )g g dr−∫

Fig. 2. The closed nonconvex surface of the body is
approximated by a convex shell (* is the convex shell of the
body under study, such as a protein or hydration shell).
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Fig. 3. The density-distribution functions in hydration shells, N is the number of alterations of the minimization and heating pro-
cesses: (a) 1UBQ.pdb, N = 3; (b) 1UBQ.pdb, N = 2; (c) 1CAG.pdb, N = 3; and (d) 1Cag.pdb, N = 2.
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shell density; however, we calculate the potential of

the electric field,  (where summation is made for

all water atoms for a given point), at each point, ARAND,
instead of calculating the density ρ = NMOL/V using the
aforementioned algorithm. The charge values for our
model are as follows: qoxygen = –0.64 and qhydrogen =
0.32.

RESULTS AND DISCUSSION

Figure 3 shows the averaged radial distributions of
the hydration shell density for two proteins with differ-
ent numbers of alterations of the minimization and
heating procedures (N = 2, 3). There is a qualitative
difference in the radial distribution of bound water for
globular and fibrillar proteins. The first peak for colla-
gen is observed at a distance of 2.9Å, while the posi-
tion of the maximum for a globular protein is the same
but the peak is broadened and water molecules are
detected at a closer distance. This is most likely to be
caused by the heterogeneity of the surface of the glob-
ular protein. For all the radial distributions of the mass
density, we observed clearly pronounced maxima that
belong to the first, second, third, and fourth hydration
shells (which correspond to the following distances
from the protein surface: 2.9, 4.2, 5.5, and 6.8–7.1 Å).

i
i

i

q
ρ∑

The subsequent peaks probably arise from boundary
effects; thus, they were not taken into consideration.
Let us note that the second, third, and fourth maxima
in the hydration shell of collagen are slightly shifted to
larger distances than those for a globular protein. The
third and fourth maxima are pronounced more clearly
for collagen. This could be caused by topological vari-
ations of the structure of hydration shell, which were
revealed by comparing the valence and dihedral angles
[7].

Figures 4 and 5 show the functions of the electro-
static potentials, both for the structure of the hydra-
tion shell that includes oxygen atoms and protons and
for the shells that take only oxygen atoms into account.

The results demonstrate that the functions of the
electrostatic potential in hydration shells of proteins,
as well as the density functions, have an ordered quasi-
periodic structure at distances that include more than
three molecular layers of water. The functions that
were obtained for the structures with oxygen atoms
and protons are more detailed compared to those that
took only oxygen atoms into account. The potential
profiles for the 1ITT.pdb protein were qualitatively
different from those of the other proteins. This differ-
ence is due to topological variations, which can be
seen from the specific distributions of valence and
dihedral angles compared to the other proteins [7].
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Fig. 4. The potential distribution function, including both oxygen atoms and protons for the shells of (a) 1UBQ.pdb;
(b) 1CAG.pdb; (c) 1BKV.pdb; and (d) 1ITT.pdb.
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Fig. 5. The potential distribution function, including only oxygen atoms for the shells of (a) 1UBQ.pdb; (b) 1CAG.pdb;
(c) 1BKV.pdb; and (d) 1ITT.pdb.
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CONCLUSIONS

It was demonstrated that the density distribution in
the bulk layer of hydration water indicates that multi-
layer organization is present in the hydration shell of
the proteins that were under study. Taking the pro-
nounced periodicity into account, it is fair to say that
structural ordering occurs at distances from the pro-
tein surface of up to 7Å. The density-distribution
functions of the hydration shell of globular and fibril-
lar proteins are qualitatively similar; however, small
variations in density functions for the hydration shells
of different proteins are attributed to topological
changes that correlate with our previous results [7].
Similar conclusions were made by analyzing the dis-
tribution functions of the electrostatic potential.

More complete research into the topological fea-
tures of the hydration shell can be performed to con-
tinue this research.
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