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On the coupling between the dynamics of protein
and water†

Yulian Gavrilov, Jessica D. Leuchter and Yaakov Levy*

Interactions between water and biomolecules can significantly change the former’s structural, dynamic,

and thermodynamic properties relative to the bulk. Experimental, theoretical, and computational studies

show that changes in water properties can be observed at distances of more than 10 Å from a

biomolecule. The effects of biopolymers on hydration water molecules can be attributed to several

factors: the chemical nature of the amino acid residues involved, the spatial arrangement of the

biomolecule, and its conformational flexibility. In the current study, we concentrate on the effect of

protein chain flexibility on the properties of hydration water, using short peptides as a model. We

constructed 18 linear peptides with the sequence (XXGG) � 5, where X represents one of the common

amino acids, other than glycine and proline. Using molecular dynamics (MD) simulations, we studied

how restricting the chain flexibility can affect the structural, dynamic, and thermodynamic properties of

hydration water. We found that restricting the peptide dynamics can slow down the translational

motions of water molecules to a distance of at least 12–13 Å. Analysis of the ‘slow’ water molecules

(residence time Z 100 ps) together with a thermodynamic analysis of water within 4.5 Å of the peptide

revealed significant differences between the hydration properties of the peptides. The balance between

the entropic and enthalpic solvation effects defines the final contribution to the hydration free energy

of the restricted system. Our study implies that different regions of the proteins that have different

configurational entropies may also have different solvation entropies and therefore different contributions

to the overall thermodynamic stability. Therefore, mutations of a solvent exposed residue may modify

the thermodynamic stability depending solely on the flexibility of the mutated sites due to their different

solvation characteristics.

Introduction

Water plays an important role in the functioning and stability
of proteins and other biological molecules.1–4 Most proteins
and nucleic acids are functional only in aqueous solution, and
their stability and conformational flexibility are also strongly
affected by water. For example, water–protein interactions
govern processes such as protein folding, mediation of protein’s
interactions with other molecules, and acceleration of enzymatic
activity.1,3–11 Therefore, the activity of a protein is significantly
modulated by the structure and dynamics of the surrounding
water. Water may strongly modulate the protein dynamics. The

link between the dynamics of a protein molecule and its
hydration water has been studied using computational and
experimental approaches12–20 and was found to be tight. However,
the origin of this coupled dynamics is not entirely clear. It was
shown that the protein dynamics is ‘[en]slaved’ to the motion of
the bulk water.15,21 On the other hand, other studies, suggested
that the protein and hydration water have a mutual effect on
each other’s motions.12,22–26

Coupled motions of a protein and its hydration shell occur on
several time scales. Time resolved fluorescence (femtosecond)
spectroscopy identified two types of water-network relaxations
in the protein hydration shell.14,27–30 The first, occurring on a
timescale of a few ps, results from local collective H-bond network
relaxation. Hindered femtosecond motions of water in the bulk
are highly suppressed and slow down close to the protein surface.
The second type of relaxation, occurring on a timescale of tens to
hundreds of ps, results from lateral cooperative rearrangements
and is related to the coupled interfacial water–protein motions. It
has been suggested that multiple relaxation rates and residence time
distributions in the protein hydration shell exist because of the
structural and chemical heterogeneity of the protein surface.31,32
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Biphasic protein hydration dynamics is consistent with neutron
scattering data,12,33,34 NMR studies35 and MD simulations36

(see also ref. 37–46). However, other studies suggest that the
long decay component of hydration dynamics is caused solely
by protein motions or by the trapped water molecules.47–50

Another interesting observation to emerge from femto-
second spectroscopy studies is that the dynamic hydration
layer extends to more than 10 Å,14 which is in agreement with
THz spectroscopy studies51 that showed that the diameter of
such a hydration shell can exceed 10–20 Å for a folded protein.52,53

MD simulations relate the experimentally observed changes in
THz absorption in the solvation shell of proteins to the
strengthened interactions among water molecules. Nevertheless,
the changes in water dynamics were observed only up to a
distance of 7–8 Å from the protein surface.53 Generally MD
simulations reveal no difference between the hydration water
and the bulk beyond 10 Å.53–58 However, some computational
studies demonstrate the difference in water for longer distances.
The retardation of the dielectric response of hydration water
around an Ala peptide extends for more than 10 Å.18 Spatial
correlation between the protein and collective water dipoles can
extend out to 40–50 Å59 and the size of the hydration shell may
correlate with the protein dipole moment.60

The chemical composition of the protein surface, its
secondary structure, and spatial conformation are reflected in
the structural and dynamical characteristics of its hydration
shell.61–64 MD simulations obtained by modulating protein
dynamics and protein–water electrostatic interactions showed
that water dynamics can be affected both by protein topological
and energetic inhomogeneity.65

Different proteins may have very similar hydration dynamics.
This arises from the similar local surface topology and surface
chemical composition of many globular proteins,66–70 whose
surface composition is dominated by hydrophobic sites and
H-bond donors, which results in a moderate slowdown of the
fastest 90% of the water molecules. The dynamics of the
remaining 10%, which consist of slow-moving water molecules
is related to H-bond acceptor sites and deeply buried sites (for
internal water).66 Although only the first hydration layer was
analyzed, the perturbations induced by the biomolecule do not
fall away after 1–2 hydration layers and affect the collective
motions of hydration water. The chemical nature of certain
amino acid residues is a fundamental factor that defines their
effect on hydration water; at the same time one should take into
account the local environment of the residues. The mixture of
effects related to the presence of polar groups and the amphi-
philic character of molecules defines the complex effect of
proteins on water.71–73

For example, for the three-helical villin headpiece subdomain
it was shown that relaxation of the solvation time correlation
function is significantly different for identical polar residues at
different positions with different solvent exposure.63 The same
effect was observed for lysozyme74 and myoglobin14 proteins.
The importance of the local environment for the hydration
water dynamics is vividly demonstrated by the experimental
and computational studies of antifreeze proteins (AFPs).55,75–84

Ice recognition is usually performed on the ice binding surface
which tends to be flat and relatively hydrophobic.75 The pre-
configured solvation shell around the ice binding proteins is
involved in the initial recognition and binding of the AFP to ice
by lowering the binding barrier and consolidation of the
protein–ice interaction surface.55

Another indication of importance of the local environment
is the difference in hydration of the native and non-native
conformations of a protein. It was shown in experimental14,85

and simulation64 studies that solvation dynamics of the molten
globule state can be faster or slower than the native state
depending on whether the probe region becomes exposed or
buried during the unfolding process. A general increase of the
hydrated interface and less restriction of water dynamics were
detected for the unfolded barstar protein.86,87 THz spectroscopy
study indicates that the dynamic hydration shell becomes less
pronounced or even disappears for non-native conformations.52,53

Alteration of hydration shell dynamics in a non-native conforma-
tion is also supported by studies of mutated proteins.88,89

Studying the dynamics of hydration water around intrinsi-
cally disordered proteins (IDPs) may improve the understanding
of the connection between the spatial conformation, chemical
composition of a protein and hydration water dynamics. The
large content of hydrophilic residues prevents the hydrophobic
collapse of IDPs and results in a solvent accessible area that
exceeds that of folded globular proteins by several times.90 The
extended conformation of IDPs and intensive interaction with
water may result in different hydration effects in comparison to
the folded proteins.12 Thus, computational studies suggest that
IDPs may lower the hydration free energy. Stronger motional
flexibility of IDPs compared with folded proteins is combined
with more restricted water motions on the protein surface.22

More accurately, the high conformational flexibility of IDPs
facilitates higher mobility of the surrounding water molecules,
while exposure and abundance of the charged residues confines
them within the hydration layer.56,91 It is possible to say that
dynamics of water and IDPs is highly coupled. Studies of IDPs
demonstrate that along with the topological and energetic
inhomogeneity the flexibility of the protein can sufficiently
affect the characteristics of the hydration water and result in
important biological effects.

If the protein flexibility is absent, the degree of restriction of
the hydration water dynamics of both IDPs and globular
proteins increases.92 Direct manipulations with the protein
conformational flexibility and protein–water interactions using
a computational approach help to understand the coupling
between protein and hydration water dynamics. MD simulations
were used to study how the conformational flexibility and
protein–water electrostatic interactions at the surface of the
protein influence the hydration water.65,93–96 It was shown that
hydration water dynamics around a protein can be slowed down
by restriction of protein dynamics. If protein–water electrostatic
interactions are eliminated, water reorientational dynamics can
become even faster than in the bulk.65

The studies summarized above suggest that hydration prop-
erties are strongly connected to the properties of the solute

Paper PCCP



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 8243--8257 | 8245

(i.e., the protein), including its chemical composition (the
identity of its amino acid residues), its spatial organization
(secondary and tertiary structures), and its conformational
dynamics. Because these properties are interconnected, it would
be valuable to study a model system that will enable the roles of
these factors to be separately quantified. This study aims to
dissect the pure contribution of protein flexibility on hydration
dynamics. When comparing water dynamics around IDPs and
globular proteins, it is difficult to dissect the contributions of
flexibility, protein shape, and amino acid composition to water
dynamics. For example, the shape of globular proteins may have
steric effects that affect water dynamics. Similarly, the higher
content of polar or charged amino acids in IDPs may have an
effect on the solvent.

In the present study, we concentrated on the effect of protein
dynamics on its hydration by comparing the characteristics of the
hydration shell around short and linear peptides that have the
same structure but different flexibility. We studied the effect of
chain composition and flexibility on the hydration shell of peptides
of 20 amino acid length that share the sequence XXGG (repeated
5 times), where X represents any common amino acid except
glycine or proline. Using atomistic MD simulations, we studied
the solvation of flexible and restrained versions of each constructed
peptide (Fig. 1). This model allowed us to study the coupling
between protein and water dynamics for different peptide
sequences while eliminating any effect of peptide conformation.
Such a model would be valuable to obtain a systemized under-
standing of the effect of amino acid conformational flexibility
within the polypeptide chain on hydration water by isolating
the tight linkage between protein sequence and structure. Under-
standing how the free energy of residue–water interactions depends
on the local flexibility of a mutated site is important for protein
design and in particular for optimizing loop sequences.

Methods

The studied peptides were generated using Pymol version 1.7.0.5.97

Each peptide is 20 amino acids long and repeats an identical XXGG
sequence five times, where X represents a common amino acid
other than glycine or proline (i.e., X is any one of the 18 different
amino acids). Two versions of each peptide were studied: one
was flexible (we constrained only the dynamics of the N and
C terminals) and the other was constrained. We restrained
the dynamics of all the heavy atoms with the force constant of
1000 kJ mol�1 nm�2. Such a restriction does not totally confine
the peptide motions but allows some fluctuations of the atoms’
positions. We thus produced 36 different systems (18 flexible
and 18 constrained). The conformation of the constrained version
of each of the peptides was chosen based on the distribution of
the internal energy for different conformations that were obtained
during the MD simulation involving the flexible versions of the
peptides at 300 K. In each case, a conformation with the most
populated internal energy value was chosen to perform the
constrained simulation. In order to check the effect of a specific
conformation, for one system (WWGG)5 (hereafter, WWGG, as
well as for other peptides), we used two different constrained
conformations. The analyses did not show any significant
difference.

All-atom MD simulations were performed using the GROMACS
package version 5.0.4 with the AMBER99SB-ILDN force field.98,99

The linear constraint solver (LINCS) algorithm was used to control
bond lengths during the simulation.100 Sodium or chloride ions
were added to achieve charge neutrality. To integrate the
equations of motion, the leapfrog algorithm was used with
steps of 2 fs. A modified Berendsen thermostat101 was used to
control the temperature at 300 K. Explicit water molecules were
added. We used the extended simple point charge (SPC/E) model

Fig. 1 Graphical representation of the constructed peptides using RRGG as an example. Flexible (top) and constrained (bottom) versions of RRGG are
shown as ten aligned conformations represented as sticks and surrounded by water molecules represented as lines.
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for all systems because analysis has shown that the SPC/E water
model gives the best bulk water dynamics and structure when
compared with the experimental values of liquid water.102 Also,
the SPC/E water model shows the relaxation of water more
accurately.103 In addition, we checked for the effect of the water
model by repeating the simulations for the RRGG peptide using
the five-site potential functions (TIP5P) water model.

Periodic boundary conditions were implemented by using the
triclinic box and solvating the peptide in the presence of sodium or
chloride ions with water so that the distance of any peptide atom is
at least 15 Å from the edges of the box. In both the constrained and
flexible peptides, the Ca atom at both the N and C terminals was
fixed in space. Thus, both the constrained and flexible versions of
the peptides were localized in space. The difference between the
versions lay in the dynamics of the remaining heavy atoms. The
structures were relaxed using the steepest descent method of
energy minimization. Then, the systems were equilibrated in two
steps (100 ps per phase). The first step was conducted in an NVT
ensemble and the second phase in an NPT ensemble. In the next
step, we performed long MD simulations in an NPT ensemble. For
each system (i.e., for 18 flexible and 18 constrained variants), we
preformed 1 simulation for 100 ns.

Throughout this article, we use the peptide RRGG (Fig. 1) as
an example when visually presenting the dynamic properties of
the studied peptides. Flexible and constrained versions of the
peptide are represented by overlapping ten different conforma-
tions throughout the simulation. One can see that the difference
in the flexibility of the versions is primarily due to the dynamics
of the side chains. The constrained peptide still has some slight
flexibility in the side chains, which were less affected by spatial
fixation of the heavy atoms.

We used the obtained 100 ns trajectories to calculate the
tetrahedral order parameter, the radial distribution function of
water molecules, the number of water molecules within the
hydration shell, the survival probability of water molecules,
the hydrogen bond autocorrelation function, and the thermo-
dynamic parameters of hydration water.

Tetrahedral order parameter

The tetrahedral order parameter was used to determine the
tetrahedral arrangement of the four closest neighbors to a given
water molecule104

qtet ¼ 1� 3

32

X3
j¼1

X4
k¼jþ1

cosjj;k þ
1

3

� �2

where jj,k represents the angles formed around the oxygen atom
of a given water molecule by the four hydrogen atoms closest to
it: two hydrogens from its own molecule and two hydrogens
from the two closest water molecules ( j, k). The values qtet = 1
corresponds to the perfect tetrahedral and qtet = 0 corresponds
to a random arrangement.

Radial distribution function

The radial distribution function (RDF; g(AB)) was used to deter-
mine the density and organization of water around the protein

as a function of distance. It can be presented in terms of the

relative number density (r) of water gðABÞ ¼ hrBðrÞihrBilocal. The

numerator represents the particle density of B around particle A
at distance r, and the denominator represents the averaged
particle density of B over all spheres within a radius of rmax

from particle A.
We used two versions of this function: (1) A represents heavy

atoms of the peptide and B represents all water oxygens in the
system; (2) A and B both represent the oxygen atoms of water
molecules within the hydration shell of the protein. The cutoff
distance for the hydration shell was chosen to be 5 Å from the
protein surface.

The actual equation that was used to calculate the RDF is:

gðrÞ ¼ 2

NðN � 1Þ
1

VshellF

XN
i¼1

Xi�1
j¼1

G kij
� �

where r is the distance between particles of type A and B; N is
the total number of particles; and kij is the distance between
particles i and j. In case (1), r refers to the distances between the
protein and water molecules and k refers to the distances in
between water molecules; in case (2), r � k and both A and B
represent water molecules. F is a normalizing factor related
to the usage of many microstates (snapshots of a trajectory)
and to the density distribution of water molecules without a
solute, assuming a homogenous density (specific to the applied
water model).

The volume of the spherical shells (Vshell) located at different
distances r from the particles of type A is given by

VshellðrÞ ¼
4

3
p ðrþ DrÞ3 � r3
� �

where Dr represents the difference in radius for consecutive
spherical shells.

The function that defines whether particles i and j are within
the distance between r and r + Dr is given by

G kij
� �

¼
1; if kij � Dr

0; if kij 4Dr

(

Survival probability

Survival probability (S) was used to determine the residence
time of water molecules within a specified region. This function
characterizes the relaxation dynamics of water molecules around
the peptide or in the bulk. It may be expressed as

SðtÞ ¼

PN
i¼1

P i; t0; t0 þ t1; t0 þ t2 . . .þ t0 þ tnð Þ

PN
i¼1

P i; t0ð Þ

where P in the numerator equals 1 if the water molecule (i) at
time (t) was continuously present within the hydration shell
starting from time t0, otherwise P = 0; P in the denominator
represents the water molecules (i) present at time t0 in the
hydration shell and equals 1. N is equal to the number of water

Paper PCCP



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 8243--8257 | 8247

molecules within the hydration shell at time t0; and n is equal
to the total number of frames. Accordingly, S(t) decreases in
time from 1 to 0 if all water molecules initially present within
the hydration shell leave it after some time.

For the peptides, water molecules were selected based on the
distance between the water oxygen atoms and the peptide heavy
atoms, for different cutoff distances, i.e. 3.5 Å, 5 Å etc. For bulk,
water molecules were selected in a layer beyond a sphere with a
radius of 50 Å (approximate radius of the peptide). Thus, we
calculated the residence time of water molecules within the
spherical shell whose width was equal to the cutoff distance.
The center of the sphere is a reference water molecule. This way
the number of analyzed water molecules close to the peptide
and in the bulk was comparable.

Hydrogen bond autocorrelation function

The hydrogen bond autocorrelation function (CHB) was calculated
to track the dynamics of hydrogen bonds within the hydration
shell of the peptides. It was calculated in the same way as the
survival probability with an additional two cutoffs that deter-
mine the hydrogen bond and can be represented by

CHBðtÞ ¼

PN
i¼1

P i; t0; t0 þ t1; t0 þ t2 . . .þ t0 þ tnð Þ

PN
i¼1

P i; t0ð Þ

Hydrogen bonding was considered to have occurred between two
water molecules if the inter-oxygen distance was less than 3.5 Å
and the smallest of the four HO� � �O angles was less than 301.

To improve the input data, autocorrelation functions (survival
probability and H-bonds) were calculated for each nanosecond of
the 100 ns runs and then averaged. The survival probability and
H-bond autocorrelation functions relaxed long before reaching
1 ns, so we do not expect any loss of information.

Calculation of thermodynamic parameters

The thermodynamic parameters of hydration water were obtained
using the grid inhomogeneous solvation theory (GIST) toolbox105

from AMBER, a molecular dynamics package. The entropy of the
peptide chain was estimated from the distributions of the back-
bone and sidechain dihedral angles (f,c,w). The entropy is then

Sconf ¼ �kT
X
j

XN
i

pj aið Þ ln pj aið Þ

where the sum is over the N bins of the dihedral angle ai

of residue j and p is the population of the ith bin. The angles
were discretized in bin sizes of 181, 241, and 361. Very small
differences in entropy were obtained for different bin sizes. The
results are presented for a bin size of 241. This method for
estimating protein conformational entropy (or similar variants
of it) has been successfully applied in different studies.106–111

Two studies107,109 found that motions in proteins are nearly
uncorrelated, so we did not use joint probability distributions
and assumed that the only contribution to the entropy was from
the independent motion of the angle.

Results
Structural properties of hydration water

To estimate the effect of the restrained conformational
dynamics of the peptides on the structural characteristics of
the first layers of hydration water, we calculated the RDF of the
water molecules and the tetrahedral order parameter. These
structural properties, although limited in their sensitivity,
should be examined before one moves to quantify the dynamic
properties of the hydration water. The RDF analysis did not
reveal any density distribution differences between the flexible
and constrained versions of the peptides. See, for example,
Fig. S1 (ESI†), which shows the RDF of hydration water around the
peptide RRGG (only the water molecules within 3.5 Å from
the peptide are included, convergence to one is not expected).
The RDFs of all simulated water molecules around the flexible
and constrained peptide atoms were indistinguishable. The
average tetrahedral order parameter of water molecules as a
function of water–protein distance showed no reliable differ-
ence in the distributions for flexible versus constrained versions
of the peptides. See Fig. S2 (ESI†) for the RRGG example. Some
difference in the fluctuation of this parameter immediately
adjacent to the protein surface may be related to protein atoms
not being considered in the calculation of tetrahedrality. Stron-
ger retardation of water molecules close to the restrained
peptides, especially in the first hydration shell (see the next
section), may slightly affect this parameter.

In the modeled systems, the spatial fixation of the N and
C terminals means that the main source of conformational
flexibility is the dynamics of the side chains of the peptides.
The absence of any pronounced difference in the RDF and
tetrahedral order parameter after restriction of peptide flexibility
indicates that sidechain flexibility is insufficient to affect the
structural characteristics of the hydration water. No significant
effect was observed for all residue types (all 18 modeled peptide
types).

In addition, we investigated how restriction of the confor-
mational dynamics can affect the number of hydration water
molecules present within different distances around the
peptides. The analysis showed that, for some peptide types,
the difference in these numbers for flexible and constrained
versions can change as a function of distance. This was shown
for WWGG, EEGG, SSGG, QQGG, AAGG, LLGG, MMGG, FFGG,
and YYGG. See Fig. S3 (ESI†) for the distributions of the number
of water molecules at different distances from the RRGG peptide.
However, it was revealed that this difference usually did not
exceed 2% of the average values. Such a small difference is in
agreement with the results of other structural analyses (RDF and
tetrahedral order parameter). For some peptides, even such a
difference was not observed (HHGG, VVGG, IIGG, KKGG, DDGG,
TTGG, CCGG, and NNGG). See, for example, Fig. S4 (ESI†) with
the distributions for VVGG. The lower deviations of the number
of water molecules around the constrained versions relative to
the flexible ones for some peptides suggest that restricted chain
dynamics may result in changes in hydration water dynamics
(Fig. S3, ESI†).

PCCP Paper



8248 | Phys. Chem. Chem. Phys., 2017, 19, 8243--8257 This journal is© the Owner Societies 2017

Dynamic properties of hydration water

As explained in the Introduction, THz spectroscopy can probe low-
frequency collective motions involving many water molecules at
distances of up to 20 Å and more from the protein surface.53 MD
simulations usually indicate a significant retardation of water
dynamics only within the first several angstroms (up to 7–8 Å).53–57

However, such analyses are based on single water molecule
dynamics and, of course, cannot be directly compared with the
results of THz spectroscopy. Given the minimal conformational
effects (our peptides are linear and fixed in space) and relatively
small relaxation times of water close to the exposed loop regions in
the real proteins,14 we expected that our analyses of the dynamic
characteristics of hydration water will detect the difference in water
dynamics only within a few angstroms from the surface of flexible
and constrained peptides. However, our analysis showed that
restriction of peptide dynamics can affect the dynamics of
water at much longer distances (Tables 1 and 2).

We used the survival probability autocorrelation function for
the analysis of the water translational dynamics in the hydration
shell of the peptides. For all constructed peptides, we analyzed
the residence time of water molecules within the first 3.5 Å and
5 Å from the peptide surface. The curves were fitted with a triple
exponential function (see Fig. 2 for the RRGG peptide example)
y(t) = ae(�t/t1) + be(�t/t2) + ce(�t/t3). The value of R2 for the fit of all
systems was above 0.99.

The average residence times (t1, t2, t3) and amplitude-weighted
average water residence times (tavg = at1 + bt2 + ct3) of water
molecules were calculated (see Tables 1, 2 and Tables S1, S2, ESI,†
peptides with certain residues are ordered according to the hydro-
phobicity scale of their sidechains112). Following the fit, water
molecules with short (t1 E 1 ps), intermediate (t2 E 4–9 ps) and
longer (t3 E 10–30 ps) residence times can be distinguished

within 3.5 Å of the peptide surface (i.e., within the first hydra-
tion shell). We did not observe a significant fraction of ‘slow’
water molecules with a residence time Z100 ps even around the
restricted peptides. Nevertheless, the difference in residence
times for flexible and constrained peptides indicates the
presence of stronger interactions between the peptides and their
hydration water when peptide dynamics is restricted. The effect
was observed within a distance of 3.5 Å and 5 Å for all the
peptides. A longer residence time of up to 3 ns was observed
upon restraining the peptide dynamics, but the magnitude of the
effect varies between different peptides. Although residence
times t1, t2, and t3 were longer in the case of the constrained
versions of the peptides, the difference in their amplitudes (a, b,
and c) meant that for some peptides (QQGG, for example) there
was no significant difference in the average residence time of
water, tavg, within 3.5 Å.

Our calculations show that tavg is 4.8 ps and 7.2 ps within
3.5 Å and 5 Å of the bulk water molecules, respectively, which is
significantly lower than for water close to the peptides. In our
simulations, we used the SPC/E water model. In order to estimate
the effect of the water model used, we performed additional
simulations of the RRGG peptide (flexible and constrained
forms) using the TIP5P water model. For TIP5P-modeled water
molecules, tavg in bulk was found to be 7.5 ps for a 3.5 Å cutoff
and 12.60 ps for a 5 Å cutoff, which is less than the tavg values
of TIP5P-modeled water molecules close to RRGG (see, for
example, Tables S3 and S4 for 3.5 Å cutoff, ESI†). Our results
showed increased solvation of the RRGG peptide upon using
the TIP5P water model compared with the SPC/E water model,
with tTP5P

avg 4 tSPC/E
avg . For example, for unconstrained RRGG,

11.9 ps for the TIP5P model vs. 6.8 ps for the SPC/E model for
a 3.5 Å cutoff and 20.8 for the TIP5P model vs. 20.5 ps for the
SPC/E model for a 5 Å cutoff. However, both water models
produce results that are qualitatively similar.

In general, analyzing the survival probability (residence time)
of water molecules close to the studied peptides revealed a
pronounced increase in retardation of water molecule movement
close to the constrained peptides relative to their flexible versions.
It is important to emphasize that we calculated the survival
probability of water molecules within the hydration shell, which
means that if the dynamics of a water molecule is coupled with
the dynamics of a peptide, it will stay within the hydration shell
when the peptide fluctuates relative to its initial conformation.
In other words, the possible effect of coupling between water
and solute motions is taken into account in our calculations.

Also, as mentioned in the Methods section, we checked the
possible effect of restricted flexibility by choosing a particular

Table 1 Amplitude-weighted average residence times (tavg) of water
molecules within a certain distance from the flexible/constrained peptides’
surface

Residuea 3.5 Åb (ps) Dd (ps) De (%) 5 Åb (ps) Dd (ps) De (%)

I 7.6/9.2 1.6 21 18.3/20.0 1.7 9
V 7.3/7.6 0.3 4 18.0/19.2 1.2 7
L 7.2/8.2 1.0 14 17.9/19.7 1.8 10
F 7.2/8.1 0.9 12 18.5/20.7 2.2 12
C 6.0/6.5 0.5 7 17.3/18.3 1.0 6
M 6.3/6.3 0 0 17.7/19.3 1.6 9
A 6.4/6.7 0.3 6 16.4/17.7 1.3 7
T 7.3/8.4 1.1 14 18.1/20.2 2.1 11
S 6.7/7.4 0.7 10 17.5/18.8 1.3 8
W 7.4/8.2 0.8 12 19.9/22.2 2.3 12
Y 7.5/8.0 0.5 7 19.4/21.2 1.8 9
H 7.0/7.8 0.8 12 18.6/19.9 1.3 7
N 7.3/8.0 0.7 10 19.0/20.5 1.5 8
Q 6.9/6.9 0 0 19.1/20. 7 1.6 8
D 16.2/19.3 3.1 20 24.3/26.8 2.5 11
E 14.0/15.6 1.6 11 23.9/25.6 1.7 7
K 6.7/7.6 0.9 15 19.3/21.0 1.7 9
R 6.8/7.8 1.0 16 20.5/22.6 2.1 10
Bulkc 4.8 — — 7.2 — —

a Residue X in (XXGG)5 peptides. b tavg = at1 + bt2 + ct3. c Residence
time of water in the bulk. d D = (tconstrained

avg � tflexible
avg ). e Normalized D;

Dtnormalized
avg = ((tconstrained

avg � tflexible
avg )/tflexible

avg ) � 100%.

Table 2 Amplitude-weighted average residence times (tavg, ps) of water
molecules within a certain distance from the flexible/constrained peptides’
surface

Residue 8 Å 12 Å

T 40.8/44.3 79.8/83.9
W 45.0/49.5 85.6/93.6
E 49.2/51.9 90.2/94.6
R 47.3/50.6 91.5/97.8
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peptide conformation. For each peptide, we chose the confor-
mation whose internal energy was most populated, thus, other
conformations with similar internal energy values may affect
the hydration water differently. In order to study the effect of
the selected conformation, we used two different constrained
conformations of the WWGG peptide. The analysis of water
residence time within a 3.5 Å cutoff and 5 Å cutoff (as well as
other analyses, data not shown) did not reveal a significant
difference between the chosen conformations (see, for example,
Tables S3 and S4 for 3.5 Å cutoff, ESI†).

Our analysis showed a significant difference in the observed
effect for the peptides constructed with different amino acid
residues. Significantly longer residence times for water molecules
within 3.5 Å and 5 Å cutoffs were observed for the peptides
constructed from negatively charged residues D and E (Table 1).
D and E residues contain a H-bond-acceptor carboxyl group
(COO�), which can induce a pronounced slowing of hydration
water dynamics.113 For peptides with residues containing H-bond
donor groups, as well as for hydrophobic residues, the water
retardation effect was less pronounced.

The difference in the water retardation effect arising from
the flexible versus the constrained version of the peptides also
varied for different peptide types (Table 1). For both cutoff
distances (3.5 Å and 5 Å), the most pronounced effect was
observed upon constraining the peptides with negatively
charged residues (D and E). Within a 3.5 Å cutoff distance, a
surprisingly strong effect was also observed upon restricting the
dynamics of IIGG. Within a 5 Å cutoff distance, the difference
in the retardation effect for different peptide types became less
significant (see D values in Table 1).

To identify the maximum distance from the protein within
which restricting the conformational flexibility can affect the
translational dynamics of water, we calculated the survival
probability of water molecules within longer cutoff distances.
We used two additional cutoff distances (8 and 12 Å) for the
peptides based on a hydrophobic residue (WWGG), a polar
residue (TTGG), and two charged residues: a hydrogen bond
donor (RRGG) and an acceptor (EEGG). The results indicated

that even at 12 Å away from the peptide surface, the transla-
tional dynamics of water was affected by constraining the
peptide flexibility (Table 2). Although we did not calculate the
corresponding time constants of bulk water for these distances
(due to limitations on the box size, see Methods section for
details), the difference in values for flexible and constrained
peptide versions indirectly indicates that peptides can affect
water translational dynamics up to at least 12 Å.

Increasing the cutoff distance for the survival probability
calculations increases the residence time of water molecules
and the value of (tconstrained

avg � tflexible
avg ) can be expected to have a

different ‘weight’ at 3.5, 5.0, 8, and 12 Å cutoffs. Accordingly, in
order to estimate the effect of peptide confinement on hydra-
tion water at different distances, we calculated normalized
values for the amplitude-weighted average water residence time
within different cutoff distances,

Dtnormalized
avg = ((tconstrained

avg � tflexible
avg )/tflexible

avg ) � 100%

The values calculated for TTGG, WWGG, EEGG, and RRGG
showed that the difference in the water retardation effect decreased
with distance. This is a general tendency; however some fluctuations
are possible (Table 3). It is important to note that these normalized
values clearly indicate that retardation of water molecules within
the long cutoff distances (43.5 Å) is not only due of water
molecules from the first hydration shell. Otherwise, due to the very
fast growth of the number of analyzed water molecules, these
values will decrease drastically as a function of distance. Oppositely,
we observed quite a smooth decrease of values as a function of time
(see Table 3, for not normalized Dtavg values, see Table S5, ESI†).

Fig. 2 Autocorrelation functions of water molecules within 3.5 Å (A) and 5 Å (B) of flexible (black) and constrained (red) RRGG peptide versions. Main
panels: Survival probability (residence time) of water molecules; insets: H-bond lifetimes. Dots represent simulation data and dashed lines represent a
triexponential fit. In the inset, solid lines represent simulation data.

Table 3 Normalized values of amplitude-weighted average water residence
time (%) within different cutoff distances: ((tconstrained

avg � tflexible
avg )/tflexible

avg ) � 100%

Residue 3.5 Å 5 Å 8 Å 12 Å

T 14.0 7.3 8.5 5.2
W 11.8 7.6 10.0 9.4
E 11.5 10.6 5.5 4.9
R 15.9 9.0 7.0 6.9
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In addition, we performed the analysis of residence time of
water molecules within the cutoff distances from 8 to 12 Å
for the same four peptides. This analysis also showed the
difference in tavg for flexible and constrained variants of peptides
(Table S6, ESI†).

Adopting an alternative approach, we analyzed how long it
takes for a water molecule to reach a certain distance from the
peptide. This analysis showed the same tendency of water mole-
cules to be ‘slower’ in the vicinity of constrained compared with
flexible peptide versions. The effect extended for at least 13 Å
from both charged and hydrophobic residues (Fig. S3, ESI†).

Using an autocorrelation function of the water dipole moment
vector, we also analyzed the reorientational dynamics of water
molecules. The analysis did not reveal any significant difference
in the reorientational dynamics of hydration water upon restric-
tion of peptide dynamics (data not shown). We also studied how
the restriction of peptide dynamics affected the lifetimes of water–
water hydrogen bonds close to the peptide surface. Analysis did
not reveal a strong difference between the values of tavg (calcu-
lated similar to survival probability) for water–water H-bonds
within 3.5 Å compared with 5 Å from the surface of flexible and
constrained versions of the peptides. See Table 4 for tavg (3.5 Å
cutoff) for TTGG, WWGG, EEGG, and RRGG and Fig. 2 (insets).
However, the tavg values of water H-bonds close to the peptides
were longer than for the bulk water molecules.

Overall, we find that restricting peptide conformational
flexibility affects the translational dynamics of hydration water
molecules. The effect can extend until at least 12–13 Å, depending
on the chemical nature (amino acid residues) of the peptide. The
reorientational dynamics of hydration water and the lifetime
of water–water H-bonds are less affected by the restriction of
peptide conformational flexibility.

‘Slow’ water in the hydration shell

As discussed above, many studies indicate the existence of a long
relaxation time (in the order of 100 ps or more) for hydration water
molecules located close to the protein surface.12,14,27–30,33–36,44–46

These water molecules can constitute only a few percent of
the total number of hydration water molecules. Nevertheless,
they may play an important role in stabilizing the protein
conformation.46

Our analysis of water molecule residence times did not
reveal a significant fraction of ‘slow’ water (SW) molecules.
We calculated the number of SW molecules in the first hydra-
tion shell of the constructed peptides and found that they
constituted only 0.3–0.8% (5–25 molecules) of water molecules
within this shell, which is even less than for natural proteins.46

Such a low population in this cluster may indicate the impor-
tance of the spatial conformation of a protein. The linear
conformation of the constructed peptides may not efficiently
trap water molecules for long periods. As discussed in the
Introduction, the observed hydration sites with particularly
long residence times (Z80 ps) are located in buried areas of
the protein, in cavities and clefts,14,62 which are absent from
our constructed peptides.

Nevertheless, our study showed that, even in the case of the
short constructed peptides, the chemical nature and dynamic
properties of the chain could affect the residence time and
number of SW molecules (Fig. 3). According to the calculations,
restricting the flexibility of the chain resulted in an average gain
of 2–6 SW molecules. The residence time of SW molecules also
slightly increased (by 3–10 ps).

The chemical nature of the peptides defined the magnitude
of the effect. Although peptides with some charged residues
(D and E) were associated with more of the SW molecules with
the longest residence times, we did not observe a correlation
between the number of SW molecules (or their residence times)
and the hydrophobicity of the residues. In Fig. 3, peptides with
certain residues are ordered according to the hydrophobicity
scale of their sidechains.112 The observed difference may be
related to the molecular mechanism of H-bond formation
between water molecules and the donor/acceptor molecular
groups of the solute.113

An analysis of the distribution of SW on the surface of the
peptides showed that these water molecules could be located

Table 4 Amplitude-weighted average H-bond lifetimes (tavg, ps) of water
molecules within 3.5 Å from the flexible/constrained peptides’ surface

Residue 3.5 Å D

T 5.4/5.6 0.2
W 6.0/6.4 0.4
E 6.0/6.2 0.2
R 6.0/6.2 0.2
Bulk 4.3 —

Fig. 3 Analysis of ‘slow’ water (SW) molecules (residence time Z 100 ps)
close to flexible (black) and constrained (white) peptides. (A) Average
number of SW molecules within 3.5 Å of the peptides and (B) average
residence time of SW within 3.5 Å of the peptides. Peptides are ordered on
the x-axis according to the hydrophobicity of the side chains of their
residues (see text). The X residue of each XXGG is identified on the x-axis
label. Insets: The difference between the values for the constrained and
flexible peptide versions. The difference between the distributions of
residence times and the number of ‘‘slow water’’ molecules in each frame
for flexible and constrained versions of the peptides was proven with the
T-test. For all studied systems, p = 0.001.
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not only close to the side chains (which would probably result
in correlation with their hydrophobicity) but also close to the
backbone (which contains polar oxygen and nitrogen atoms).
See, for example, the distribution of SW close to the constrained
versions of DDGG, RRGG, WWGG, and VVGG (Fig. 4). This may
explain why, for example, the number of SW molecules and their
residence time were similar for the peptides constructed with
hydrophobic I and charged K. The peptide backbone strongly
impacted the solvation of nonpolar side chains. In the presence
of the short peptide backbone, nonpolar amino acid chains were
less hydrophobic than expected based on the solvation data for free
side-chain analog molecules.72,73 Furthermore, a rather high concen-
tration of SW was noticed close to the C terminals of the peptides.
Hydrophilic carboxyl groups (H-bond acceptors) are known to
have a pronounced effect on the dynamics of water.113,114

Our analysis of SW clusters emphasizes that energetic
inhomogeneity is an important factor that affects the hydration
water of even short linear peptidic biomolecules.

Thermodynamic characteristics of hydration water

Motivated by estimating the effect of the longer residence time
of the hydration shell on the protein stability, we used the GIST
method105 to analyze the thermodynamic properties of water
within the first hydration shell of the peptides. In order to
improve the statistics for the flexible variants of the peptides,
the cutoff distance for the water molecules for this analysis was
defined as 4.5 Å, which is slightly larger than the size of the first
hydration shell (B3.5 Å). Using this approach, we defined
the change in the Helmholtz free energy, the potential energy,
and the entropic contribution to the Gibbs free energy (DA,
DE, �TDS, respectively) for constrained and flexible peptides, and
then calculated the change in the change as DD = Dconstrained �
Dflexible. A summary of the analysis is presented in Fig. 5a. The
validity of the data was checked by splitting the sampled
trajectories into several parts and calculating the standard
deviations for the thermodynamic values obtained based on this
repetitive analysis. According to this approach, the standard

deviation of the data for the systems did not exceed 1–2 kcal mol�1.
For all the peptides, restricting the chain flexibility significantly
affected the thermodynamics of the hydration shell and decreased
the hydration water entropy (positive values of �TDDS) and
potential energy (negative values of DDE), which may provide
additional evidence for the coupling between protein and water
motions. The balance between these contributions in the case of
each peptide type defined the resulting contribution of hydration
water to the free energy of the system. Similarly to the findings
for the residence time and number of SW molecules, the free
energy contribution of hydration water did not correlate with
the hydrophobicity of the residues. An unfavorable contribu-
tion was observed for peptides containing I, H, N, Q, and R,
whereas for other peptides the free energy contribution was
favorable or almost neutral.

An analysis of the distribution of sites with favorable free
energy values (r�0.2 kcal mol�1) for hydration water can help
elucidate the effect of the chemical nature of the peptides on
hydration thermodynamics. As shown in Fig. S6 (ESI†), thermo-
dynamically favorable sites were located close to the polar
atoms of the backbone and side chains of different peptide
types. Charged residues, especially acceptor oxygens of D (and
E), also provided additional strong binding sites for water close
to the charged atoms. The distributions of the favorable free
energy values were in good agreement with the distribution of
the SW on the surface of the peptides (Fig. 4).

In the next step, we sought to estimate how the defined
thermodynamic effect of hydration water retardation following
the restriction of peptide flexibility could contribute to the
stability of real proteins. To quantify the effect of having a
flexible loop in comparison to a more rigid structural element,

Fig. 4 Visual representation of SW at different sites on the surface of different
peptides (constrained versions of DDGG, RRGG, WWGG, and VVGG):
alignment of B200 different conformations. The first conformation is
shown as sticks and clouds, the rest as clouds. Water molecules are
represented as yellow spheres. For peptides: O, red, N, blue, and C, green.

Fig. 5 Thermodynamic parameters of water molecules within 4.5 Å of the
peptide surface. All values are shown as DD (constrained minus flexible): (A)
DDA, the difference in the Helmholtz hydration free energy (black); DDE,
the difference in the hydration potential energy (dashed); and �DDTS, the
difference in the hydration entropic contribution to free energy (white).
The identity of X in XXGG appears as the x-axis label. (B) The sum of DDA
and the difference in the conformational entropy of the side chains of the
peptides (DTSconf).
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the configurational entropy of this region (TSconf) should be
estimated in addition to their different solvation entropy. The
configurational entropic term was added to the hydration free
energy of the peptides. Adding this term resulted in a less
favorable (or more unfavorable) change in free energy for all the
constructed peptides, but it reversed the sign of DDA only in the
case of the L, F, and M residues (Fig. 5b).

The different solvation free energy of studied peptides may
serve as a prediction for the effect of mutation on stability
depending on the local dynamics of the mutated site. To
estimate how the substitution of a certain residue could affect
the stability of the system, we analyzed a database of B1000
in vitro mutations reported in the literature to enable a broad
comparison with our simulated peptides.115 Since we are inter-
ested in the solvation effect, only residues that are solvent
exposed were selected resulting in 519 mutants. We expected
that the free energy effect of substituting certain residues with
A or G in the exposed protein regions may correlate with the
difference in hydration free energy observed in our simulations
depending whether the residues are located at rigid or flexible
regions. For the purpose of comparison, we related the flexible
variants of the constructed peptides to the unstructured
exposed regions of the proteins and loops while relating the
constrained variants to the structured exposed regions of the
proteins. This relation is very notional and was performed
solely to obtain a very general estimation.

In Fig. 6, we show the distribution of the values for the
change in the free energy of protein stability following the
mutation of certain residues to A or G in the exposed loops or
a-helices of the proteins. The data were divided into two groups
of mutations: (a) K, E, D, C and W, and (b) V, L, I, F, H and
M. We found that the mutation of K, E, D, C and W to A/G
usually resulted in protein destabilization. Destabilization was
stronger in the structured a-helices. Mutation of V, L, I, F, H and
M to A/G also usually resulted in destabilization of the protein,
however in this case destabilization was stronger when the
mutated residues are in the loop region of the proteins than in
the a-helical regions.

Our analysis showed that, for peptides comprising residues
from the first group (K, E, D, C and W), hydration water was
characterized by a favorable free energy upon restriction (com-
pared with the structured alpha helices); for the peptides
comprising residues from the second group (V, L, I, F, H and
M), hydration water was characterized mostly by unfavorable
free energy upon restriction (compared with the loops).

The qualitative agreement observed between the computed
hydration free energy difference for some of the peptides (DDA)
and the in vitro observed difference of free energy upon muta-
tions in a-helices and loop regions (the difference in the
distributions of DDG values, in the case of loops and helices)
emphasizes the important contribution of hydration water to
the free energy of the system. This contribution is related to the
changes in the dynamics of hydration water molecules close to
the biomolecule surface, which is characterized by chemical
and conformational inhomogeneity. Accordingly, this initial
attempt to correlate between protein flexibility, thermodynamic
stability and solvation properties suggests that the effect of
mutation is sensitive to the local dynamics of the protein
backbone which affects the solvation free energy of that site.

Discussion

The effect of short peptides and amino acids on hydration water
has been studied previously. Such a system is a useful model for
understanding how the basic chemical, structural, and dynamic
properties of biomolecules can affect (or be affected by) hydra-
tion water. Previous studies of short peptides and amino acids
showed that both the chemical nature and the conformational
properties of the peptides and constituting residues can signifi-
cantly affect their hydration properties.18,54,71–73,113,116–119

In the current study, we focused on the effect of chain
flexibility on hydration properties. We constructed 18 amino
acid residue peptides with the sequence XXGG repeated
five times, where X represents one of the common amino acids
other than glycine or proline. Through MD simulations of the

Fig. 6 Effect of a mutation located in the exposed loops or a-helices of the proteins. (A) Distribution of the values for the change in the free energy of
protein stability (DDG) for substituting K, E, D, C, or W for A or G; (B) distribution of DDG values for substituting V, L, I, F, H, or M for A/G. Black, loop and
unstructured regions; red, a helices.
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short peptides, we showed how restricting peptide chain flex-
ibility can affect the structural, dynamic, and thermodynamic
properties of hydration water. Our analyses showed that the
structural properties of water are affected by the presence of the
peptide chain, although restricting chain flexibility did not
result in a significant difference in the time-averaged structural
properties of hydration water molecules. Analyses of the dynamic
properties of water revealed a significant difference between water
molecules close to the constrained variants of the peptides
compared with those close to the flexible peptide variants. The
previously mentioned experimental, computational, and theore-
tical studies12–20,22,23 suggested the presence of coupling between
the motions of water and proteins.

In order to improve our understanding of hydration water
dynamics close to the constructed peptides, we considered the
specific effects of water models. In our simulations we used the
SPC/E water model. Specific analysis of water models revealed
that the SPC/E water model gives the best bulk water dynamics
and structure.102 For the SPC/E model, tavg = 3.2–6 ps (depending
on the residence time calculation method applied).120 Our
calculations showed that tavg within 3.5 Å for the bulk water
molecules is 4.84 ps, which is within the range found by others
using this model. A study of the dynamic and solvation proper-
ties of small oligopeptides revealed significant differences in
the specific solvation for different water models.121 The authors
concluded that the choice of the water model may affect the
dynamics of the flexible parts of the proteins that are solvent-
exposed. We found that the difference in solvation for the
flexible compared with the constrained RRGG peptide was
qualitatively similar for the SPC/E and TIP5P water models,
however solvation of the RRGG peptide using the TIP5P water
model was higher compared with that using the SPC/E water
model (tTP5P

avg > tSPC/E
avg ).

The analysis of the residence time (survival probability) of
water molecules within different cutoff distances (3.5, 5, 8, and
12 Å) from the peptide surface revealed that the restriction
of peptide chain flexibility can slow down water translational
motions to a distance of at least 12–13 Å. In another computa-
tional study, measurements of tagged molecule potential energy
(TPE), which corresponds to the interaction energy of individual
water molecules with all the other molecules in the system,
showed a 2–5% difference in the energy of the bulk water
compared with water close to the short peptides.118 Strong TPE
correlated with longer residence times for water molecules and
depended on the chemical nature of the closest amino acid
residue. The oscillatory values of the computed TPE for water in
the presence of the peptide extended to at least 10 Å. It was
asked whether the long-range effect of the energetics of water
molecules located close to the peptide is somehow related
to the existence of the very large (B20 Å) dynamic hydration
shell around biomolecules observed by THz spectroscopy.118

Consistent with this notion, the computational and experi-
mental studies of folded peptides, proteins, and hydrophilic
surfaces also revealed a spatial correlation between protein
and water dielectric properties at distances much greater than
10 Å.18,59,60,122,123 In this sense, our results suggest that the

conformational flexibility of biological molecules (measured
here for linear peptides) should be considered sufficient to
affect the properties of hydration water.

A stronger retardation of water dynamics and increased
numbers of affected water molecules were shown in the vicinity
of hydrophilic compared with hydrophobic amino acids and short
peptides using THz spectroscopy and MD simulations.54,119

Our results are in agreement with these observations, suggest-
ing a different range of retardation effects around peptides
with different chemical natures. A possible mechanism for
such differences, at least within the first hydration shell, was
suggested by the extended jump model. According to the
model, H-bond acceptor groups induce an additional transition
state (which is missing in the case of H-bond donors and
hydrophobic groups) that can dramatically change the water
dynamics by increasing the free energy barrier between
protein–water and water–water H-bonds. Strong H-bond acceptors
(COO�) induce a pronounced slowdown of hydration water
dynamics.66–69,113 However, it was suggested that a stronger
influence of proteins, peptides and single lysine residues on
water (compared to small hydrophobic molecules and sugars)
may be attributed to a nontrivial mixture of effects related to the
presence of polar groups, residues with amphiphilic character,
and frustration, rather than to the simple addition of the effects
of the hydrophobic and hydrophilic parts of a molecule.71 Thus,
the study of the peptide backbone effect on the solvation
thermodynamics of amino acid side chains showed that all
nonpolar side chains attached to a short peptide backbone are
considerably less hydrophobic than the free side chain analog
molecules. By contrast, the hydrophilicity of the polar side
chains is hardly affected by the backbone.72 Such a difference
is related to the changes in the balance between solvation
entropy and enthalpy.73 The effect of protein dynamics restric-
tion considered in our study also showed a dependence on the
chemical nature of the peptides, being stronger for the negatively
charged residues (D and E) within 3.5 Å. However, in general, the
effect that constraining the peptide had on hydration water did not
significantly correlate with residue hydrophobicity. For example,
the effect of conformational restriction as a function of distance
was within the same range for the peptides having a different
chemical nature (Table 3). It is possible to speculate that a back-
bone with nonpolar side chains may exert a compensational effect
that decreases the difference in the water retardation effect arising
from peptides with a different chemical nature.

Our analyses of the reorientational dynamics of hydration
water and the lifetime of hydrogen bonds did not reveal an
effect of peptide restriction. This finding is in agreement with
previously reported results which showed that the rotational
dynamics of water on the protein surface is shaped mostly by
electrostatic interactions, without a strong effect of protein
flexibility.65 However, our results did not show a significant
retardation of water reorientational dynamics close to the
peptides with the charged residues either. Thus, we did not
observe a marked difference in the reorientational dynamics of
water close to charged compared with nonpolar residues, for
example. This may be related to the additional effect of the
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polar atoms of the main chain and to the very simple (linear)
conformations of the short constructed peptides.

Water molecules with a long relaxation time (100 ps or more)
can constitute only a few percent of the total number of hydration
water molecules,12,14,27–30,33–36,44–46 however they may significantly
stabilize the protein conformation.46 Furthermore, the analysis of
SW distribution helps to define the most favorable hydration
sites. We therefore specifically analyzed the cluster of SW mole-
cules close to the constructed peptides. Our analysis did not reveal
the presence of a significant amount of SW close to the peptides,
even in the case of peptides constructed with charged residues
(for which the value was o1%). This may indicate the importance
of the local environment (e.g., secondary and tertiary structures) in
hydration water dynamics. However, the number of such water
molecules and their residence time is different for different
residue types and can be increased by fully constraining the
peptide backbone. Analysis of the distribution of SW on the
peptide surface provides a visual indication of the importance
of the chemical nature of the studied peptides. In addition to an
obvious tendency of SW to concentrate close to charged groups,
we observed a significant fraction of SW close to the main chain of
the peptides. As discussed in the Results section, this may explain
the observed small difference in SW characteristics between
peptides constructed with hydrophobic and some charged resi-
dues (I and K, for example). These results are in good agreement
with the role played by the main chain and the general chemical
environment in hydration water effects (see above). Analysis of the
SW cluster underlines the important role of the chemical nature
of all the groups present (including the main chain) in the
hydration effects of a biomolecule, even at the level of small
linear peptides.

The release of hydration water into the bulk can yield a
significant contribution to the free energy.46,124 Our simple thermo-
dynamic analysis showed that restricting peptide dynamics may
affect the thermodynamic parameters of hydration water. Such a
restriction decreases the hydration water entropy and energy, which
may serve as an indication of protein–water coupling. The balance
between these contributions for different residue types defines
the favorable or unfavorable contribution to the free energy of the
system upon restricting the conformational dynamics of the
peptide chain. This analysis of a mutation database revealed that
mutations in exposed sites can result in different thermodynamic
effects for different residues and that this effect is different in the
loop and helical regions due to different responses of the solvent
to the backbone flexibility. We found some correlation between
the changes in hydration free energy upon restriction of peptides
constructed with different residues and the effect of in vitro
mutations of different residues in exposed protein regions that
are more or less structured.

Conclusion

In the current study, we investigated the effect of chain flexibility
on the hydration properties of various peptides. We designed
18 peptides with the repeat sequence XXGG, where X represents

one of the common amino acids other than glycine and proline.
To avoid structural heterogeneity, we kept the protein backbone
extended. Furthermore, the sequence was selected to avoid
interactions between neighboring side chains. Accordingly,
the peptides were designed to maximize the exposure of the
side chains to the solvent. The simplicity of the structure and
the sequences of these peptides should allow the crosstalk
between hydration dynamics and protein flexibility to be dis-
sected. Using MD simulations, we studied how restricting
peptide flexibility can affect the structural, dynamic, and ther-
modynamic properties of the hydration water. In contrast to
time-averaged structural properties, analyses of the dynamic
properties of water showed a significant difference for water
molecules close to the constrained peptides compared with the
flexible variants. Restriction of peptide chain flexibility can slow
down water translational motions to a distance of at least 12–13 Å,
while the effect on reorientational dynamics and hydrogen bond
lifetime was insignificant. Analysis of the ‘slow’ water cluster
revealed the importance of the chemical nature of all the groups
present (including the main chain) in the hydration effects,
even for small linear peptides. Our thermodynamic analysis of
hydration water revealed that an unfavorable decrease in solvent
entropy around rigid peptides is balanced by a decrease in
enthalpy. This balance is not perfect and depends on the peptide
sequence. It can result in either a positive or negative free energy
change due to protein–solvent interactions. We also tried to
estimate how the defined thermodynamic effect can contribute
to the stability of real proteins. We found some correlation
between the changes in hydration free energy upon restriction
of protein dynamics and the effect of mutations in the more and
less structured exposed regions of the proteins.

Our constructed peptides can, to some extent, be compared
to IDPs. It was shown that the faster motions of hydration water
around IDPs compared with ordered globular proteins can
largely be attributed to the greater flexibility of the former, rather
than their relatively weaker interactions with the solvent.92

The high conformational flexibility of IDPs facilitates greater
mobility of the surrounding water molecules, while confining
them within the hydration layer.56 It seems that more than their
increased flexibility, it is the exposure and abundance of charged
residues in IDPs that affect their hydration properties. Charged
residues cause IDPs to bind more water molecules than globular
proteins, and these water molecules are more ordered and
characterized by a longer residence time within the hydration
layer in IDPs.56 Moreover, previously it was shown that increased
protein motion reduces the retardation of water dynamics that is
caused by an increase in the translational space and acceleration
of water following orientational decoupling.65 Water molecules
located close to the protein surface can jump to the sites
previously occupied by other water molecules or by protein
groups. The second possibility is blocked in the case of con-
strained proteins.65 In agreement with these previous results for
proteins,65 the residence time of water molecules, measured
in our study, was longer for the constrained variants of the
peptides. Yet, we show that the thermodynamic consequence of
the higher mobility of water around the flexible peptides
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depends on the identity of the amino acids suggesting a
complex effect on the free energy of IDPs.

For peptides with negatively charged residues, the retarda-
tion of water dynamics was more pronounced; however, the
difference in the hydration water dynamics upon constraining
short peptides of a different chemical nature did not correlate
with the hydrophobicity of the peptide sidechains. Additional
factors, such as the presence of polar groups in the main chain
of the peptides and, possibly, the bulkiness of the side chains may
play a significant role in solvation effects. Our study suggests that
different regions of the proteins that have different configura-
tional entropies (e.g., loops vs. a-helices or b-sheets) may also
have different solvation entropies and therefore different solva-
tion free energy contributions to the overall thermodynamic
stability. Also, mutating the same type of residue may have
different effects on stability depending on the flexibility of the
site. It is suggested that this effect should be considered, for
example, in protein design approaches.
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