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Abstract. Dielectric dispersion and NMRD experiments have revealed that a significant fraction of water
molecules in the hydration shell of various proteins do not exhibit any slowing down of dynamics. This is usu-
ally attributed to the presence of the hydrophobic residues (HBR) on the surface, although HBRs alone cannot
account for the large amplitude of the fast component. Solvation dynamics experiments and also computer simu-
lation studies, on the other hand, repeatedly observed the presence of a non-negligible slow component. Here
we show, by considering three well-known proteins (lysozyme, myoglobin and adelynate kinase), that the fast
component arises partly from the response of those water molecules that are hydrogen bonded with the back-
bone oxygen (BBO) atoms. These are structurally and energetically less stable than those with the side chain
oxygen (SCO) atoms. In addition, the electrostatic interaction energy distribution (EIED) of individual water
molecules (hydrogen bonded to SCO) with side chain oxygen atoms shows a surprising two peak character
with the lower energy peak almost coincident with the energy distribution of water hydrogen bonded to back-
bone oxygen atoms (BBO). This two peak contribution appears to be quite general as we find it for lysozyme,
myoglobin and adenylate kinase (ADK). The sharp peak of EIED at small energy (at less than 2 kBT) for the
BBO atoms, together with the first peak of EIED of SCO and the HBRs on the protein surface, explain why a
large fraction (∼ 80%) of water in the protein hydration layer remains almost as mobile as bulk water. Signif-
icant slowness arises only from the hydrogen bonds that populate the second peak of EIED at larger energy (at
about 4 kBT). Thus, if we consider hydrogen bond interaction alone, only 15–20% of water molecules in the
protein hydration layer can exhibit slow dynamics, resulting in an average relaxation time of about 5–10 ps. The
latter estimate assumes a time constant of 20–100 ps for the slow component. Interestingly, relaxation of water
molecules hydrogen bonded to back bone oxygen exhibit an initial component faster than the bulk, suggest-
ing that hydrogen bonding of these water molecules remains frustrated. This explanation of the heterogeneous
and non-exponential dynamics of water in the hydration layer is quantitatively consistent with all the available
experimental results, and provides unification among diverse features.
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1. Introduction

Dynamics of water in the hydration shell of proteins
in aqueous solution is heterogeneous, and the decay of
relevant time correlation functions is non-exponential.
In this article we present an explanation of the diffe-
rent time scales that have been observed in different
experiments and provide a unified description, by con-
sidering three well-known proteins, namely, lysozyme,
myoglobin and adelynate kinase (ADK). We show that
there is a certain degree of universality or commonality
in the behaviour of hydration shells across the proteins,
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even when the surface that bulk water faces varies from
protein to protein on a microscopic length scale.

While the study of the structure and dynamics of
hydrogen bonds of water with solutes has a long his-
tory,1 increased attention on the dynamics of water
in protein hydration layer is a more recent phe-
nomenon.2–13 The rate of the breaking of hydrogen
bond between any two water molecules within the layer
is found to be, on an average, slower than those in the
bulk water. The extent of the slowness has been a sub-
ject of great debate, with quoted time scales often dif-
fering by more than two orders of magnitude. However,
it is hard to uniquely characterize the lifetime of hydro-
gen bonds within the hydration layer around a pro-
tein as the protein offers a complex and heterogeneous
surface.13–18 Therefore, one should really think in terms
of a distribution of lifetimes and average properties
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should be computed over this distribution, although
in many biological applications, hydrogen bond dyna-
mics near a given region of exposed protein surface
is relevant.

In spite of severe disruption of the hydrogen bond by
the protein surface, water can still form a quasi two-
dimensional connected hydrogen bond network/cluster
around the protein.19,20 This two-dimensional network
itself is constrained due to its interaction with the pro-
tein hydrophilic and hydrophobic groups. However, due
to the heterogeneous chemical nature of the protein sur-
face, the network will necessarily have different rigidity
in different regions of the surface.

In understanding the dynamics of the hydration shell,
we need to make a distinction between two distinct
parts of the protein, namely the backbone and the side
chain, that play critical role in determining its folded
3-dimensional structural topology.20–22 On an average,
60% of the surface polar atoms belong to the back-
bone chain, consisting of polar amide groups. In the
folded state, the backbone atoms form a rigid frame-
work, while the side chains remain mobile to provide
flexibility to the structure. Recent studies have revealed
the importance of the flexibility of the side chains of
protein in the dynamics of the hydration layer.16–18

However, the structure and dynamics of the hydrogen
bonds between the water molecule and between water
and protein are all influenced by the extended hydro-
gen bonded network that surrounds the protein. From
the protein’s perspective, the water molecules which are
in direct contact with protein atoms form a rugged two-
dimensional network. This group of inter-connected
surface water molecules is expected to behave diffe-
rently from the bulk because of the interaction with
the protein groups. The ruggedness of this quasi-
two-dimensional network is determined both by the
topology and the polarity of the protein groups. There-
fore, both the stability and the mobility of this extended
hydrogen bond network depend on the protein–water
H-bond lifetime dynamics, in addition to the interaction
with the bulk water. All these interactions are responsi-
ble for the dynamical behaviour of the protein hydration
layer and also of the time scale of motion of the side
chain atoms. These aspects have not yet been studied in
quantitative detail.

Despite the diversity of protein–water hydrogen bond
and interactions at the hydration layer, one can still
search for certain general features which can help
systematize and simplify the complexity of structure
and dynamics. One such general result that has been
observed and discussed in detail is the difference in
water structure and dynamics around hydrophobic and

hydrophilic groups. Both structure and dynamics of
water around the hydrophobic groups are substantially
different from those around hydrophilic groups. Since
the hydrophilic groups at the protein surface can again
be divided into groups belonging to the side chain and
the backbone, one can look into further systematization
in terms of this difference. Such a study is the objec-
tive of the present work. We should mention that such
a distinctive study involving dynamics near the back-
bone atoms has not been presented before. We demon-
strate below, such a study helps in understanding the
time scales of the hydration layer.

The initial measurement of dielectric relaxation of
water in aqueous protein solution observed an addi-
tional dispersion (often termed as δ-dispersion) in the
gigahertz (GHZ) region.1–7 Subsequently, Nandi and
Bagchi proposed a dynamic exchange model where
kinetics of protein–water hydrogen bond breaking was
discussed as an activated process that contributes
to slow dynamics in the hydration layer.8,9 Several
experimental studies have confirmed23,24 or disputed25

the dynamic exchange model. Simulation study by
Pizzitutti et al. have revealed that the structure and
dynamics of the protein hydration layer is primarily
determined by the interaction of the water molecules
with the protein.16 In a recent study by Murarka et al.
have discovered the role of hydrophobic residues in
this context14,15 and Jana et al. found that the mech-
anism of hydrogen bond breaking is different in the
hydration layer from that in the bulk.26 While in the
bulk, the H-bond breaking mechanism involves both the
orientational and the translational motion of the two
water molecules involved in the H-bond exchange, it
is mainly the orientational motion that leads to H-bond
exchange in the hydration layer. That is, the 5th neigh-
bour does not move by any substantial distance. This
indicates the localization of the water molecules in a
two-dimensional network.

The extent of slow dynamics of water in the hydra-
tion layer has been a subject of great controversy
in recent times. Solvation dynamics experiments have
suggested the presence of time scales in the range of
20–100 ps, and sometimes even longer. This is to be
contrasted with solvation in bulk water where slowest
time scale is of the order of only about 1 ps. Magnetic
resonance experiments have suggested time scales only
2–3 times longer than bulk water. Computer simulations
have revealed time scales that seem to agree with solva-
tion dynamics experiments. However, it should be noted
that solvation dynamics experiments give estimate of
the slow time scales while NMR experiments mea-
sure the average time. So, there might not be any great
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discrepancy there. However, no study has yet provided
a satisfactory quantitative resolution of the difference.
Such a resolution is provided here.

In this article, we analyse the structure and energeti-
cs of the hydrogen bonds involving the oxygen atom
of the backbone and side chains and their role in deter-
mining the lifetime dynamics of protein–water hydro-
gen bonds. We then discuss about the mobility of water
molecules around the polar groups of protein along
with a discussion on the correlation of the same with
dynamics of hydrogen bond breaking.

The main result of this study is that the electro-
static interaction energy distribution (EIED) of hydro-
gen bonds of water with side chain oxygen atoms shows
a surprising two peak character with the lower energy
peak nearly coincident with the energy distribution of
hydrogen bonds involving backbone oxygen atoms. The
peak of EIED at low energy corresponds to weak hydro-
gen bonds which belong to water molecules which
exhibit faster dynamics. Since 60% of the surface atoms
belong to the backbone, implies that many, if not most,
water molecules in the layer are as faster as the bulk
water in terms of H-bond dynamics. There are, how-
ever, still 15–20% of hydrogen bonds which are strong
and water molecules forming these bonds are slower
in their rotational and translational dynamics. Second
important finding is that if we quench the motion of the
side chain atoms, the decay of hydrogen bond time co-
rrelation function becomes faster at long times, although
a bit slower at short times. This clearly indicates the par-
ticipation of the motion of protein side chains in hydro-
gen bond lifetime dynamics. This is physically easy to
understand because the coupled motion of protein side
chain and water molecules that are hydrogen bonded to
it will strive to stay H-bonded if the bonding is strong.

The organization of the rest of the paper is as follows.
In section 2, we discuss about the methods and details
of the simulation used in this study. Section 3 discusses
about the pattern of protein–water hydrogen bonds. In
section 4, we present the dynamical analysis of protein–
water hydrogen bonds along with mobility analysis of
water molecules. Conclusions are given in section 5.

2. Methods

2.1 Protein lysozyme

Lysozyme is a globular protein with 129 amino acids,
of which 69 amino acids are hydrophilic and other 60
amino acids are hydrophobic. In its solvated state, many
of the water molecules in the hydration layer are H-
bonded to the polar groups of the amino acid residues

and the backbone. At the same time, many more of the
water molecules in the hydration layer are not hydro-
gen bonded to the protein especially when they are
near the hydrophobic residues. On an average, approxi-
mately 30% of the total water molecules in the hydra-
tion layer of lysozyme are H-bonded to protein (with
the polar group of backbone and side-chains).

2.2 Molecular dynamics simulation

We have carried out classical molecular dynamics simu-
lations using the well-known GROMACS package.27

We have used SPC-E model for water molecules.28

The trajectory of the bulk water was propagated with
a leapfrog integrator with a time step of 0.5 fs. We
have employed the periodic boundary condition, and
the long-range Coulombic interactions were calculated
using Ewald summation.29 The bulk water system (481
water molecules) was equilibrated for 50-ps at 300 K in
canonical ensemble and then the trajectory was prop-
agated in a microcanonical ensemble for 100 ps. For
the lysozyme–water system (lysozyme in 5995 SPC/E
water), we have equilibrated the system in a NPT
ensemble at 300 K and the trajectory was propagated in
a NVT ensemble.

2.3 Definition of OH. . . O and OH. . . OP H-bond

To detect the H-bond switching events along a molecu-
lar dynamics trajectory, criteria for the existence of the
H-bond have to be chosen. We have chosen the widely
used geometric definition:30 rOO < 3.5 Å, θHOO < 30◦,
where rOO is the distance between the donor and the
acceptor oxygen atoms, and θHOO is the angle between
the O–H bond and the OO vectors for the water–
water hydrogen bonds in bulk water. For protein–water
hydrogen bonds, we have used the geometric defini-
tion:31,32 rOO < 3.5 Å, θOH...O > 140◦, where θOH...O is
the angle between the O–H bond and H. . . O hydrogen
bond vectors.

3. Hydrogen bond pattern

3.1 Classification of protein–water hydrogen bonds

We first categorized the protein–water hydrogen bonds
into two types. The hydrogen bond involving backbone
oxygen atom is designated as BBO–W and that involv-
ing side chain oxygen atom is designated as SCO–W.
The bulk water hydrogen bond is referred as BWO–W
here after.
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3.2 Energy distribution of hydrogen bonds

We now discuss the structure and energetics of the
two types of protein–water bonds. We first concentrate
on the energetics of the BBO–W and SCO–W hydro-
gen bonds. We have calculated the electrostatic energy
between the oxygen atom of the backbone or the side
chain and the water molecule which is hydrogen bonded
to that oxygen atom. The origin of the stabilization of
the hydrogen bonds is mostly electrostatic.16 The distri-
butions of the electrostatic energy of the BBO–W and
SCO–W bonds are displayed in figure 1a. While the
distribution for SCO–W bonds is found to have a two
peak structure (fitted to two Gaussian distributions), the
distribution of electrostatic energy for BBO–W bonds
is single peaked and is in the lower energy (less stable
hydrogen bond) region. Interestingly, the lower energy
peak position of SCO–W and the peak position of
BBO–W are found to be same. It is clearly evident from
the energy distributions that in general SCO–W bonds are
more stable energetically than BBO–W hydrogen bonds
due to the presence of a higher energy (more stable
hydrogen bond) peak in the distribution for the former.

We have also calculated the electrostatic energy dis-
tribution of SCO–W and BBO–W hydrogen bonds in
myoglobin and adenylate kinase. The distributions are
shown in figure 1b, c. We find a similar two peak con-
tribution (fitted to two Gaussian distributions) in the
electrostatic energy distribution of SCO–W hydrogen
bonds. This result implies that the two peak structure
of the electrostatic energy distribution of the SCO–W
hydrogen bonds in proteins is a general phenomenon.

The lower energy peak can be assigned to the hydro-
gen bonds where SCO is involved in intra-molecular
hydrogen bonding with the protein hydrogen atoms
to maintain its 3D structure. As the intra-molecular
hydrogen bonds are generally found to be strong, the
hydrogen bond with the water molecule is less sta-
ble. The higher energy peak can be assigned to the
hydrogen bonds where SCO is not involved in intra-
molecular hydrogen bonding with the protein hydro-
gen atoms. On the other hand, backbone oxygen atoms
are mostly involved in strong intra-molecular hydro-
gen bonds to maintain the rigid backbone structure of
the protein and eventually the hydrogen bonding with
water becomes weaker. Distance and angle distributions
of these two types of H-bonds also support the average
picture described above.

The recent study by Pizzitutti et al. has revealed
that the water structure and dynamics near the pro-
tein surface depend on the surface topology and ener-
getic disorder.16 They have also quantified the separate
effects of both on the anomalous dynamics of hydration
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Figure 1. Energetics of protein–water hydrogen bonds.
Distribution of electrostatic energy of water molecules
(which are hydrogen bonded with BBO and SCO) with back-
bone and side chain oxygen atoms for (a) lysozyme, (b) myo-
globin and (c) adenylate kinase. Note the bimodal character
of the distribution for side chain oxygen atoms. See text for
further discussion.

layer water. Interestingly, they found that the reorienta-
tion dynamics primarily depends on the energetic dis-
order only and indeed found that the water molecules
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in the hydration layer reorient faster than in the bulk
when the electrostatic interaction between protein and
water is switched off.16 In a classic study, Cheng and
Rossky had earlier demonstrated that the structure of
water molecules around hydrophobic groups of pro-
teins largely depends on surface topology.33 Two dis-
tinct structures are observed near a biomolecular sur-
face which can be distinguished by a substantial diffe-
rence in the water–water enthalpy. While clathrate-like
structures dominate near the convex surface, the hydra-
tion shell near flat surfaces fluctuates between clathrate-
like and less-ordered inverted structures.33 In a sepa-
rate study, they have also discussed the effect of vicinal
polar and charged group on hydrophobic hydration.34

The electrostatic interaction energy in the first peak is
smaller than or comparable to that of bulk water. Hence,
these water molecules can rotate even faster than bulk
water.16 However, ones in the second peak can be slow
by one to two orders of magnitude.9

4. Analysis of hydrogen bond breaking dynamics

We now focus on the dynamics of the different protein–
water hydrogen bonds (BBO–W and SCO–W) and
compare the same with bulk water hydrogen bonds
(BWO–W). The dynamics have been explored as
following.

4.1 Rate of hydrogen bond breaking

We have calculated the forward rate of hydrogen bond
breaking for different kinds of hydrogen bonds (BWO–
W, BBO–W, and SCO–W) considered in the present
work. To this end, we have calculated the correlation
function (1 − 〈na (0) nb (t)〉), where na is 1 if a particu-
lar pair is hydrogen bonded and 0 otherwise, and nb is 1
when that particular pair is broken and 0 otherwise.26,35

Transient bond breaking has been neglected. In addi-
tion, the absorbing boundary condition is used for nb

so that when a particular hydrogen bond has been bro-
ken, it never reforms. We thus discard any contribution
from back reaction and the rate constant extracted from
these correlation functions will give the forward rate of
hydrogen bond switching of a particular pair. Figure 2a
shows the decay of the correlation functions for diffe-
rent pairs in a semi-log plot. The decay of the correlation
function for BWO–W bonds is mono-exponential with
a characteristic time constant τ0 ∼ 1.8 ps and this esti-
mate is in agreement with earlier simulation studies.35

The decays of the correlation function of BBO–W and
SCO–W bonds are bi-exponential with characteristic
average time (< τ0 >) 1.58 ps and 5.37 ps, respectively.
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Figure 2. (a) Decay of the H-bond correlation function in a
semi-log plot for BBO–W, SCO–W, and in bulk water. Slope
of this correlation function provides information about the H-
bond switching rate. Note the slow decay of the correlation
function for SCO–W. Note also the crossover between the
correlation functions for bulk water and BBO–W. (b) Decay
of C(t) function for BBO–W, SCO–W and in bulk water.
Inset of the C(t) plot shows the crossover between C(t)
functions for BBO–W and in bulk water at intermediate time.

From the plot and the characteristic average time values
calculated from the fitting parameters, it is clearly evi-
dent that the rate of hydrogen bond breaking of SCO–
W bonds is slower than of BBO–W bond which in turn
has a faster breaking rate than BWO–W bonds. Note
that the trend of hydrogen bond breaking rate between
BBO–W and SCO–W bonds is well-correlated with the
trend in structure and energetics between them.

4.2 Hydrogen bond lifetime

To explore the dynamics of the hydrogen bonds in a
more conventional way, we have calculated hydrogen
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bond lifetime correlation functions [S(t) and C(t)]
which are defined as36,37

S (t) = 〈h (0) H (t)〉
〈h (0) h (0)〉 and C (t) = 〈h (0) h (t)〉

〈h (0) h (0)〉 .

Here, h(t) is considered to be unity if a particular pair
of sites (BWO or BBO or SCO and W) is hydrogen
bonded at time t according to the definition of the
hydrogen bond, and zero otherwise. H(t) is considered
to be unity if a pair of sites is bonded continuously for
the time interval 0 to t, and zero otherwise. The func-
tion S(t) provides the information about the probability
that a particular pair is hydrogen bonded continuously
for the interval 0 to t and the function C(t) describes the
probability that a particular pair is hydrogen bonded at
time t, given that it was hydrogen bonded at t = 0. The
decay of S(t) function shows that SCO–W has a larger
lifetime than BWO–W which in turn has a larger life-
time than BBO–W (not shown here). The decay of C(t)
function shows that SCO–W bonds has a larger life-
time than BBO–W bonds which in turn has a larger life-
time than BWO–W bonds (as shown in figure 2b). Note
that C(t) function decays faster for BBO–W bonds than
BWO–W bonds initially and decay behaviour becomes
reverse at longer time giving rise to a crossover at short-
to-intermediate time (as shown in the inset of figure 2b).
We have also noted that interestingly the behaviour of
C(t) and S(t) function are exactly opposite for BBO–
W and BWO–W bonds. S(t) of BBO–W bonds decays
faster than BWO–W bonds which indicates that the
strength of former is less than the latter. Whereas the
decay of C(t) of BBO–W bonds is slower than BWO–
W bonds which suggests that the probability of refor-
mation of the former is more compared to the latter. We
will discuss about this interesting behaviour from the
view point of mobility of water molecules around the
protein surface later.

4.3 Water mobility around protein: A cluster analysis

Due to complex heterogeneous structure and interaction
present on the protein surface, the dynamics of water
molecules can vary widely from place to place. Here
we have investigated the mobility of water molecules
around a central acceptor molecule [e.g., bulk water
oxygen atom (BWO), backbone oxygen atom (BBO),
and side-chain oxygen atom (SCO)] of the respective
hydrogen bonded pairs. To this end, we have calculated
a correlation function (Scluster (t)) which is defined as36

Scluster (t) = 〈n (0) N (t)〉
〈n (0) n (0)〉 .

Here, n(t) for a water molecule is considered to be unity
if that water molecule is within 3.5 Å from a particular
central acceptor atom at time t, and zero otherwise. N(t)
for a water molecule is considered to be unity if that
water molecule is within 3.5 Å from a particular cen-
tral acceptor atom continuously for time interval 0 to
t, and zero otherwise. The function Scluster (t) provides
information about the probability that a water molecule
is within 3.5 Å from a particular central acceptor atom
continuously for time interval 0 to t. Figure 3 dis-
plays the decay of Scluster (t) for different central accep-
tor atoms. One can clearly observe from the decay of
Scluster (t) that the water molecules around SCO is less
mobile than those around BBO which is in turn less
mobile than those around BWO. The decay pattern of
the correlation functions (faster for bulk and slower
for protein surface) has a direct consequence with the
presence of a water cluster around protein surface with
extensive connectivity.16–18 It can also be noted that the
decay of Scluster (t) faster for BBO than BWO initially
and decay behaviour becomes reverse at longer time
giving rise to a crossover at short-to-intermediate time
(as shown in insets).

We have also explored the correlation between the
dynamical features observed and the mobility analy-
sis presented above. Mobility analysis for the water
molecules around BBO and BWO can explain the
reverse behaviour observed in C(t) and S(t) function
between BBO–W and BWO–W bonds. Due to the less
mobility of the cluster around BBO, the broken BBO–
W bonds have more probability to reform and hence
a slow decay of C(t) is observed. On the other hand,
due to energetics reason, the less strong BBO–W bonds
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are bonded for less time interval constantly giving rise
to a faster decay of S(t) function. Also, the crossover
observed for the decay of C(t) function between BBO
and BWO at short-to-intermediate time may have some
correlation with the crossover observed in Scluster (t).

4.4 Effect of protein side chain motion

We now discuss about the role of protein side chain
motion on the slow dynamics of water around the pro-
tein surface. Recent study by Pizzitutti et al., 16 reveals
that if the protein motion is constrained, the dynamics
becomes more anomalous and slow. Another study by
Li et al., 16–18 showed that the slow long time component
of solvation dynamics disappears when the protein is
constrained. Figure 4 displays the S(t) function in semi-
log plot for two different conditions, (i) when the pro-
tein motion is not constrained (natural) and (ii) when it
is constrained (constrained), for SCO–W pair. S(t) has
a long time tail in its natural condition, the function ini-
tially decays slowly in its constrained condition com-
pared to its natural condition and then decays to zero
at long time giving rise to a crossover between the two
S(t) functions in the intermediate time. The disappear-
ance of the long time tail for the constrained form is
clearly evident from figure 4. Thus, the slow compo-
nent of the S(t) function of SCO–W bonds is clearly due
to the coupled motion between water and protein side
chain.
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Figure 4. Effect of protein motion on the dynamics of
hydrogen bonds. Decay of S(t) function in semi-log plot for
SCO–W in natural and constrained protein motion condi-
tions. Note the disappearance of the long time tail of the
S(t) function of SCO–W for the constrained protein motion
condition.

Disappearance of long time tail in the hydrogen bond
lifetime correlation function S(t) and also in solva-
tion time correlation function16–18 presents an intrigu-
ing problem. As noted in a recent study, water dynamics
in general is expected to become slow and anomalous
when the motion of protein side chain is quenched.16

This can be easily understood if we consider the effects
of side chain interactions on water molecules. When the
side chain motion is quenched, the force–force time cor-
relation function giving rise to the frequency dependent
friction develops a slow tail which gives rise to non-
exponential dynamics in such observables as dynamic
structure factor. However, the disappearance of long
time tail in S(t) seems to have a different explana-
tion. When the motion of SCO is unconstrained, it
can respond to the motion of water molecules that are
bonded to it. This motion can retard breaking of strong
hydrogen bonds. In certain sense, it is very much like
barrier re-crossing dynamics one observes in chemical
reaction dynamics, for example in Kramers’ problem.
Therefore, constrained SCO gives rise to faster S(t) at
longer times.

4.5 Average relaxation time

Experiments have revealed the relaxation of a slow time
constant in the relaxation of the hydration layer. The
estimate of this slow time constant varies from sys-
tem to system. For proteins, the reported values of this
slow time constant vary from 20 to 100 ps. Accord-
ing to the present analysis, only 15–20% of the hydra-
tion layer may contribute to this slow component. Rest
may decay with time constant less than 1 ps. There-
fore, the average time constant should range between
4 and 20 ps. In many cases, like lysozyme, the range
may lie between 5 and 10 ps only. This estimate of aver-
age rate is in agreement with magnetic relaxation dis-
persion (MRD) experiments which also measures the
average rate. However, present study also predicts that
there can be a small (15–20%) slow component of time
scale 100 ps or above. The slow component of time
scale 100 ps has been observed in the experiments.5

This picture appears to be in agreement with most of
the experimental results.

However, note that for some protein, like myoglobin,
the number of polar groups is larger, implying the
presence of significant slow component.

4.6 Origin of the ultra-slow component

Experiments using solvation dynamics and QENS at
protein hydration layer often find a slow component of
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100 ps and above. In our present study, we find a com-
ponent in the electrostatic energy distribution of water
molecules with a weight of 15–20% that has binding
energy above 4 kBT. The diffusion coefficient of such
water molecules will be reduced by approximately two
orders of magnitude. Thus, a small component (15–
20%) in the relaxation of the protein hydration layer can
indeed be of the order of 100 ps.

There are two more sources by which ultra-slow
component may arise in the relaxation of the protein
hydration layer.

(i) The probe used in many solvation dynamics experi-
ments can slowly move away from the surface of the
protein to the bulk. This slow translational diffusion
of the probe can give rise to a ultra-slow component
of the solvation dynamics. This issue has already
been discussed earlier.1,5

(ii) Another source of the slow component can be con-
formational fluctuation of the protein. Example of
such a protein is adenylate kinase (ADK) which can
fluctuate between its open and closed form. This
can give rise to a slow component in the solva-
tion dynamics even of the order of nanosecond and
slower.

5. Conclusions

We have analysed the dynamics of the hydrogen bond
between water molecules and protein oxygen atoms in
aqueous solution of lysozyme, myoglobin and adely-
nate kinase (ADK). We find that the hydrogen bond
breaking dynamics are different for SCO–W from
BBO–W. The former exhibits much slower bond break-
ing dynamics. From the bimodal character of the
protein–water H-bond energy distribution observed for
the side chain oxygen atoms, one can infer that there
are two different types of H-bond acceptor (oxygen
atoms) present in the side chain. The stronger H-bonds
are those with charged groups Asp and Glu, while the
weaker bonds are with the rest. Energy distribution
(figure 2) suggests that the energy of H-bond of
the weaker SCO–W bonds is similar to the BBO–W
bonds. These bonds are therefore expected to show
faster dynamics while the stronger SCO–W bonds are
expected to exhibit slower dynamics and responsible for
the slow long time dynamics.

The energy distribution also indicates that the hydra-
tion layer of the protein contains many fast water
molecules along with a few slow water molecules.
Since 50% of the surface groups are typically
hydrophobic and also approximately 60–70% of the
oxygen containing hydrophilic groups form weak H-

bonds, only about 15–20% of the H-bonds at the sur-
face of a protein molecule are strong and can exhibit
slow dynamics. This is in agreement with the obser-
vation that the slow component has only a 15–20%
weight in the total relaxation, while the rest exhibit
faster dynamics. The dynamics of these strong hydro-
gen bonds may be described by a dynamic exchange
model described earlier. However, the bond breaking
dynamics is expected to be quite involved because of
the participation of side chain motion and of other water
molecules. This issue needs further study.

Finally, we stress that we have considered three well-
known proteins, namely, lysozyme, myoglobin and ade-
lynate kinase (ADK) and found that there is certain
degree of universality or commonality in the behaviour
of hydration shells across the proteins, even when the
surface that bulk water faces, varies from protein to pro-
tein on a microscopic length scale. Thus, there is a cer-
tain degree of unity among diversity which presents a
rather satisfying scenario in this difficult problem.
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