
Protein Solvent Shell Structure Provides Rapid Analysis of Hydration
Dynamics
Jayangika N. Dahanayake, Elaheh Shahryari, Kirsten M. Roberts, Micah E. Heikes, Chandana Kasireddy,‡

and Katie R. Mitchell-Koch*

Department of Chemistry, Wichita State University, 1845 Fairmount Street, Wichita, Kansas 67260-0051, United States

*S Supporting Information

ABSTRACT: The solvation layer surrounding a protein is
clearly an intrinsic part of protein structure−dynamics−
function, and our understanding of how the hydration
dynamics influences protein function is emerging. We have
recently reported simulations indicating a correlation between
regional hydration dynamics and the structure of the solvation
layer around different regions of the enzyme Candida
antarctica lipase B, wherein the radial distribution function
(RDF) was used to calculate the pairwise entropy, providing a
link between dynamics (diffusion) and thermodynamics
(excess entropy) known as Rosenfeld scaling. Regions with
higher RDF values/peaks in the hydration layer (the first peak,
within 6 Å of the protein surface) have faster diffusion in the
hydration layer. The finding thus hinted at a handle for rapid
evaluation of hydration dynamics at different regions on the protein surface in molecular dynamics simulations. Such an
approach may move the analysis of hydration dynamics from a specialized venture to routine analysis, enabling an informatics
approach to evaluate the role of hydration dynamics in biomolecular function. This paper first confirms that the correlation
between regional diffusive dynamics and hydration layer structure (via water center of mass around protein side-chain atom
RDF) is observed as a general relationship across a set of proteins. Second, it seeks to devise an approach for rapid analysis of
hydration dynamics, determining the minimum amount of information and computational effort required to get a reliable value
of hydration dynamics from structural data in MD simulations based on the protein−water RDF. A linear regression model
using the integral of the hydration layer in the water−protein RDF was found to provide statistically equivalent apparent
diffusion coefficients at the 95% confidence level for a set of 92 regions within five different proteins. In summary, RDF analysis
of 10 ns of data after simulation convergence is sufficient to accurately map regions of fast and slow hydration dynamics around
a protein surface. Additionally, it is anticipated that a quick look at protein−water RDFs, comparing peak heights, will be useful
to provide a qualitative ranking of regions of faster and slower hydration dynamics at the protein surface for rapid analysis when
investigating the role of solvent dynamics in protein function.

■ INTRODUCTION

The protein surface, surrounded by its hydration layer,
determines and mediates a diverse array of functions, including
ligand binding, protein−protein interactions, and protein
structure, stability, and dynamics.1−6 Spectroscopic measure-
ments of hydration dynamics around proteins indicate that the
dynamics of the solvation layer is heterogeneous,1,7−19 with
regional hydration shell properties uniquely contributing to
protein function. For example, findings indicate that slower-
moving water molecules at the protein surface, also called
bound waters (with nanosecond to microsecond time scale
dynamics20,21), affect molecular recognition processes in
protein−protein and protein−ligand interactions, though
they are few in number.22,23 Buried waters, which also move
significantly slower, have been shown to lend stability to
protein assemblies.6 Meanwhile, the majority of water
molecules in the hydration layer, often called diffusive waters

(with picosecond scale dynamics that may be 2−5 times slower
than bulk water on average),24−28 modulate protein structure
and dynamics23,29,30 and are also involved in molecular
recognition events. The connection between a protein and
its hydration layer is intimate; the two are inextricably linked.
The free energy surface at the protein interface determines the
structure and dynamics of the hydration layer, which vary by
region. Meanwhile, the thermodynamic and dynamic proper-
ties of the resulting hydration layer in turn influence the
protein structure, dynamics, and function. The scientific
community is currently lacking a large and diverse data set
analyzing the site-specific dynamics of hydration shells that
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would enable a comprehensive understanding of the
connections among protein structure−dynamics−function
and hydration layer structure−dynamics−thermodynamics.
Franck and Han underscore the critical knowledge that the
mapping of hydration dynamics around proteins can provide,
declaring, “a map of the properties of the hydration water on
the surface of a protein would illustrate a distinct fingerprint.
This fingerprint may help us decode the function and the
binding specificities of the protein, and guide binding or
folding processes. The exact meaning of these fingerprints will
become clear once the connection between specific types of
hydration dynamics and solvation thermodynamics is fully
understood”.31

Up to this point, characterization of regional hydration
dynamics of proteins has been a fairly specialized field of
analysis, whether by modeling or spectroscopy. Molecular
dynamics (MD) simulations are routinely used to complement
and interpret spectroscopic measurements of biomolecular
solvation, often providing site-specific information for
spectroscopic measurements that average over the protein
surface.8,9,16,23,29,32−39 Moreover, simulations have provided
insight into the physical principles underlying hydration shell
properties and their effects on biomolecules. These efforts,
both spectroscopic and theoretical, are labor- and data-
intensive efforts.40 This paper serves to provide a rapid
approach for mapping hydration dynamics on protein exteriors.
More routine analysis of hydration dynamics will broaden our
knowledge of the connection between protein and solvation
layer dynamics41,42 and provide a tool for analysis of the role of
mutations on protein structure−function−dynamics.43 In this
paper we ask, “Can an informatics approach be used to provide
rapid analysis of hydration dynamics surrounding a protein?”
In order to characterize regional differences in hydration

dynamics, our approach involves dividing the external surface
of a protein into regions according to secondary structure (i.e.,
α-helix, β-sheet, loop regions). Further details are provided in
Methods. Such an approach typically provides regions of size
similar to those locally probed by Overhauser dynamic nuclear
polarization spectroscopy31,44 nuclear Overhauser effects,10,45

and time-dependent fluorescence measurements,46−48 describ-
ing hydration dynamics in patches or regions of the protein
surface on the order of 5−10 Å in each direction.49,50 This
regional characterization of protein hydration dynamics has
provided insight into the relationship between protein
dynamics and solvation layer dynamics42 and is poised to
enhance understanding of other structure−function relation-
ships in proteins, such as protein−protein binding affinities and
molecular recognition of ligands.7

While translational water dynamics is typically considered to
be “diffusion”, several studies indicate that water motion in the
first and second shell of a protein is in fact subdiffusive.51,52

Three-dimensional diffusion in homogeneous liquids is
described by both the Einstein relation between the mean
square displacement ⟨r2⟩ and the diffusion coefficient D,

⟨ ⟩ =
→∞

r Dtlim 6
t

2
(1)

and the Green−Kubo relation based on the velocity (v(t))
autocorrelation function averaged in time and over all particles,

∫= ⟨ · ⟩
=

∞
D v v t t

1
3

(0) ( ) d
t 0 (2)

Neither the Einstein expression nor the Kubo expression is
formally valid for an inhomogeneous system such as water at
an interface. Rather, the Smoluchowski equation is appropriate
to describe diffusion, and Berne and co-workers have provided
an approach to rigorously calculate diffusion at a liquid−vapor
interface.53 However, neither approach is currently tractable
for such a complex system as regional dynamics at the
protein−water interface. Nevertheless, the translational
dynamics of a fluid near an interface can be described via
the mean-square displacement (MSD) over time29,50,54−57

using boundary conditions to evaluate the dynamics within a
certain region.53,58 In this paper, MSD data are reported as
apparent dif f usion using the Einstein relation in three
dimensions, providing ease of comparison with values for
bulk water and literature reports of apparent diffusion rates
within the protein hydration layer.40,59−61

The MSD of water near a protein surface is significantly
impacted by the available free volume,20,60,62−64 and studies
indicate that the curvature/topology of a protein is a significant
source of retardation for water dynamics at an inter-
face.20,50,65,66 It may be no surprise, then, that the protein−
water radial distribution function (RDF or g(r)), which
provides a measure of water density/packing at the surface,
is correlated with the hydration dynamics.67,65 A lower RDF
value for water surrounding a protein side-chain atom indicates
less available volume, which thus correlates with lower MSD
values. Another source of correlation between the RDF and
MSD is tetrahedral structure in the hydration layer and excess
(pairwise) translational entropy, S2,

68−70 which can be
calculated from the solvent RDF and is correlated with
diffusive dynamics (a dimensionless diffusion coefficient, D*)
via the Rosenfeld relationship,71 which shows that ln D* ∝
S2.

65,72 Rosenfeld scaling is an example of a broader set of
relationships observed in liquids between excess entropy, a
thermodynamic quantity, and transport properties of liquids,
including diffusion, viscosity, and thermal conductivity. Such
excess entropy scaling was discovered through theoretical work
on simple fluid models.71,72 Since then, it has been observed in
diverse systems ranging from various hydrocarbons,73−76

silicate melts,77 liquid metals,78−81 refrigerants,82 and electro-
lytes83 to confined liquids,84−86 colloidal monolayers,87 and
gases in MOFs88,89 and nanopores.90,91 A recent comprehen-
sive review of excess entropy scaling is recommended to
readers interested in further detail.92

We recently examined the Rosenfeld relationship for the
hydration layer of water surrounding the enzyme Candida
antarctica lipase B (CALB). It was seen that S2

93−98 calculated
from the solvent RDF99,100 is correlated with D* of water in
the first hydration layer according to the Rosenfeld scaling
relationship. For both bulk water101,102 and water in the CALB
hydration layer,65 the density−diffusion correlation is the
reverse of that for a simple liquid (where diffusion increases as
density decreases): interfacial regions of lower-density water
show higher tetrahedrality and lower entropy along with slower
diffusive dynamics (analogous to ice). In summary, the
apparent density from the radial distribution function, as
indicated by peak height and integration of the hydration layer,
has contributions from both differences in the water packing
and excluded volume from the surrounding protein. Both
lower-density structure (typically arising from water structure
near hydrophobic interfaces103−105) and excluded volume
(from protein surface curvature) reduce the height of the RDF

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.9b00009
J. Chem. Inf. Model. 2019, 59, 2407−2422

2408

http://dx.doi.org/10.1021/acs.jcim.9b00009


and contribute to slower translational dynamics in the water
layer.
The relationship between structure (RDF) and diffusive

dynamics thus hinted at a potential method for more rapid
analysis of hydration shell dynamics. While hydration dynamics
requires frequent recording of all atomic coordinates in MD
simulations (protein and solvent written to disk at least every
0.2 ps), the RDF is a thermodynamic function that can be
evaluated from atomic coordinate data saved much less
frequently. Furthermore, hydration dynamics must be
calculated over finite intervals that are frequently sampled
(here, we redefine the water molecules in the hydration layer
every 200 ps) using custom scripts. In contrast, the RDF is
readily calculated with tools available in common MD
packages. Since our report of the correlation between RDF
and dynamics was for a single protein, CALB, we first sought
to determine whether the hydration layer structure−dynamics
correlation is general for a set of proteins. From that, a linear
equation describing the relationship between RDF and
diffusive dynamics was determined, and its validity with several
force fields and at different temperatures was examined.
Finally, we assessed the minimum amount of structural
information required to provide reliable values of diffusive
dynamics in the hydration layer.

■ METHODS
Simulation Protocol. Five different proteins were

considered in this study: CALB, hen egg-white lysozyme
(HEWL), subtilisin Carlsberg (SC), ribonuclease A (RNase
A), and chemotaxis protein CheY. The starting coordinates for
each protein were taken from X-ray crystallographic structures:
PDB IDs 1TCA,106 4LZT,107 1SCA,108 2E3W,109 and
6EKG,110 for CALB, HEWL, SC, RNase A, and CheY
proteins, respectively. These five proteins were selected in
order to have variations in protein size and flexibility/rigidity.
CALB and SC enzymes are comparatively large proteins, with
317 and 275 amino acid residues, respectively, whereas HEWL,
RNase A, and CheY proteins are comparatively smaller. HEWL
and RNase A proteins are composed of 129 and 124 amino
acid residues, respectively, and CheY protein consists of 123
amino acid residues and a Mg2+ ion.
For every protein considered, all of the crystallographic

water molecules were kept, as we showed in previous studies
that this leads to the fastest equilibration in aqueous
simulations.111 All of the simulations were performed using
the GROMACS (version 2016.3)112 software package. XSEDE
computing resources113 were used for the simulations. As
discussed and used in our previous studies,65 the AMBER03
protein force field114 with the SPC/E water model115 was used
for the primary data set. This combination of the AMBER03
protein force field and SPC/E water model has been shown to
provide very good agreement between water dynamics in
simulations and those measured by 2D-IR and magnetic
resonance spectroscopy.116,21 Furthermore, Tarek and Tobias
showed that the SPC/E water model gives better agreement
with neutron scattering data, representing the short-time
motions of protein hydration water with better fidelity than the
commonly used TIP3P water model.54 We also investigated
the correlation between RDF and diffusive dynamics with
another common all-atom protein force field, OPLS-AA, and
the TIP4P water model, which requires more computational
effort than the three-site SPC/E model but models bulk water
structure and dynamics with high fidelity.117

Details of the simulation protocols are provided in the
Supporting Information. Results were obtained from sets of
100 ns production runs, and three trajectories were generated
for each system using different randomly assigned initial
velocities. For statistical sampling, analysis of diffusion was
block-averaged with 25 ns time blocks acquired from multiple
trajectories, and analysis of the RDF was averaged over three
trajectories for the primary data set. Uncertainties are reported
at the 95% confidence level using the Student’s t test.118 When
calculating data based on the radial distribution function, the
standard deviation was calculated, since the RDF was obtained
already as an average over 100 ns of simulation time in each
trajectory.

Protein−Water Radial Distribution Functions. A radial
distribution function provides the probability to find a certain
atom or particle at a given distance from another particle. The
RDF contains a considerable amount of information. For
instance, in a homogeneous solution, the solute−solvent RDF
can be integrated to a given distance to provide the number of
solvent particles surrounding the solute. The height of the first
peak corresponds to how tightly bound the solvent shell is, and
the minimum between solvent shells is thus related to the free
energy barrier for the exchange of solvent between solvent
shells.119 For nonatomic solvents, the RDFs of individual
atoms, for example H or O of water, provide information on
the orientation of the solvent around the solute. At a sufficient
distance from the central atom, the value of the RDF goes to 1,
as the function is normalized relative to an ideal gas (an
unstructured system) under the same conditions. Thermody-
namic data gleaned from RDFs are typically based on systems
with spherical symmetry. Figure S2 shows the RDF for bulk
water in the CALB protein simulation box at a distance of 10 Å
from the protein. It can be seen that it converges to 1 before 10
Å, indicating that bulk water in our protein simulation has
typical bulk water behavior. For the protein hydration shells,
the long-distance RDF value does not always converge to 1
(Figures 1 and 3a) because the dimensions of the protein are
3.6 nm × 3.2 nm for the smallest protein (CheY) and 5.2 nm ×
4.4 nm for the largest protein (CALB).
For the RDFs considered in these solvated proteins, the

system is far from spherical. Here the central atom is a side-
chain atom on the protein, and the solvent’s (water’s) center of
mass is used rather than oxygen or hydrogen. This particular
RDF was selected because it reproducibly is of similar shape
across protein regions and correlates highly with the water
dynamics. The side-chain atom−water oxygen RDF was also
calculated, and it shows finer structure of the solvent shells.
Indeed, comparison of the water center of mass RDF with
water oxygen RDF (Figure 1) indicates that the large peak in
the center of mass RDF from ∼3−6 Å, which we will call the
hydration layer, contains three shells of water. Spectroscopic
and theoretical efforts have reached the consensus that the first
few shells of water have dynamics most affected by the
protein.39,51,120,121

In this work, different regions at the protein surface are
considered. Therefore, when the protein−water RDF is
evaluated for a given region, the resulting function is averaged
over all protein side-chain atoms with time-averaged water
distributions around each atom. Integration of the function
does not provide the total number of waters in the solvation
layer at that region, as it would in a typical solute−solvent
RDF. Rather, it indicates the average number of waters in the
solvation layer around any given protein side-chain atom in
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that region (in units of number probability once integrated by
4πr2dr). The number of waters around a protein side-chain
atom is affected by the excluded volume occupied by the
protein, which precludes the presence of a water molecule at a
given site because it is occupied by a protein atom. The
excluded volume is a function of the microscopic placement of
atoms and the regional curvature of the protein surface. The
number of waters around a protein side-chain atom also
depends on the packing of water, which is influenced by the
identity of the side chains and protein surface curva-
ture.67,122,123 These latter effects could perhaps could be
considered true variations in the water density, which are also
manifested in the water oxygen−oxygen RDF distances and the
tetrahedrality of the hydration layer. Figure S3 shows the
density of water in the available volume at different regions
around the protein surface, and it can be seen that this truer
measure of water density is also correlated with the hydration
dynamics. The detailed protocol for obtaining the hydration
layer available volume and calculating the density is provided
in the Supporting Information.
Analysis of Regional Hydration Layers. In this study, in

order to develop an approach for the rapid analysis of
hydration dynamics using hydration shell structure, the general
relationship between diffusion and the first hydration shell
structure around protein regions was considered. This approach
was carried out using four main protocols: (1) dividing a
protein into exterior surface regions and excluding buried/
interior surface areas, which are identified according to solvent-
accessible surface area; (2) calculating RDFs for these regions
and defining the hydration layer; (3) integrating the RDF
hydration layer to quantify structural data for correlation with
the hydration dynamics around protein regions; and (4)
identifying slow-diffusing/buried crystallographic water. De-
tailed information on these protocols is provided in the
Supporting Information.
The division of each protein into separate regions was

carried out as the initial step. The secondary structure of each
protein was considered on the basis of secondary structure
details of the X-ray crystallographic structures. Solvent-
accessible surface areas per residue were calculated for the
initial crystal structures of each protein using the Chimera
software package with a probe radius of 1.4 Å.124 Individual
secondary structures (α-helices and β-strands) and connectors

between secondary structures were considered to be separate
regions for mapping hydration dynamics to the protein surface.
Buried interior regions were excluded, because of the vastly
different time scales for buried water dynamics (vide supra), by
considering the solvent-accessible surface area details. Detailed
information about division of the protein into regions is
provided in Protocol 1 in the Supporting Information. An
example of the division of a protein surface into regions is
illustrated in Figure 2 for RNaseA, and Figure S4 provides the

regions for each of the five proteins studied here, considered in
solvent shell structure−dynamics analysis. For the CALB, SC,
HEWL, RNase A, and CheY proteins, 23, 26, 17, 13, and 13
protein regions, respectively, were considered, producing a
total of 92 data points for analysis of the correlation between
diffusion and density of the hydration shell around protein
regions.
In order to define the hydration layer, the RDFs of water

center of mass around protein side-chain atoms were
calculated for each protein region considered, as shown in
Figure 3a. It should be noted that AMBER03 is an all-atom
force field. It was found that for all of the exterior protein
regions, the hydration layer is contained within 6 Å. Detailed
information about calculating the RDF and determining the
hydration layer cutoff is provided in Protocol 2 in the
Supporting Information. During identification of hydration
layers, RDFs were visually inspected in order to discover any
anomalous hydration shell structures so that such a region
could be excluded from the analysis. An example of the RDF of
such a region is shown in Figure 3b, which is the RDF of
RNase A protein residues 73−75. It contains three peaks
within the hydration layer cutoff of 6 Å. Of the 93 regions
considered in this work, only this one three-residue sequence
had an RDF of irregular shape.
Recently,65 we observed that the height and area of the

hydration layer peaks in the regional RDFs around CALB

Figure 1. Comparison of radial distribution functions (RDFs) of
water center of mass (black line) or water oxygen (red line) around
protein side-chain atoms calculated around one region (residues 1−
12) of CALB protein.

Figure 2. External solvent-exposed regions of RNase A protein
divided by secondary structure that were used for analysis of solvent
shell structure and regional hydration dynamics: blue, residues 1−5;
red, residues 12−22; cyan, residues 27−29; dark blue, residues 31−
43; dark pink, residues 49−53; orange, residues 59−63; beige,
residues 67−71; magenta, residues 76−78; green, residues 85−96;
dark purple, residues 100−105; forest green, residues 113−115;
yellow, residues 116−120; aquamarine, residues 122−124.
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enzyme are correlated with the hydration dynamics. We sought
an easily evaluated quantity that could be extracted from the
hydration layer RDF in order to devise and evaluate a rapid
method to map the regional hydration dynamics. The first
method is to numerically integrate g(r) (i.e., the RDF) out to 6
Å, the edge of the hydration layer (henceforth called “RDF
hydration layer integration”). Direct integration of the RDF
data (without the r2 Jacobian term) is simple and fast and can
be accomplished with a variety of graphical programs or
mathematics software. It should be noted, however, that its
physical interpretation and units (Å−2) are meaningless,
though it is useful for an empirical correlation. Comparison
of RDF “linear” integrals works here because all of the RDFs
can be described by one shape/function scaled by a
proportionality factor characteristic of each region. In the
GROMACS software, the hydration layer RDF can be
evaluated in one line and subsequently integrated out to r =
0.6 nm in a single line with the following command:

_ ‐ ‐ ‐g analyze f rdf.xvg integrate e 0.6

Detailed information about RDF hydration layer integration is
provided in Protocol 3 in the Supporting Information. The
second method considered here to quantify RDF data is to use
the maximum peak height of g(r) in the hydration layer, which
is located consistently at 0.39 ± 0.01 nm (called “RDF peak
height”). Following these two methods, structural data
describing hydration layers around protein regions were

examined separately using both the RDF hydration layer
integration method and peak height, obtained as an average
over the 100 ns total simulation time.
GROMACS software was used to calculate relative differ-

ences in the apparent diffusion coefficients of water molecules
in the hydration layer of each protein region considered.
Apparent diffusion coefficients were calculated using MSD
(⟨r2⟩) data via eq 1. MSDs were calculated for hydration layer
water molecules within time blocks evaluated every 200 ps. At
time t = 0, water molecules within the hydration layer are
identified. Their dynamics are then evaluated by MSD,
determining the least-squares fitting of a straight line over
the t = 20 to 60 ps time interval, during which ⟨r2⟩ is observed
to be consistently linear and the majority of waters remain
within the hydration layer.42,65 Figure 4a shows MSD graphs
for the five proteins, and deviations from linearity can be seen
after ∼100 ps. For these hydration layer dynamics, nonlinearity
after 100 ps corresponds to contributions from diverging
populations, where a fraction of water molecules have escaped
the hydration layer (achieving bulklike behavior) while others
remain in the hydration layer with more hindered translation.
Figure 4b shows the MSD graph for the first 5 ps, where
nonlinear behavior is seen at short time scales. In Brownian
motion, the MSD at short time scales represents ballistic
motion prior to a particle’s diffusive motion, in which it
undergoes collisions and follows a random walk (with linear
MSD as t → ∞ in a homogeneous environment).125 Figure S6

Figure 3. Radial distribution functions of water center of mass around protein side-chain atoms calculated around (a) α-helices in CALB protein
and (b) one region of RNase A protein (residues 73−75) with an anomalous hydration shell structure.

Figure 4.Mean-square displacement graphs for the five proteins (red, CALB; blue, CheY; green, HEWL; magenta, RNase A; orange, SC) and bulk
water (black) for (a) 200 ps and (b) the first 5 ps. Two regions (solid line and dotted line) for each protein are shown.
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shows linear fitting data for different time intervals, where it
can be seen that the 20−60 ps time interval (Figure S6b) has
the best linear fit with highest correlation coefficient.
In addition to analysis of the average translational dynamics

within different regions of the protein hydration layers, slow-
diffusing water molecules were identified for the HEWL, SC,
RNase A, and CheY proteins using the protocol in our
previously published work that identified slow water molecules
for CALB and horse heart cytochrome c.111 Slow-diffusing
water molecules have been shown to have functional
importance in biomolecular recognition processes by altering
the entropy of binding. These tightly bound waters have slower
dynamics (up to several orders of magnitude slower) than the
majority of water molecules (diffusive waters) within a regional
hydration shell. Detailed information about identifying slow-
diffusing/buried crystallographic water is provided in Protocol
4 in the Supporting Information. These identified slow-
diffusing water molecules were compared with experimentally
determined and previously published regions of tightly bound
waters.

■ RESULTS
Heterogeneous Hydration Dynamics. The regional

hydration dynamics around the different protein regions
were characterized by apparent diffusion coefficients (provided
in Tables S1−S5), and heterogeneous hydration dynamics
were observed at the exterior regions of all five proteins studied
here. The calculated apparent diffusion coefficients for the
considered exterior protein regions of these five proteins are all
within a similar scale across the five proteins. As can be seen in
Tables S1−S5, the apparent diffusion coefficients are in the
ranges of (1.44−1.96) × 10−5 cm2/s for CALB protein, (1.38−
2.03) × 10−5 cm2/s for HEWL protein, (1.51−1.92) × 10−5

cm2/s for SC protein, (1.40−2.01) × 10−5 cm2/s for RNase A
protein, and (1.76−1.95) × 10−5 cm2/s for CheY protein,
indicating that the studied protein interfacial regions show
similar ranges of diffusive heterogeneity, regardless of differ-
ences in protein size and protein flexibility/rigidity. Figure 5
shows a map of the surface hydration dynamics overlaid onto
the structures of CALB and HEWL. The dynamics are color-
coded from fastest (purple) to slowest (red). Maps for the
other three proteins are provided in Figure S5. In our previous
studies using CALB, it was observed that regions with fast

dynamics by one measure of hydration dynamics (residence
times) generally exhibit fast dynamics by other measures (i.e.,
diffusion, reorientational dynamics),65 consistent with liter-
ature reports (see the Discussion for further details).
Therefore, the above-mentioned heterogeneity of diffusive
dynamics at these protein interfaces should be an indicator of
the heterogeneity of other hydration dynamics parameters.

RDF Peak Height and Integration: Correlations with
Diffusive Dynamics. Correlations between apparent diffu-
sion coefficients at each region and structural data given by
both RDF peak height and hydration layer integration were
examined. In our previous work on CALB enzyme,65

integration of the regional water oxygen−protein atom RDF
at different regions showed a linear relationship with the
apparent diffusion coefficients of water molecules in the
vicinity, with a correlation coefficient of 0.85 (Figure S7a).65 In
the present work, it was found that when the RDF of the water
center of mass around CALB side-chain atoms was used, there
was a higher correlation (R2 = 0.91) between diffusion
coefficients of regional solvent shell water molecules and
integration of the hydration layer peak of the RDF (Figure S7).
For this reason, the water center of mass around side-chain
atoms RDF is used in this present work for rapid analysis of the
local hydration dynamics. It was investigated whether the RDF
peak height and hydration layer integration methods can
provide statistically equivalent measures of solvent shell
structure. For each protein, the correlation between local
solvent shell water diffusion and water structure was analyzed
considering both RDF peak heights and hydration layer
integrals (Figures S8−S12). It was observed that for all five
proteins studied, the method of using RDF hydration layer
integration (out to 6 Å, the edge of the solvation layer)
provides better correlations with regional solvent shell water
diffusion rates (R2 = 0.91 for CALB, 0.82 for HEWL, 0.80 for
SC, 0.90 for RNase A, and 0.81 for CheY protein) compared
with the RDF peak height method (R2 = 0.74 for CALB, 0.64
for HEWL, 0.58 for SC, 0.58 for RNase A, and 0.66 for CheY
protein). Thus, it was concluded that RDF hydration layer
integration is a more reliable approach for the rapid analysis of
local hydration dynamics, and this is the focus of analysis from
this point on.

Solvent Shell Structure as an Approach for the Rapid
Analysis of Hydration Dynamics. As discussed above, a

Figure 5. Diffusion maps for (a) CALB protein and (b) HEWL protein. Protein regions are color-coded according to the water diffusion
coefficients: purple, >1.90 × 10−5 cm2/s; blue, (1.80−1.89) × 10−5 cm2/s; green, (1.70−1.79) × 10−5 cm2/s; yellow, (1.60−1.69) × 10−5 cm2/s;
orange, (1.50−1.59) × 10−5 cm2/s; red, <1.50 × 10−5 cm2/s.
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good correlation was observed between the local solvent shell
structure, characterized by the integral of the regional
hydration layer RDF, and the local hydration dynamics,
characterized by regional solvation layer water diffusion
coefficients. Figure 6 provides a color-coded map illustrating
the structure−dynamics correlation in the regional hydration
layers of RNase A protein. Figure 6a maps the regional
diffusion coefficients to the protein structure. Figure 6b shows
the regional water−protein RDFs, color-coded by region and
shaded for fast (green), intermediate (yellow), and slow (red)
hydration dynamics ranges. Figure 2 provides the color-coded
regions that correspond to the colored RDF traces. It can be
seen that RNase A protein regions with comparatively higher
RDF peaks exhibit faster water dynamics (color-coded green),
whereas RNase A protein regions with comparatively lower
RDF peaks for water exhibit slower water dynamics (color-
coded red).
The next step was to determine whether the linear

correlation between regional RDFs and diffusive dynamics
can be observed as a general relationship across the set of all
protein hydration layer regions studied here (five proteins).
Figure 7 shows that a single linear equation between RDF
hydration layer integration and regional water diffusive
dynamics was observed across all of the proteins studied in
the set with a correlation coefficient of R2 = 0.84. As described
in Methods, 92 data points were considered, and it can be seen
that data points corresponding to all five points fall on or
around a single line. Furthermore, as described with the
calculated diffusion ranges, the data in Figure 7 also reveal that
all five proteins considered in this study show heterogeneous
hydration dynamics at exterior regions. This correlation
between local solvent shell structure, characterized by RDF
hydration layer integral values, and local hydration dynamics,
characterized by regional solvent shell water diffusion
coefficients, produces a model equation for rapid analysis of
regional hydration dynamics given by apparent diffusion
coefficients: D = (3.82x + 1.22) × 10−5 cm2/s, where x is
the integral of the water−protein atom RDF out to 6 Å. Figure
S13 shows the same data as in Figure 7 but also includes the
structure and dynamics data for SPC/E bulk water, showing

that bulk SPC/E water’s structure−dynamics correlation falls
fairly close to the line established for regional hydration layers
(also modeled with SPC/E water).
Figure 7 shows the plot that represents the general

relationship between RDF hydration layer integrals and
regional hydration layer diffusion coefficients across the set
of proteins, with error bars. As mentioned in Methods, the
uncertainties for the diffusion coefficients are reported at the
95% confidence level using Student’s t test. The uncertainty in
the RDF hydration layer integral is reported as the standard
deviation (from three 100 ns trajectories).
The 92 regions examined across these five proteins consist of

α-helices (26%), β-sheets (15%), and loop/connector regions
(59%). We examined whether the model equation held better
with one type of secondary structure than another. All three
types of regions were found to have rather high correlations
between RDF hydration layer integrals and apparent diffusion
coefficients, ranging from R2 = 0.77 for α-helices to R2 = 0.89
for loop/connector regions (Figure S14), and gave slightly

Figure 6. Color-coded maps for RNase A protein hydration layer dynamics and structure. (a) Protein hydration shell water diffusion coefficients
mapped to the RNase A structure. Water diffusion coefficient values: green, >1.9 × 10−5 cm2/s; yellow, (1.4−1.9) × 10−5 cm2/s; red, <1.4 × 10−5

cm2/s. (b) Regional RDFs: water center of mass around protein side-chain atoms for RNase A protein regions. Shaded regions indicate hydration
dynamics according to the regional protein hydration shell water apparent diffusion coefficients (green, >1.9 × 10−5 cm2/s; yellow, (1.4−1.9) ×
10−5 cm2/s; red, <1.4 × 10−5 cm2/s). The color code for the RDF traces corresponding to different regions is the same as the color code used in
Figure 2.

Figure 7. Linear correlation of local water structure/density, obtained
using integration of the RDF, with the regional hydration layer
diffusive dynamics across a set of five proteins, with error bars
determined at the 95% confidence level according to Student’s t test
values for the diffusion coefficients.
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different linear fits. The correlation coefficients trend with the
size of the data set, and the small discrepancies between the
linear fits for each secondary structure type and the model
equation given by the aggregate data suggest that the RDF−
diffusion relationship is general for all types of protein regions
on the exterior surface.
Evaluation of the Validity of the Linear Regression

Model Using Statistical Analysis. According to the results
mentioned above, a general linear relationship between
regional RDF hydration layer integrals and regional hydration
dynamics was observed across the set of considered proteins,
with a correlation coefficient of R2 = 0.84, revealing a good
linear correlation between these two variables. Furthermore, it
can be considered as a model for the rapid analysis of diffusion
coefficients of water molecules at regional solvent shells around
exterior protein regions using hydration layer peak integration
of the regional RDF. Therefore, it is important to evaluate the
validity of this linear regression model using statistical analysis,
as described below.
The margin of error at the 95% confidence level for the

apparent diffusion coefficients was calculated according to
Student’s t test.126 Figure 7 shows the plot of the general
relationship between regional hydration layer RDF peak
integration values and solvent shell water diffusion coefficients
across the set of proteins, with dotted lines indicating the 95%
confidence interval (margin of error = ±0.072 × 10−5 cm2/s)
according to t test values for the diffusion coefficients. It can be
seen that the majority of the calculated data points for diffusion
coefficients are within the 95% confidence interval, indicating
the validity of the structure−dynamics linear regression model.
Furthermore, since the sample size (92 data points) is

relatively large within this study, the z test was used to test the
hypothesis that the diffusion coefficients produced by the
developed model (Table S6) are not significantly different
from calculated diffusion coefficients from the MD simulations.
For the 95% confidence level, the critical value for a two-tailed
test is zc = 1.96. For the two means of calculating diffusion
coefficients, the results for diffusion coefficients calculated
directly from simulation (X 1) and apparent diffusion
coefficients produced using the developed model based on
RDF integration (X 2), the z statistic was computed as

= ̅ − ̅

+σ σ
z

X X

n n

1 2

1
2

1

2
2

2 (3)

where σ is the standard deviation and n is the sample size.
Since it is observed that the calculated |z| value of 0.212 is less
than zc, it is concluded that the considered hypothesis is not
rejected, indicating that the diffusion coefficients produced by
the developed model are not significantly different at the 95%
confidence level from the diffusion coefficients calculated
directly from MD trajectories (which requires significantly
more effort).
As the next approach to evaluate the validity of the linear

regression model, residual errors were examined, as shown in
Figure 8. It can be seen that the residual errors are randomly
distributed about an average residual error of zero, with no
apparent trend toward increasing or decreasing residual errors,
indicating that data can be modeled with a straight-line
relationship.
Model Validation with Different Water Models and

Different Force Fields. In order to determine the effect of

the water model on the correlation between regional
translational dynamics and RDF hydration layer integrals,
results were obtained using the TIP4P water model for the
CALB and HEWL proteins (Figure 9). It can be seen that with

the TIP4P water model, the linear correlation between the
RDF hydration layer integral and water diffusion coefficient is
valid (R2 = 0.87). Furthermore, the correlation has a slope
similar to that obtained with the SPC/E water model (3.89 for
TIP4P vs 3.82 for SPC/E) but a different intercept because of
slight differences in the models’ bulk diffusion coefficients.
In order to determine the validity across protein force fields

for the correlation between regional RDF hydration layer
integrals and water diffusion coefficients, results were obtained
using OPLSAA force field to model the CALB and HEWL
enzymes. OPLSAA is another all-atom protein force field, and
it can be seen in Figure 10 that the hydration layer structure−
dynamics correlation is valid (R2 = 0.88). Furthermore, the
model produced with the OPLSAA force field [y = (3.61x +
1.22) ×10−5 cm2/s] is similar to the model obtained with the
AMBER03 force field [y = (3.82x + 1.22) ×10−5 cm2/s],
suggesting that the developed model is valid for other all-atom
protein force fields under similar simulation conditions.

Figure 8. Plot of the residual error in the diffusion coefficients as a
function of the value of the RDF hydration layer integral (to r = 6 Å)
using the linear regression model. The red line shows a residual error
of zero.

Figure 9. Linear correlation of the local water structure/density
obtained using integration of the RDF with the local hydration layer
apparent diffusion coefficients for CALB and HEWL protein with the
TIP4P water model.
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Minimum Time Required for Accurate Determina-
tions of Density Using RDFs. As mentioned earlier, one
purpose of this study is to develop an approach for rapid
analysis of hydration dynamics using minimum computational
effort. Therefore, we examined whether 10 ns of RDF data is
sufficient to predict hydration dynamics. Of course, it is
important to evaluate data from converged simulations. The
time required for each protein to obtain convergence based on
RMSD values was evaluated, as shown in Table S7 and Figure
S15. The minimum time to convergence was 2 ns for SC, and
the maximum was 8 ns for CALB. Next, the RDF data were
averaged over the subsequent 10 ns of data after convergence.
Figure 11 provides the correlation between the diffusive

dynamics and the RDF hydration layer integral averaged over a

10 ns trajectory after convergence. With these RDF data, the
linear relationship was observed to have a correlation
coefficient of 0.81 and essentially the same model equation
as obtained from multiple 100 ns trajectories (as shown in
Figure 7). Table 1 shows the percent errors in the RDF
hydration layer integral values at different time intervals
relative to the function averaged over 100 ns. These results
give further confidence in using short-length MD trajectories

to acquire structural data from which to predict and map
regional hydration dynamics.
Finally, the z test was used to test the hypothesis that the

diffusion coefficients produced by the above-developed rapid
analysis model (using the RDF of the first 10 ns after
convergence) are not significantly different from calculated
diffusion coefficients from the MD simulations. Since it is
observed that the calculated |z| of 0.516 is less than zc = 1.96, it
is concluded that the considered hypothesis is not rejected,
indicating that diffusion coefficients produced by the
developed model (using the RDF of first 10 ns after
convergence) are not significantly different at the 95%
confidence level from the diffusion coefficients calculated
directly from MD trajectories. Overall, it can be stated that
short MD trajectories (10 ns after equilibration) can be used to
acquire reliable RDF data from which to calculate translational
dynamics in regional hydration layers using the linear
correlation model. This enables researchers to revisit archived
protein trajectories and rapidly evaluate and map regional
hydration dynamics.

Model Validation at Lower Temperatures. In order to
determine the validity of the correlation between the regional
hydration shell RDF integral and the water diffusion coefficient
across a range of laboratory-relevant temperatures, results were
obtained at 278 and 288 K for the CALB and HEWL proteins.
It was observed that the RDF hydration layer integrals at
different temperatures were very similar, but the hydration
layer diffusive dynamics of course slows down as the
temperature decreases. The linear correlation between
structure and dynamics holds quite well at 288 K, as can be
seen in Figure 12b, with decreased slope and intercept values.
It appears that the generality of the equation across proteins
may begin to diverge at 5 °C, with a lower correlation. Figure
S16 shows linear fits to the individual proteins rather than the
aggregate set, as shown in Figure 12a. Therefore, it can be
stated that linear correlations are observed between regional
hydration shell RDF integrals and apparent water diffusion
rates at temperatures near room temperature (288 and 298 K)
but that the established model performs more poorly as the
temperature approaches water’s freezing point.

Diffusion from Velocity Autocorrelation Function.
Sharp recently suggested that for the hydration layer, diffusion
coefficients calculated by the Kubo relation (integration of
velocity autocorrelation functions) provide more local
measures of diffusive dynamics, since MSD analysis necessarily
involves movement away from the site of origin and perhaps
outside of the region of interest.40 Indeed, velocity ACFs decay
within ∼10 ps, while our MSD analysis evaluates water
translation from 20 to 60 ps after identification at its original
position in the hydration layer (at time t = 0), a time frame on
the order of regional hydration layer residence times.42

Figure 10. Linear correlation of local water structure obtained using
integration of the RDF with local solvent shell water diffusion
coefficients for the CALB and HEWL protein with OPLSAA force
field.

Figure 11. Linear correlation of local water structure/density
obtained using integration of the RDF of the first 10 ns after
reaching equilibrium with local solvent shell water diffusion
coefficients.

Table 1. Percent Errors of RDF Hydration Layer Integrals
at Different Simulation Time Points Relative to RDF Values
for an Entire 100 ns Trajectory

average percent error

protein 10 ns 7 ns 5 ns 2 ns

CALB 1.03 0.50 0.43 0.93
HEWL 0.93 0.60 0.66 1.39
SC 1.39 0.74 0.66 1.24
RNase A 3.30 1.68 0.68 1.65
CheY 2.64 2.28 3.89 4.60
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Apparent diffusion coefficients were calculated using the Kubo
relation (eq 2) and were found to be consistent with values
calculated by MSD, with a high correlation between the
diffusive dynamics (via the Kubo relation) and RDF hydration
layer integral values (R2 = 0.86; Figure S17).
Identifying Buried/Bound Waters or Water Molecules

Having Long Residence Times. Slow-diffusing water
molecules were identified for the HEWL, SC, RNase A, and
CheY proteins using the protocol in our previously published
work.111 Detailed information regarding identification of slow-
diffusing/buried crystallographic water is provided in Protocol
4 in the Supporting Information. These identified slow-
diffusing water molecules were compared with experimentally
determined and previously published regions of tightly bound
or long-residing water molecules. Table 2 provides this
comparison along with the locations and water residue
numbers of identified slow-diffusing water molecules.
Marchi and co-workers identified the locations of five buried

water molecules at the HEWL protein.127 Our protocol for
identifying slow-diffusing crystallographic water molecules
successfully captured the buried waters at these locations,
with the exception of the crystallographic water near Ala90,
which Marchi and co-workers reported as joining the
surrounding bulk water after 4 ns.127 Pedersen et al. identified
buried water molecules in the interface between the two half-
domains in SC.128 Our method was successful in capturing
slow-diffusing water molecules present in these locations. Early
crystallographic analysis of RNase A speculated that a region of
conserved crystallographic water molecules near residues 64−
66 may have long residence times,129 but the simulation data
suggest that these waters diffuse at rates within the range of
external hydration layer dynamics found to be common across

all of the studied proteins in this set [(1.4−2.0) × 10−5 cm2/s].
In fact, RNase A is now considered to be among the few
proteins that do not have buried water molecules,32 and our
protocol for identifying slow-diffusing crystallographic water
molecules did not capture any slow-diffusing crystallographic
water molecules on the RNase A protein surface. For CheY
protein, Han and co-workers identified bound surface water
within the vicinity of residues 17, 37, 71, and 121 using
Overhauser dynamic nuclear polarization measurements.21

Our method captured slow-diffusing water molecules for the
CheY protein at nearby residue sites 18, 21, and 70.

■ DISCUSSION
At different regions of proteins’ surfaces, a high correlation is
seen between the protein−water (water center of mass around
protein side-chain atoms) radial distribution function and the
mobility of water molecules in the hydration layer. The integral
of the RDF hydration layer peak was found to be the structural
data point most highly correlated with apparent diffusion
coefficients calculated at different regions around each protein.
Five proteins were examined, and the diffusion coefficient and
RDF integral values were seen to obey a general relationship,
providing a correlation with R2 = 0.84. Furthermore, this
correlation was seen to hold over a range of laboratory-relevant
temperatures and with a different all-atom protein force field
(OPLSAA) and water model (TIP4P). The model linear
equation changes modestly with force field and, as expected,
more significantly with temperature (as the kinetic energy is
reduced).
The protein−water RDF reflects differences in the local

water structure,117,130 including variation in tetrahedrality and
local excess entropy arising from surface curvature and local

Figure 12. Linear correlation of local water structure/density obtained using integration of the RDF with local solvent shell water diffusion
coefficients at (a) 278 K and (b) 288 K.

Table 2. Comparison of Slow-Diffusing Crystallographic Water Identified in the Present Study with Experimentally Identified
Buried/Long-Residing Crystallographic Water Molecules

protein
locations of experimentally identified buried/
long-residing crystallographic water molecules

locations of slow-diffusing crystallographic
water molecules identified in this study

crystallographic water residue numbers of slow-
diffusing water molecules identified in this study

HEWL Ala31, Thr40, Ile55, Leu56, Arg61, Cys64,
Leu84, Ser86, Ala90127

Thr40, Gly54, Ile55, Arg61, Cys64, Leu83,
Leu84, Ser85, Ser86, Asp87

133, 137, 143, 213, 250

SC His67, Thr71, Val205, Met222, Pro225,
His226128

Thr33, His67, Thr71, Val205, Tyr206,
Pro225, His226

453, 471, 483, 486, 557, 656, 679, 761, 785

CheY around residues 17, 37, 71 and 12121 Asn18, Lys21, Lys70 343, 407
RNase A reported to have no buried waters32 none identified

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.9b00009
J. Chem. Inf. Model. 2019, 59, 2407−2422

2416

http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00009/suppl_file/ci9b00009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00009/suppl_file/ci9b00009_si_001.pdf
http://dx.doi.org/10.1021/acs.jcim.9b00009


arrangements of protein hydrogen-bond partners. The
protein−water RDF also reflects local solvent-excluded volume
(occupied by the protein), which itself reduces the transla-
tional mobility of water relative to the bulk.20,63,64,66 In this
survey of proteins, it is seen that there is a general, predictive
relationship between the protein−water RDF and the solvation
shell water diffusion rates for multiple proteins. Halle and co-
workers observed from NMR spectroscopic results and
simulations data that water dynamics at exterior surfaces
(i.e., diffusive hydration layer waters, such as those investigated
herein) are similar across a set of proteins.20 This agrees with
our results. In contrast to external, diffusive hydration layer
water molecules with a common distribution of dynamics,
protein-specific effects are seen to arise in the dynamics of
water within confined sites (i.e., tightly bound or buried
waters). For such reasons, it is recommended that buried
waters be identified separately using the protocol outlined in
Methods (detailed in Protocol 4 in the Supporting
Information). It should be noted that the procedure for
identifying bound waters is somewhat arbitrary, but the
simulation results presented here were sufficient to capture
the majority of experimentally identified buried or bound
waters for these proteins. A further complication is that
experimental determinations of “bound waters” can suffer from
bias,122 as concluded by Zhang and Matthews, who analyzed
crystallographic identification of solvent-binding sites.132 Once
buried or tightly bound water molecules are identified,
statistical analysis of their dynamics can be carried out over
multiple blocks of simulation data. Identification of sites of
slow-moving waters can serve as markers for regions that
potentially have roles in protein−protein interactions22 or form
parts of the substrate access pathway.7,22,23 Solvent entropy
(i.e., from tightly bound water molecules) has also been
implicated in allosteric regulation.131

The structural informatics approach taken here is for
characterization of hydration dynamics for exterior regions of
the protein, where the majority of diffusive solvent shell waters
are found. Although results from structural data are indicated
to be statistically equivalent to diffusion coefficients calculated
directly from MD trajectories, the approach may find its niche
in qualitatively ranking the regions of a protein as having fast,
intermediate, or slow-moving hydration shell water molecules.
This information can be applied to the evaluation of protein
function, for instance, by identifying likely sites for protein−
ligand and protein−protein interactions, which are often
marked by retarded hydration dynamics that plays a role in
molecular recognition.7,22 In addition to molecular recognition,
it has long been recognized that hydration dynamics is
intimately connected to protein dynamics.33,34,36,37,41,133−149

Our recent work on the solvation layer dynamics of CALB
suggests that differences in regional solvation layer dynamics
give rise to different friction environments that modulate the
flexibility of protein regions.42 Acquiring protein hydration
dynamics via structural information will facilitate evaluation of
a large set of data across many proteins so that hypotheses
regarding the connection between protein dynamics and
solvent dynamics can be further tested.
Although this work focuses on apparent diffusion

coefficients, excess entropy scaling (such as Rosenfeld scaling)
with S2 calculated from structural data is valid for other
transport properties described by time correlation functions,
including viscosity and reorientation times.92 Moreover, we
have seen that for the CALB enzyme, hydration layer residence

times and water reorientation times are also correlated with the
RDF hydration layer integral, albeit with slightly lower values
of R2 correlation values. It should also be noted that these
measures of dynamics correlate well with diffusion within the
CALB data set.65 Thus, evaluation of solvation shell structure
may also yield linear regression models describing other
measures of water dynamics and transport properties in the
hydration layer if desired. The mapping provided here may not
be as quantitatively correlated for other measures of dynamics,
such as reorientation and residence times, but it should be
indicative of regions of fast and slow dynamics. Correlated
translational and reorientational dynamics have been measured
experimentally51,150 (by neutron scattering) and observed and
described in simulation studies.151,152 Not only are transla-
tional and reorientational dynamics correlated when averaged
over all of the water molecules in a region,65,153 but also the
translational and rotational dynamics of individual water
molecules are correlated.154,155 Such findings are in line with
those of Laage and Hynes, who described correlated hydrogen-
bond lifetimes and reorientation in bulk water.156

Furthermore, for a rapid estimate of hydration dynamics
around a certain protein region, comparison of protein
solvation layer RDF peak heights can be suggested to give a
good approximation. As can be seen in the RDFs given in
Figures 3a and 6b, the alpha 1, 5, and 10 regions of CALB
(Figure 3a) and regions 1−5, 113−115, 67−71, and 85−96 of
RNase A (Figure 6b) have comparatively higher RDF peaks.
According to our developed protocol, we should be able to
guess that water molecules present in the hydration layer
around these regions should have comparatively fast hydration
dynamics. This is indeed so, with the calculated apparent
diffusion coefficients (Tables S1 and S4) indicating that
solvent shell water molecules at these regions have faster
diffusive dynamics. Therefore, it serves as a rule of thumb that
regions having higher (lower) peak values in the hydration
layer RDFs have faster (slower)-moving waters. Furthermore,
the model could be evaluated for application in rapidly
analyzing hydration dynamics near other interfaces, such as
polymeric materials, and other biomolecular structures, such as
lipid bilayers.

■ CONCLUSIONS
An informatics approach for rapid evaluation of regional
hydration dynamics around a protein has been identified, by
which integration of the hydration layer peak in the water−
protein RDF, acquired from a 10 ns MD trajectory after
simulation convergence (typically, the system is equilibrated
within 2−5 ns), can be used to calculate apparent diffusion
coefficients in the hydration layer. This can then be used to
identify regions of fast-moving and slow-moving water around
different parts of the protein, mapping variations in water
dynamics to the protein surface. The solvent RDF data can be
easily extracted from archived MD trajectories to map the
hydration dynamics, since this method does not require the
frequent saving of solvent coordinates that is required for
direct calculation of diffusive dynamics. Thus, old data can
yield new information. This will open up new avenues for
evaluation of the role of hydration dynamics in protein
structure, dynamics, and function.
Apparent diffusion coefficients of water molecules in protein

hydration layers were calculated from MSD data around 92
different regions of five proteins using MD simulations. The
water dynamics at different regions of the proteins’ surfaces
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(i.e., each external α-helix, β-sheet, and loop region) were
shown to vary by location, echoing spectroscopic measure-
ments of protein solvation in previous literature reports
showing heterogeneous hydration dynamics. A robust
correlation between water dynamics and hydration layer
structure, as indicated by integration of the hydration layer
peak in the water center of mass around protein side-chain
atom RDF (out to 6 Å), was found for the entire data set. We
previously demonstrated in studies of the CALB enzyme that
this structure−dynamics correlation arises from an excess
entropy relationship, common in transport coefficients,92 that
is described by Rosenfeld scaling.65 Excluded volume from
surrounding protein atoms also contributes to slowed
dynamics with concomitant reduced RDF integral values.
In summary, a linear regression model for rapid analysis of

regional hydration dynamics was developed and evaluated.
Analysis indicates that apparent diffusion coefficients predicted
from integration of the hydration layer in the RDF using the
linear model are statististically equivalent at the 95%
confidence interval to those calculated directly from simulation
data (block-averaged over three 100 ns trajectories). Further
analysis determined that 10 ns of MD data acquired after
simulation convergence is sufficient to provide valid dynamics
data and that RDF hydration layer integration values after 10
ns have 1−3% error compared to RDF data averaged over 100
ns. The model provided herein is based on room-temperature
simulations in the GROMACS software package using the
AMBER03 protein force field and SPC/E water model, a force
field/water model combination shown to have very good
agreement with spectroscopically determined water dynamics
values. Furthermore, a linear correlation is valid at lower
temperature and for the OPLSAA protein force field and
TIP4P water model as well. We suggest that the linear
equation model provided here can be used directly on
unknown proteins simulated using similar simulation con-
ditions and anticipate that linear models can be developed for
other simulation protocols. A protocol for quick identification
of buried water molecules is also provided. The results pave the
way for rapid analysis of protein hydration dynamics. It is
known that solvation layer characteristics are intrinsic to
protein structure, dynamics, and function, and more facile
access to characterization of the hydration layer will enable
advancement of our understanding of solvation’s role in
biomolecular function.
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