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A B S T R A C T

We report results on the structure, local order and dynamics of water surrounding a lysozyme protein. The
local order of water molecules is as much tetrahedral as in bulk water already at close vicinity of the protein
but the number of hydrogen bonds depends more on the distance from the protein and gradually recovers
bulk value upon moving outer. The dynamics of water seems in general to be more affected than its structure
by the presence of the protein. An extremely long-relaxation detected in hydration water appears in the first
monolayer around the protein, and the slow down is enhanced at low temperature. The dynamics of water
within a layer of thickness 6 Å is sub-diffusive up to about ∼1 ns, above 1 ns we observe a crossover toward
a hopping regime over a length-scale larger than that of nearest neighbors molecules. This hopping seems
connected to transient trapping of water molecules on some specific protein domains.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The first layers of water surrounding proteins play a crucial role
for their biological activity [1]. For this reason a huge amount of the-
oretical and experimental work [2-10] have been done to elucidate
the physical properties of this kind of hydration water. These proper-
ties pertain the structure, the hydrogen (H) bonds and the dynamics
of hydration water.

The three dimensional H-bond pattern of water is disrupted at the
protein surface [11]. Hydration water can in fact bind or not to the
protein, and if it does, depending on the hydrophilicity of the sur-
face patches of the protein, it does via H-bonds. The number of water
molecules engaged in protein-water H-bonds is linearly dependent
on the temperature and experiences an abrupt increase of the slope
in the supercooled regime [5]. It is worth mentioning that upon
supercooling the protein undergoes the so-called protein dynamical
transition [12,13], connected to the behavior of the mean square fluc-
tuations of the protein itself [14]. Concerning water-water H-bonds,
it has been shown that hydration water is able to form a two dimen-
sional H-bond network around the protein and the stability of this
network depends on the specific protein residue [15].

Hydration water experiences perturbations also from the dynam-
ical point of view. Evidences of two distinct long relaxation times
have been found experimentally [16-20]. The translational motion is
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slowed down with respect to bulk water already at ambient condi-
tions and whereas bulk water shows a single structural a-relaxation,
hydration water shows also in simulations two distinct structural
relaxations [21-23]. One is the a-relaxation typical of many glass
formers [12,24]. The other, the long-relaxation, is characterized by
a longer relaxation time and an higher stretching character with
respect to the a-relaxation [21-23]. The two relaxations show dif-
ferent temperature behavior. The a-relaxation of hydration water
shows upon cooling a fragile-to-strong crossover like in bulk water
[12,24]. while the dynamics of the long-relaxation, coupled to pro-
tein internal dynamics, shows a strong-to-strong crossover upon
cooling and this occurs at the protein dynamical transition [14],
therefore at higher temperature than the fragile-to-strong transition
of the a-relaxation [23].

In this work we analyze the structure of hydration water in differ-
ent layers around the protein and characterize its hydrogen bonding
behavior. We also show the translational dynamics in a particular
layer of thickness 6 Å which corresponds to a double molecular layer
of water around the lysozyme. We analyze the dynamics by means
of density self correlation functions in the (r,t) and in the (q,t) space
to access to complementary information. These functions are respec-
tively called the Self van Hove Function and the Self Intermediate
Scattering Function.

The work is organized as follows: we describe in Section 2 the
simulation methods and in Section 3 the investigated protein system.
In Section 4 we present the results obtained probing the structure of
hydration water and its hydrogen bond network. Section 5 is devoted
to results on the dynamics, where we first present Self Intermediate
Scattering Function and then Self van Hove Functions of hydration
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and bulk water. In Section 6 we draw our conclusion and discuss
future directions.

2. Methods

A lysozyme protein immersed in water was simulated through
classical Molecular dynamics (MD) all-atoms simulations. The cubic
simulation box contains 1 lysozyme protein, 13982 water molecules
and 8 Cl− ions to maintain the total charge neutrality.

Protein interactions were described by the CHARMM force field
[25,26] and water was modeled by the SPC/E potential [27]. The cutoff
radius for the non-bonded van der Waals interactions was set to 10 Å.
The Particle Mesh Ewald algorithm was used for the electrostatic
interactions. Equations of motion were integrated with a time step of
1 fs. Equilibration runs were performed in the NPT ensamble for 30 ns
at T = 300 K and 40 ns at T = 250 K. Both pressure and temperature
were controlled using weak coupling algorithms [28]. Pressure is
fixed at 1 bar. Then we execute production runs of 10 ns for analyzing
the structure and further 20 ns for the dynamics. The frequency of
coordinates storage is 500 fs and 1 fs respectively. Molecular dynamics
simulations were also performed using the SPC/E water model on a
box composed of 500 molecules in similar conditions. The Gromacs
4.5.5 [29] simulation package was used for all trajectories. Details on
the protocol used to construct the simulation box can be found in Ref.
[22].

3. Lysozyme and its hydration water

The lysozyme is an antimicrobial enzyme consisting of 129 amino
acid residues having a molecular weight of 14.4 kDa. It folds into a
compact globular structure having an ellipsoidal shape with dimen-
sions a × c × c = 2.25 × 1.3 × 1.3 nm. The active site of
lysozyme consists of a deep crevice, which divides the protein into
two domains linked by an alpha helix. One domain consists almost
entirely of beta-sheet structures, while the other domain is predom-
inantly alpha-helical [30]. Our lysozyme is shown in Fig. 1, where
we colored it according to the hydrophobicity/hydrophilicity of its
residues. Note how hydrophobic sites are in general located more in
the internal part of the protein, and this is very common for small
globular proteins.

The structural organization of water around a protein is inti-
mately related to the kind of protein sites that it is close to. A pow-
erful tool to probe the local organization of water molecules around
selected protein sites is the Radial Distribution Function (RDF). We
calculated the RDF for the oxygen atoms of water with respect to a
heavy atom of the protein. In Fig. 2 the RDFs calculated for the two
extreme cases observed in our system are presented, namely curves
that show two peaks within 6 Å from the protein heavy atom and
curves that don’t. In the example of the hydrated site we chose a sur-
face site, therefore the protein atom is exposed to water. In this case
water molecules organize around the site, creating correlation shells
resembling the order of bulk water. Differently, when we selected a
buried site the RDF shows a depletion region which extends outer up
to about 6 Å, and where the probability of finding water molecules is
very low.

From these RDFs we can see that considering water within 4 Å
and 6 Å from the protein corresponds to analyze the behavior of the
first layer and the first plus the second layers around the protein
respectively. We will refer to this water as hydration water.

In Table 1 we report the number of water molecules that reside
on average in the various investigated layers for two temperatures
of our system, T = 300 K and T = 250 K. We consider a water
molecule inside the layer (r1 − r2) when the oxygen atom is located
at a distance d such that r1 ≤ d ≤ r2 from the closest lysozyme atom.

4. Tetrahedrality and hydrogen bonds in hydration water

We studied the properties of the H-bond network of hydration
water in the different layers around the lysozyme reported in Table 1.
We start this analysis by calculating the probability distribution
P(cos c) of the angle c between the two vectors joining the oxy-
gen atom of a central water molecule with the oxygen atoms of two
neighbor water molecules at a distance d < 3.5 Å, this distance cor-
responds to the first minimum of the water oxygen-oxygen RDF. The
geometry of the angle c for three molecules is shown in the top part
of Fig. 3. This angle is a good probe of the local environment of a
water molecule. If the water molecule is surrounded by four water
molecules in a perfect tetrahedral structure the angle is c = 109.5◦
(cos c= −0.334).

Fig. 3 shows the distributions of cos c of hydration water in the
different layers around the lysozyme and in bulk water at T = 300 K
(upper panel) and T = 250 K (lower panel). The distributions are
normalized to unit area.

At T = 300 K the distribution P(cos c) of bulk water shows
a broad peak with the maximum located at c ∼ 104.5◦ (cos
c= −0.250), this peak is the signature of the nearly tetrahedral
order present in liquid water at short range distance. At T = 250 K
this peak becomes sharper, as the population of water molecules
assuming tetrahedral structure is enhanced upon decreasing the
temperature. Interestingly this angle corresponds to the experimen-
tal intermolecular angle HÔH of water, even though the SPC/E model
has a fixed geometry with Ô = 109.47◦. A secondary sharp peak
is found at c ∼ 53◦ (cos c= 0.6) at both the temperatures, this
peak corresponds to interstitial neighbor molecules. These findings
are in agreement with previous results on SPC/E water at ambient
conditions [31].

The behavior of the distributions P(cos c) calculated for hydration
water is shown in the same figure. We start by looking at the curve
relative to the layer 0–4 Å, which shows at both the temperature the
largest deviation with respect to bulk water. At T = 300 K, this dis-
tribution shows a broad peak centered at c ∼ 109.5◦, this is the
tetrahedral peak at the correct tetrahedral angle. It is also evident by
comparison with bulk water that there is a larger probability to find
neighbor molecules at higher angles (look the shoulder at c ∼ 140◦)
and correspondingly a depletion of the population assuming angle
values c = 75–90◦. This effect is more evident at low temperature.
The secondary sharp peak due to interstitial water is located at the
bulk angle.

By looking at the layer 0–6 Å, we see that as soon as we include
the second molecular layer of water in the analysis the tetrahedral
peak moves closer to the value of bulk water, but at lower angle. This
“jump” is plausibly due to the larger population of hydration water
which assumes c ∼ 75–90◦ respect to the bulk. This population
decreases as we move toward outer layers and correspondingly the
tetrahedral peak increases and shifts toward the bulk value. The anal-
ysis on the water molecules belonging to outer shell shows that the
more we move out from the protein the more hydration water recov-
ers bulk-behavior, in fact the curves approach the bulk distribution
progressively. The angle of interstitial water is completely unaffected
by neither the environment (protein) nor the temperature.

Globally we can say that the distortions induced by the protein
in the water H-bonds network are not much pronounced for hydra-
tion water. This is very similar to what happens to for water in
hydrophobic confinement [32], in opposition to water in hydrophilic
confinement, that completely suppresses the tetrahedral peak of
water in the first 4 Å from the wall [31]. The largest deviation found
for the shell 0–4 Å is related to the fact that this correspond the the
first layer around the protein, therefore water molecules perturbed
the most by the interaction with protein. We note in fact that water
molecules belonging to this monolayer completely miss water neigh-
bors on the protein side of the shell. On the other hand being the
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Fig. 1. Lysozyme in the Van der Waals representation, colored according to the hydrophobicity of its residues. Blue indicates hydrophobic residues, red indicates hydrophilic
residues.

layer only 4 Å thick there is no room to develop a c angle on the
other side. Besides if we look at the RDF of hydrated sites, we see
that no water molecules lie within ∼2 Å from the protein due to the
atomic repulsion. This mean that the layer 0–4 Å has a actual width of
2 Å, therefore we are basically analyzing a quasi 2-dimensional layer
around the protein.

We now move to a coupled analysis focused on H-bonds. For the
definition of an H-bond between two water molecules we adopted a
criterion based on geometry, namely two water molecules are hydro-
gen bonded if the distance between their oxygen atoms is less than
3.5 Å and the angle HÔ · · · O is less than or equal to 30◦, where · · ·
indicates the H-bond. For SPC/E water, given the rigid structure of
the molecule, these conditions hold to rHB < 2.7 Å and b > 140◦
(see the geometry). We analyzed the percentage of water molecules
engaging n H-bonds with other water molecules in bulk water and
in the different layers around the protein. The results are reported in
Fig. 4 for T = 300 K and T = 250 K. There is no distinction between
acceptor behavior and donor behavior, the total number of H-bonds

Fig. 2. RDF of water oxygen and a selected atom of the lysozyme, showing the
difference between choosing an exposed/hydrated site/atom (green curve) and an
inner/non-hydrated site/atom (orange curve). For comparison also the oxygen-oxygen
RDF of bulk water is reported. The temperature is 300 K. In the inset, we show the
location of the two selected sites of the lysozyme protein highlighted as balls super-
imposed to its secondary structure. The color of the arrow coincides with the color of
the corresponding RDF.

is the sum of the two types. In none of the systems water molecules
are observed to form n > 7 H-bonds.

At T = 300 K, water molecules in the layer 0–4 Å show a predom-
inance to engage n = 2 H-bonds with the other water molecules of
the layer. Moving to the layer 0–6 Å we find the maximum shifts to
n = 3 H-bonds, and this behavior persists also in the layer 6–10 Å.
Moving further away from the protein causes the increase of the frac-
tion of water molecules engaging n = 4 H-bonds. We see that this
happens in the layer 10–14 Å but the fractions relative to n = 3, 4
are comparable. Bulk water mostly forms n = 4 H-bonds. There-
fore in this solution we never recover the exact bulk water H-bonds
distribution, not even for the layers further away from the protein.

Generally speaking the H-bonding behavior of bulk water is
enhanced upon cooling. We see in fact that upon cooling bulk water
the fraction of water forming n = 4 H-bonds grows at the expenses
of other n values of H-bonds. For the hydration layers this happens
only in the outer layer, being the n = 4 the maximum probability
for that layer also at high temperature. For closer layers we see that
this enhancement of H-bonds is reflected by the distribution shifting
toward higher n values. So for the distribution in 6–10 Å the maxi-
mum shift to n = 4, in 0–6 Å it remains at n = 3 but the population
at n = 4 grows at the expense of n = 2. In the 0–4 Å layer we see
that even if the maximum remains at n = 2, the fraction of water
molecules engaging n = 3 increases and becomes comparable with
the fraction engaging n = 2 H-bonds.

In summary we see that water at the protein interface has a differ-
ent H-bonds distribution, which is shifted toward lower n values and
wider with respect to bulk water, with water forming mostly a total
of three or two H-bonds. Also from the H-bonds point of view the 0–
4 Å layer appears to be the more perturbed, and the mean number of
H-bonds formed by a molecule is on average less than water in the
outer layers and bulk water. This is also because about the 44.8% of
these hydration water molecules in the 0–4 Å layers forms H-bonds
with the protein atoms.

Table 1
Average number of water molecules, Nw , found in
the layers around the lysozyme protein.

Layer Nw (300 K) Nw (250 K)

0–4 Å 604 648
0–6 Å 1076 1141
6–10 Å 2290 2410
10–14 Å 3878 4058
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Fig. 3. Distribution P(cos c) for bulk water and hydration water in different layers
around the lysozyme at T = 300 K (upper panel) and T = 250 K (lower panel).
The angle-scale for c is shown in the upper x-axis of each plot. In the top panel the
geometry of the angle c is shown.

5. Translational dynamics of hydration water

5.1. Self intermediate scattering functions

Among the time correlation functions that can be calculated from
MD trajectories to probe the translational single-particle dynamics
the Self Intermediate Scattering Function (SISF) provides impor-
tant information on the temporal dynamic regimes that a molecule
undergoes during its motion. Besides it plays an important role in
the field of physics of liquids because it is the correlation function
that appears in the cross-section of neutron scattering experiments,
which are widely used to characterized water and water-solutions.
It plays an even more important role for supercooled water, being
the SISF the central quantity of the Mode Coupling Theory (MCT)
[33], the theory that at present describes the best water dynamics
upon supercooling, in bulk [34-36], in confinement [37-40] and in
solutions [41].

The SISF for water oxygen atoms is defined as

Fs(�q, t) =
1
N

〈
N∑

i=1

ei�q • [�ri(t)−�ri(0)]

〉
, (1)

where N is the number of water molecules, �ri(t) is the position of the
oxygen atom of the i-th water molecule at time t and �q the trans-
ferred wave-vector. For an isotropic liquid, the SISF depends only
on the module of �q, so we averaged over all the possible angles of

Fig. 4. Distributions of the population of water molecules engaging n H-bonds with
another water molecules in the different layers around the lysozyme and in bulk water
at T = 300 K (upper panel) and T = 250 K (bottom panel).

the transferred wave-vector with fixed module to |�q| = qmax =
2.25 Å−1. This value corresponds to the first peak of the oxygen-
oxygen structure factor of water where the MCT features are best
evident [33]. We calculated the SISF for bulk water and for hydration
water in the two closest layers 0–4 Å and 0–6 Å around the protein.
For hydration water we correlate the positions of a water molecules
at time t if and only if the water molecule moves within the layer
during the time interval t, i.e. it does not exit the considered layer.
Results are reported in Fig. 5 at two different temperatures of the
systems, T = 300 K and T = 250 K.

All the curves show a fast decay at short time where they also
coincide. In this regime a water molecule moves as a free parti-
cle, unperturbed by the interactions with other molecules and the
motion is of ballistic type. The coincidence of the correlators calcu-
lated in the shells around the protein and in bulk water at a given
temperature indicates that also hydration water molecules move
freely and it shows that on the sub-100 fs time-scale water does not
sense its local environment.

At a given temperature, the behavior of the SISFs in the differ-
ent systems departs at few hundreds of femtoseconds. At T = 300 K
for bulk water it is possible to see a sharp/fast transition from the
ballistic motion to the diffusive motion and the correlation function
decays to zero in about 5 ps. At T = 250 K, we can see the effect
of being in supercooled regime: the transition from ballistic to the
diffusive motion is characterized by a transient time regime where
the SISF develops a plateau at about 500 fs before decaying to zero
at about 30 ps. The plateau, which makes more clear the presence of
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Fig. 5. Left panel: SISFs calculated for oxygen atoms in two different layers close to the protein (hydration water) and for bulk water at T = 300 K and T = 250 K. Right panel:
a-relaxation times and long-relaxation times extracted from the SISFs shown in the left panel.

two relaxation processes by visual inspection of the curve, is a pecu-
liar feature of the supercooled regime and this behavior of the SISF is
know as two step relaxation. To take into account both the relaxation
processes, SISF of bulk water is modeled, according to [34,35], as

Fs(q, t) = (1 − fa)e−(t/ts)2
+ fae−(t/ta )ba , (2)

where the gaussian term takes into account the first ballistic relax-
ation and the stretched exponential term the structural a-relaxation.
The a-relaxation times extracted from the fit according to Eq. (2) of
SISFs of bulk water at T = 300 K and T = 250 K are reported in
Fig. 5.

We now move to SISFs of hydration water (Fig. 5). The corre-
lations calculated for the monolayer 4 Å, is in general at a given
temperature slower that the 6 Å, which is slower than that of bulk
water at the same temperature. The main difference between bulk
water and hydration water correlators appears at long time, whereas
hydration water SISF shows an additional tail, which is not consis-
tent with the MCT predictions of Eq. (2). The long-time tail is due
to the presence of a third relaxation, the long-structural relaxation.
This corresponds to adding a second stretched exponential function
in Eq. (2) for the long-relaxation, leading to the following model for
hydration water SISF [21]:

Fs(q, t) = (1 − fa − fl) e−(t/ts)2
+ fa e−(t/ta )ba + fl e−(t/tl)

bl . (3)

In Fig. 5 we report the extracted relaxation times for hydration
water at the two temperature investigated. At a given temperature,
the ta is longer in the layer 0–4 Å and it decreases toward bulk value
in the layer 0–6 Å. Is has been shown in fact that approximately
above 10 Å the hydration water fully reaches bulk-like dynamics
[22].

A similar trend is observed for the long relaxation time tl, being in
the layer 0–4 Å higher than in the layer 0–6 Å. Nonetheless it shows
a different dependence on the layer thickness with respect to the
a-relaxation, in particular it appears more sensitive to the vicin-
ity of the protein, as seen from the steeper jump between the two
layers of tl with respect to the variation of ta . The long-relaxation
is coupled with protein surface motion [23], therefore the dynamic

coupling to the protein is expected to be at its maximum for those
water molecules in direct contact with the protein surface, which are
properly the first monolayer 0–4 Å.

5.2. Self Van Hove functions

The single-particle dynamics can be probed in real space through
the Self van Hove Function (SVHF), defined as

Gs(�r, t) =
1
N

〈
N∑

i=1

d (�r − �ri(t) + �ri(0))

〉
, (4)

where N is the number of particle in the system. The SVHF gives the
probability density that a particle experiences a displacement �r in a
time interval t. We calculated the SVHF for the oxygen atoms of water
molecules in the layer 0–6 Å around the lysozyme and for bulk water.

In Fig. 6 the radial part of the SVHFs calculated for the hydra-
tion water at 300 K are reported in the short-time regime, namely
in the range 100 fs–100 ps. The corresponding curves calculated for
bulk water are shown in the upper part of the same figure.

The progression in time of the curves reflects the average motion
of one water molecule. At short time the distribution is narrow
and upon increasing time the maximum of the distribution moves
toward larger distances, indicating that the molecule moves away
from its starting position. The peak shift in time is accompanied by
the broadening of the distribution. From the comparison of the two
figures it is possible to see that the curves calculated for hydration
water show a progressive slowing down with respect to the bulk
phase: at a fixed time in fact the SVHF of hydration water shows the
maximum always at shorter distance than the SVHFs of bulk water,
for example at 10 ps the maxima are found at 1.5 Å for hydration
water and at 3.0 Å for bulk water. This can be also seen by compar-
ing the extension of the tails at longer time, where, for example, if
we consider the motion during 100 ps we find that with a probabil-
ity of 0.95 the motion of a water molecule inside the hydration layer
is confined within a distance d = 14 Å from its starting position,
while it is clear that in the case of bulk water this distance is larger
by looking at the long tail of the curves: in this case in fact to reach a
probability of 0.95 we have to extend the integration of the SVHF of
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Fig. 6. Short time behavior of SVHFs. Upper panel: bulk water. Lower panel: hydration
water. The temperature is 300 K.

bulk water up to 20 Å. From these curves we can therefore see that
hydration water in the layer 0–6 Å has a slower dynamics compared
to bulk water, as also shown by the SISFs.

In Fig. 7 the radial part of the SVHFs calculated for the hydra-
tion water at 300 K are reported in the long-time regime, namely in
the range 100 ps–5 ns. The corresponding curves calculated for bulk
water are shown in the upper part of the same figure. This slowing
down of the dynamics is even more clear if we look at the SVHFs cal-
culated in the long time regime. Note the different r-axis for the two
panels.

The curves calculated for bulk continue to evolve in time, with
their maximum moving toward larger distances and spreading out.
The phenomenology of hydration water is very different in this time-
scale instead, and it can be summarized in the following way: (i) up
to about 1 ns, the curves evolve in time, maintaining the dynami-
cal features they show in the short time regime, i.e. every curve is a
unimodal distribution which broadens and whose single maximum
moves toward larger distance upon increasing the time. (ii) At 1 ns,
the curve develops a shoulder at larger distance with respect to the
position of its maximum, this shoulder is approximately located at
∼9 Å. (iii) Above 1 ns the curves show multimodality. At 2.5 ns the
SVHF of hydration water displays in fact two local maxima and a
shoulder at larger distance, at 5.0 ns the curve develops five inde-
pendent local maxima. (iv) The first maximum at 1, 2.5 and 5 ns
does not move in time, meaning that a fraction of particles are
trapped in some preferential location, probably protein sites. This
phenomenology is complete absent in bulk water at T = 300 K.

The position of the maxima, rmax, at a given time corresponds
to the largest density probability of finding a particle which expe-
rienced that displacement, therefore its behavior in time gives

Fig. 7. Long time behavior of SVHFs. Upper panel: hydration water. Lower panel: Bulk
water. The temperature is 300 K. Note the different x-scale of the panels.

information on the type of motion. In Fig. 8 we show the position of
the maxima of SVHFs for hydration water and for bulk water.

At 300 K it is known that SPC/E water enters the diffusive
regime early in time and when the mean square displacement
(MSD) reaches 0.1 nm2 the dynamical regime is fully diffusive [34].
For our bulk it happens at above 5 ps and the MSD shows a
linear dependence in time through an extracted diffusion coefficient

Fig. 8. Time behavior of the position of the maxima of SVHFs for hydration water
and bulk water at 300 K. The darker yellow region is dominated by hopping processes
due to the long-relaxation of hydration water where we observe multimodality in the
SVHFs of hydration water.
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D = 2.40(±0.01) • 10−5 cm2/s. In diffusive regime the analytical
expression for the SVHF is a gaussian given by

Gs(r, t) =
(

3√4pDt
)−3/2

exp

(
− r2

4Dt

)
. (5)

Therefore the maximum of the radial part of Eq. (5) moves in time
according to

rmax(t) =
√

4D t1/2, (6)

i.e. as the square root of the MSD. We see from Fig. 8 that the
peak maxima for bulk water nicely follow Eq. (6) as expected from
the theory, confirming that the dynamics is diffusive. In the case of
hydration water the motion is not diffusive also before the appearing
of multiple-peaks, we see in fact that the dependence t1/2 does not
hold for hydration water. Besides at above 100 ps we see a change in
the dynamical regime that we couldn’t appreciate directly by look-
ing at the curves: an additional slowing down of the dynamics is
revealed by the change of the slope, which anticipates the appear-
ing of multiple peaks/shoulders at 1 ns. The last dynamical regime
of hydration water characterized by multimodality can be framed in
the most general way into hopping-dynamics. In hopping-dynamics,
in opposition to diffusive dynamics, the motion of a particles hap-
pens through non-infinitesimal jumps. A similar regime has been
observed in cluster crystals of ultrasoft particles [42], where the slow
dynamics happens through jumps between crystal sites.

For the hydration water confined in the layer around the pro-
tein with a thickness of 6 Å, the long-time motion is dominated by
the displacement along the other two dimension, i.e. by the motion
over the protein surface. The existence of preferred displacements
can be related to transient trapping of water to protein-sites. This
is consistent with the fact that water shows a spread distribution
of residence times at protein sites, which goes from few ps up to
thousands [5,43]. Water molecules could then escape from this envi-
ronment through jumps: we see therefore a progressive appearance
of new shoulders/peaks in the SVHF at the expense of the intensity of
inner local maxima. For example the first local maximum in the curve
at 1 ns persists as up to 5 ns, but its intensity decreases as some water
molecules jump to other protein sites creating new local maxima in
the SVHF at 2.5 ns and 5 ns.

As a final comment on our system, we think that the present
hopping-mechanism has a different origin from the hopping phe-
nomena which are matter of the extended MCT and regard the
a-relaxation in bulk water [44]. In this case hopping activates density
fluctuations of liquid water below the Widom line in correspondence
of the fragile-to-strong transition of ta . MCT hopping phenomena are
expected at much lower temperature in bulk water, when the SISF
of water shows a long plateau regime right after the initial ballis-
tic regime. MCT hopping phenomena restore the ergodicity of water
that would be lost if the only relaxation mechanism was the struc-
tural relaxation of the cage of the nearest neighbors. Without them
in fact there would be structural arrest.

We must mention that hopping phenomena of water have
been observed in hydration water for example in concentrated
carbohydrate-water solutions [45,46] already at ambient tempera-
ture, as in our case. But in the simulation works of Ref. [46] the
oxygen-oxygen SVHFs show an in intense peak at distance within the
first neighbors (trapped water) and secondary peaks coinciding with
the positions of the first peaks of the oxygen-oxygen RDF (escaped
water), which is the same phenomenology found at low temperature
in bulk water [44]. We see in our case instead the hopping arising
later in time, after the (sub)-diffusive motion which permits already
to hydration water molecules to overcome the nearest-neighbors
and the SVHF of hydration water show multiple peaks at very long

distances than inter-particle ones (>10 Å). This further supports the
idea they the distribution of the jump-lengths is probably connected
to the topology of the surface and to the long-relaxation.

6. Summary and outlook

We used MD simulations to investigate structural and dynami-
cal properties of the water surrounding the lysozyme protein. We
show that water around hydrophilic sites organizes in well defined
coordination shells, while it is almost excluded in the first 6 Å from
buried/hydrophobic sites of the protein.

The structure and ordering of the water molecules in differ-
ent layers around the protein are found to depend on the distance
from the protein: the layer 0–4 Å from the protein experiences the
largest distortion with respect to bulk water: even if the local order
probed by the angle c is nearly tetrahedral, water molecules tend
to form less water-water H-bonds then in bulk. A fractions of these
molecules is in fact also involved with protein-water H-bonds. Bulk-
like behavior both for tetrahedral order and number of H-bonds, is
progressively recovered up to the layer 10–14 Å from the protein, the
furthest layer from the protein analyzed.

SISFs of water in the 0–4 Å and 0–6 Å layers show two distinct
relaxations. The a-relaxation typical of many glass formers including
water and a long-relaxation typical of water at protein interface. This
last relaxation appears to be more sensitive to protein environment,
being greatly slowed down moving closer to the protein, where
the hydration molecules are the most influenced by the dynamic
coupling with the protein.

By the study of SVHF of water in the layer 0–6 Å and moni-
toring its maximum in time, we show that water molecules move
in the layer with sub-diffusive dynamics up to ∼1 ns, when we
observe a new peculiar dynamical regime: an hopping diffusion
over distances quite larger than water-water nearest neighbor, the
usual length-scale on which hopping phenomena allow relaxation in
deeply supercooled liquids. We think that the mechanism that we
observed here is due to jumps to particular sites of the protein which
transiently trap water molecules.

Our interpretation deserves further investigation and a verifica-
tion, for example, by connecting the jump-lengths to the protein
topology and by comparing the temperature dependence of the
observed phenomena with that of the long-relaxation of water and
protein fluctuations. Future work will extend these last points.
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