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ABSTRACT

Protein–protein interactions control a plethora of cellular processes, including cell proliferation, differentiation, apoptosis,

and signal transduction. Understanding how and why proteins interact will inevitably lead to novel structure-based drug

design methods, as well as design of de novo binders with preferred interaction properties. At a structural and molecular

level, interface and rim regions are not enough to fully account for the energetics of protein–protein binding, even for sim-

ple lock-and-key rigid binders. As we have recently shown, properties of the global surface might also play a role in pro-

tein–protein interactions. Here, we report on molecular dynamics simulations performed to understand solvent effects on

protein–protein surfaces. We compare properties of the interface, rim, and non-interacting surface regions for five different

complexes and their free components. Interface and rim residues become, as expected, less mobile upon complexation. How-

ever, non-interacting surface appears more flexible in the complex. Fluctuations of polar residues are always lower compared

with charged ones, independent of the protein state. Further, stable water molecules are often observed around polar resi-

dues, in contrast to charged ones. Our analysis reveals that (a) upon complexation, the non-interacting surface can have a

direct entropic compensation for the lower interface and rim entropy and (b) the mobility of the first hydration layer, which

is linked to the stability of the protein–protein complex, is influenced by the local chemical properties of the surface. These

findings corroborate previous hypotheses on the role of the hydration layer in shielding protein–protein complexes from

unintended protein–protein interactions.
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INTRODUCTION

With the rapid advances in structural techniques, like

nuclear magnetic resonance (NMR)1,2 and X-ray diffrac-

tion,3 a growing number of structures of protein–protein

complexes are being deposited4 into the Protein Data

Bank (www.pdb.org).5 Large-scale annotation of biomo-

lecular complexes is coming within reach, resulting in a

deeper understanding of the nature of biomolecular

interactions. Despite current progress in dissecting the

structural dimension of protein–protein interactions, it is

not only important to understand how protein–protein

interactions can occur, but also if an interaction will take

place. The latter is defined by the binding affinity of the

interaction. In physicochemical terms, the binding affin-

ity is described by the equilibrium dissociation constant,

Kd. For a simple binary interaction, Kd measures the

concentration of Protein A at which half of the binding

sites of Protein B are occupied. Mutagenesis studies have

shown that interfacial and rim mutations significantly

impact binding affinity,6,7 the interface being defined as

the main binding surface of a protein–protein complex

and the rim being formed by residues adjacent to interfa-

cial residues.8 Although there have been multiple

attempts to describe binding affinity with a variety of

models,9,10 no theoretical model so far has been able to

accurately reproduce dissociation constants.11 Most clas-

sical models aim to describe binding affinity using simple

descriptors that are derived exclusively from interface

properties.7,11,12 Simple mathematical models account

for interfacial contributions using one or few descrip-

tors,13 like the buried surface area or associated
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structural/chemical properties. These have been able to

correlate at most modestly their predicted affinities with

experimental dissociation constants but are not yet ready

for accurately predicting the binding affinity of protein–

protein complexes.7,11,12,14 Recently, we have hypothe-

sized that the non-interacting protein surface (NIS) has a

modulating role in binding affinity,7,15 where not only

interfacial interaction descriptors play a major part in

binding equilibrium, but also non-interacting surface res-

idues have an intrinsic effect on the binding strength.

A reasonable explanation for the role of the non-

interfacial surface contributions could be a modulating

effect of the hydration layer around the protein complex.

It is known from NMR experiments16–18 and high-

resolution X-ray diffraction data19 that distinct solvent

molecules are stabilized at the protein surface. These sta-

bilized water molecules can form a hydration layer

around the protein surface,20,21 visible in crystallo-

graphic density,22 and showing longer residence times

than the bulk solvent as demonstrated by NMR.16,17,23

Stabilized water molecules can have residence times up

to hundreds of picoseconds or even nanoseconds before

exchanging with the bulk solvent.16–18,24–29

Water is the active matrix for biomolecular folding,

binding, and recognition events.30 Because of water-

mediated contacts and water-mediated electrostatic inter-

actions, tertiary and quaternary protein structure can be

defined in a precise manner.31–34 Inclusion of water

molecules during docking exercises of biomolecules can

increase the success rate of correctly predicted interac-

tions.35,36 Despite the appreciation of the fundamental

role of the solvent during the last 20 years,37 its contri-

bution to the thermodynamics of interactions is not par-

ticularly well understood. The classical model to describe

the contribution of water to binding is described by the

hydrophobic effect. This effect is stemming from the

severe loss of translational and rotational entropy of the

solvent near apolar surfaces due to the reorientation of

the dipole moment to minimize unfavorable interactions.

Upon binding, these water molecules are released into

the bulk solvent with which they interact more favorably.

Water molecules also preferably interact with each other

as compared with their interaction with hydrophobic

surfaces; therefore, the hydrophobic effect is also of

enthalpic origin. The resulting enthalpy and entropy

gains, however, describe only a fraction of the total ther-

modynamic contribution of the entire hydration layer.

In this work, we probe by molecular dynamics (MD)

simulations the relationship between the mobility of the

hydration layer and the local chemical properties of the

surface of the free proteins and their products, the corre-

sponding protein–protein complexes. We do not consider

hydrophobic patches, but focus on understanding the

effects of polar and charged (highly polarized) surface

patches that interact favorably with the surrounding sol-

vent layer, potentially stabilizing higher-order water

shells. We have recently shown that their percentages on

the non-interacting surface show significant correlations

with binding affinity.15 Our detailed analysis provides a

first milestone toward a better understanding of the role

of the hydration layer in biomolecular interactions and

of its associated changes upon complex formation.

MATERIALS AND METHODS

Systems studied

A total of five protein complexes, including three pro-

tein–inhibitor complexes (trypsin–inhibitor,38 E7–Im7,39

and barnase–barstar40) and two enzyme–substrate com-

plexes (ubiquitin ligase–ubiquitin41 and adenovirus FK

protein–receptor42) were simulated. They cover very

high (6E-05 M) to very low (2E-13 M) dissociation con-

stants12 (Fig. 1).

The binding mechanism of the chosen complexes follows a

simple lock-and-key recognition mechanism, meaning that

there are almost no significant conformational changes taking

place upon binding [<1 Å root mean square deviation

(RMSD)] and that the unbound proteins have shape comple-

mentarity. In this way, the analysis is not hampered by addi-

tional energetic factors stemming from conformational

changes upon binding. In order to assess the surface proper-

ties and possible changes between the free proteins and their

complexes, both the protein–protein complexes and their free

constituents were simulated, leading to a total of 15 MD sim-

ulations, amounting to �0.9 ls total simulation time. The

simulations were run on a local AMD Opteron Processor

6172 cluster, using the multithreading capability of GRO-

MACS on eight threads, resulting on a production rate of�8

and �3 ns per day on average for the free proteins and their

complex, respectively.

Molecular dynamics simulations

MD simulations were performed with the AMBER99-

ILDN corrected force field43 using GROMACS

4.5.4.44,45 Because water–protein interactions are central

in this study, the TIP3P water model46 was chosen.

TIP3P is commonly accepted as the best-benchmarked

water model for the AMBER99-ILDN force field.43 All

the simulations were performed under constant pressure

conditions at 0.1 MPa using the Berendsen pressure cou-

pling47 and at constant temperature using the v-rescale

thermostat.48 Temperature and salt concentration (NaCl)

were set at 297 K and 150 mM, respectively, consistent

with the experimental conditions used for determining

the binding affinity of the complexes under study.12

Bond lengths were constrained with the linear constraint

solver algorithm,49 and integration step of 2 fs was used.

Electrostatic interactions were calculated using Particle

Mesh Ewald50 with a cubic interpolation mode and a

Fourier grid spacing of 1.6 Å. Non-bonded interactions
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were updated every 10 fs with a 10 Å cut-off distance for

the short-range neighbor list. Random starting velocities

were assigned. An optimal dodecahedron solvent box was

defined with an initial protein-boundary minimum dis-

tance of 16 Å. The system was slowly equilibrated, which

included a 3 ns simulation under production conditions.

This was followed by a 50 ns production run, of which

all were used for all subsequent analysis.

Because water molecule diffusion is occurring at time

scales in the order of picoseconds, coordinate frames

were saved every picosecond for analysis. Each 50 ns

simulation thus contained 50,000 frames including the

full protein and water coordinates.

Surface residues assignment

The surface of the complexes was divided into three parts,

which were subsequently mapped onto the corresponding

surface of the free proteins. These are (Fig. 2) as follows:

• the interface where residues that bury surface upon

complexation are located,

• the rim region that surrounds the actual interface, and

• the non-interacting surface.

Surface residues are those that have an absolute solvent

accessibility �20 Å2 or a relative solvent accessibility �2%.

They were identified from the separated components of

the complex. Solvent accessibilities were calculated using

NACCESS V2.1.1 (www.bioinf.manchester.ac.uk/naccess/),

Figure 1
Protein–protein complexes used in this study. The corresponding PDB of the bound complex and affinity data are shown (Reproduced from Ref.

12, with permission from Wiley-Blackwell).

Figure 2
Illustration of the interface (red/magenta), rim (black), and non-
interacting surface (gray) regions for the barnase–barstar complex (PDB

ID: 1BRS40). (A) Surface representation of the complex (B, C) rotation

by 90� and 290� for barnase and barstar, respectively; combined sur-
face–stick representation is shown.
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by probing the van der Waals surface with a sphere of 1.4

Å radius, approximating that of a water molecule.

The interface residues are defined as the subset of sur-

face residues that are within 5 Å distance from the part-

ner molecule based on intermolecular atomic contacts.

Deeply buried interfacial residues falling outside the

defined cut-offs (rare occurrence) were not considered in

the interface analysis.

Rim surface residues are defined as those within 5 Å

intramolecular atomic contact distance from assigned

interfacial residues. These do not make direct contacts

(within 5 Å) with the partner protein, but are within

potential intermolecular interaction distance through, for

example, long-range ionic interactions or water-mediated

intermolecular contacts.

Finally, the non-interacting surface residues are defined

as those fulfilling the surface residue criteria and not

located on either the interface or the rim surface.

Assessment of the B-factors

The Debye–Waller factor, also called temperature- or B-

factor provides a measure for the vibrational motion of a

specific atom, when calculated from simulations. When

taken from experimental crystal structures, these factors

also account for other sources like crystal packing defects

and heterogeneity, for example. They can be calculated

directly from the atom coordinates derived from an MD

trajectory. When analyzing the motion of protein residues,

the entire trajectory was used. In case of water molecules,

however, the analysis was limited to the time window that

a given water molecule spends in the first hydration layer

at proximity of a given residue. The corresponding frames

were extracted from the trajectory and aligned using a

standard least squares fit protocol considering all atoms of

the specific residue’s corresponding chain to remove contri-

butions from the internal protein dynamics. The atomic or

residue root mean square fluctuation (RMSFa), which

defines how much does an atom a or group of atoms

move in space through time, was calculated as:

RMSFa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1
jj r!i2h r!ijj2

r
(1)

where <r> corresponds to the time averaged position,

and N is the number of frames considered. This RMSFa

value can be easily translated into an actual B-factor with:

B-factora ¼
RMSF2

a8p2

3
(2)

Assessment of water molecule residence
times

Each water molecule in the trajectory has a unique

identification number allowing tracking of its position

through time. Its average residence time near a given res-

idue was calculated as:

Tres5

XN water
uniq

i¼1
Aidt

N water
uniq

(3)

where Tres denotes the average residence time of a water

molecule close to a given residue, Ai denotes the amount

of frames spent by water molecule i close to the specific

residue surface and dt the time period between two con-

secutive frames. N water
uniq denotes the total number of

unique water molecules, in sense of individually tracked

water molecules that come and stay close to the residue

for a minimum period of time.

To be considered in the residence time analysis, a

water molecule must fulfill the following conditions:

• A water molecule is considered part of the local

hydration layer of a residue if the Euclidean distance

between a heavy atom of the side chain of the residue

and the oxygen atom of the water molecule is smaller

than 3.9 Å (using an alternative cutoff of 4 Å between

the center of mass of the residue and the oxygen of

the water molecule did not alter the results).

• A water molecule leaving the local hydration layer

but returning within 10 ps is counted as continu-

ously present during that period, although the time

absent is not included as time spent in the hydration

layer. If the same water molecule returns after 10 ps,

it will be counted as a new water molecule.

For the analysis of residue type characteristics, only

water molecules with a residence time longer than 100 ps

were considered. These molecules show a clearly more sta-

ble behavior than bulk water and are expected to contrib-

ute to the stabilization of the first hydration layer, being

more probable starting points for the formation and prop-

agation of higher-order solvation shells around surfaces.37

The protein surface residues were classified according

to their hydrophobicity using the standard Kyte–Doolittle

hydrophobicity scale.51 This classification led to two

groups of different polarization states, namely the polar

and charged surface residues.

RESULTS

In order to study the effect of solvent on the surface of

protein–protein complexes and in particular in the rim

and non-interface regions, we performed MD simulations

of five different complexes and their free components

ranging in binding affinity from very high (6E-05 M) to

very low (2E-13 M) dissociation constants (see Material

and Methods section). Each system was simulated for 50

ns using GROMACS,44,45 with the AMBER99-ILDN force

field43 and the TIP3P water model.46
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Quality assurance

To make sure that all systems were stable under the

chosen simulation conditions (see Materials and Methods

section), positional RMSDs from the respective starting

structures and secondary structure content were moni-

tored as a function of time. In all cases, the overall sec-

ondary and tertiary structure was well preserved

throughout the entire simulation.

As an example, a superposition of 50 snapshots of the

UBA domain of ubiquitin ligase–ubiquitin complex41

taken at 1-ns intervals is shown in Figure 3(A). Second-

ary structure and global fold are well maintained. Both

all-atom and backbone RMSDs from the starting crystal

structure of the bound complex do not exceed 3.0 Å and

2.0 Å, respectively [Fig. 3(B)]. No sign of protein unfold-

ing is observed, and deviations in terms of RMSDs from

the reference structure are mainly due to flanking N- and

C-terminal loops. Overall, the mobility of the other sys-

tems is comparable with that of the UBA domain of

ubiquitin ligase–ubiquitin complex [see the average

RMSDs (all-atom and Ca) reported in Table I]. Back-

bone RMSDs as a function of simulation time and super-

imposed snapshots are shown for all 15 systems in

Supporting Information Figures S1 and S2, respectively.

Changes in surface dynamics upon
complexation

To assess the flexibility of the interface upon complexa-

tion, B-factors for both polar and charged residues located

at the interface were calculated. For this, we binned the B-

factor values and defined a residue fraction (Qresidues) as

the proportion of residues that fall within a certain B-

factor bin, with values between 0 and 1. The B-factors for

both polar and charged interfacial residues for all five

complexes exhibit, as expected, a significant decrease in

mobility upon complexation (P-valuet-test(paired) 5 3.5E-03

Figure 3
(A) Snapshots taken every 1 ns from the 50-ns MD trajectory of an ubiquitin ligase–ubiquitin complex (PDB ID 2OOB:A_B41). (B) All-atom/back-

bone atom positional RMSD deviations as a function of the simulation time. Structures were superimposed on the backbone using the g_rmsdist

function of GROMACS.44,45

Table I
Time-Averaged all-Atom and Ca Positional Root Mean Square Deviations from the Reference Crystal Structures Calculated from the Last 55 ns of
the Simulations Performed in This Study

PDB (bound) RMSD (�) 1AVX (A:B) 1BRS (A:D) 1KAC (A:B) 2OOB (A:B) 7CEI (A:B)

All atom-complex 2.14 6 0.30 1.60 6 0.21 1.56 6 0.18 2.21 6 0.29 2.09 6 0.21
Backbone-complex 1.61 6 0.31 1.08 6 0.18 1.18 6 0.21 1.47 6 0.27 1.61 6 0.22
PDB (Unbound 1) RMSD (�) 1QQU (A) 1A2P (A) 1NOB (F) 2OOA (A) 1UNK (D)

All atom-Unbound 1 1.28 6 0.16 1.50 6 0.17 1.55 6 0.16 2.29 6 0.24 2.03 6 0.23
Backbone-Unbound 1 0.83 6 0.14 1.08 6 0.15 1.11 6 0.14 1.66 6 0.20 1.05 6 0.16
PDB (Unbound 2) RMSD (�) 1BA7 (B) 1A19 (B) 1F5W (B) 1YJ1 (A) 1M08 (B)

All atom-Unbound 2 2.41 6 0.29 1.47 6 0.12 1.57 6 0.20 3.42 6 0.58 2.78 6 0.46
Backbone-Unbound 2 1.71 6 0.27 0.76 6 0.09 0.98 6 0.17 2.62 6 0.67 2.29 6 0.45
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for polar and 5.9E-06 for charged; Fig. 4 and Supporting

Information Table S1). This effect is preserved when the

simulations are split into halves, indicating good conver-

gence of those properties [Supporting Information Fig.

S3(A,B)]. Overall, the distributions of B-factors for both

charged and polar residues in the interface show a clear

decrease in mobility in the transition from an unbound to

a bound state (Fig. 4); this is less apparent for the rim [P-

valuet-test(paired) 5 3.0E-03 for polar and 8.3E-02 for

charged; Supporting Information Fig. S4(A,B)] and

almost no clear trend is observed for the NIS residues

[P-valuet-test(paired) 5 2.5E-02 for polar and 3.8E-01 for

charged; Supporting Information Fig. S4(C,D)].

An analysis of the dynamics of polar and charged resi-

dues on the non-interfacial surface reveals global differen-

ces. On both rim and non-interacting surfaces, charged

residues are more mobile than polar ones. This behavior

is characterized by B-factor distributions of polar residues

shifted toward lower calculated B-factors both for the rim

[P-valuet-test(unpaired) 5 1.2E-01 for bound and 3.6E-03 for

unbound; Fig. 5(A,B) and Supporting Information Table

S1] and, more pronounced, for the NIS residues [P-valuet-

test(unpaired) =2.0E-05 for bound and 7.1E-04 for unbound;

Fig. 5(C,D) and Supporting Information Table S1] com-

pared with charged residues. These effects are robust and

still observed even when the simulations are split in two

halves (Supporting Information Fig. S3).

We also analyzed the probability of a residue losing

mobility upon complex assembly as function of its distance

(measured on the Ca atom) from the center of mass of

the interface. A lower B-factor in the bound structure sug-

gests that the residue becomes less mobile (more stable)

upon assembly, whereas a higher B-factor points to the

opposite. We find that residues close to the interface

periphery have a much higher chance of becoming less

mobile than residues further away on the non-interacting

surface. A clear trend between location with respect to the

interface and probability for loss of mobility can be

observed [Fig. 6(A)]. In contrast, on average, residues fur-

ther than 23 Å from the center of mass of the interface

exhibit a higher probability for increased flexibility upon

complex formation contrary to those close to the interface,

for which a decrease in mobility is observed. Residues fur-

ther than 23 Å from the center of mass of the interface are

mostly located on the non-interacting surface, with very

few located at the interface periphery [Fig. 6(B)].

Using the same classification as mentioned earlier, dif-

ferent effects of similar magnitude can be observed in

the interface and the noninterfacial regions (rim and

non-interacting surface) of the individual complexes

[Fig. 6(C)]. Most residues in the interface (60%–100%)

are becoming less mobile, but this effect decays when

residues on the non-interface surface are considered. The

non-interacting surface shows either the same increase in

mobility as the rim or becomes significantly more

mobile. This phenomenon is observed for all protein–

protein complexes studied [Fig. 6(C)].

Hydration layer dynamics

To characterize the dynamics of the hydration layer, B-

factors of water molecules and their corresponding resi-

dence times around surface residues were calculated as

described in Materials and Methods section and shown

in Figures 7 and 8. These figures show violin plots,

which represent a combination of a box plot and a ker-

nel density representation of the distributions of these

two water molecule properties.

Figure 4
Shift in B-factor (Å2) distributions upon complexation for (A) charged and (B) polar residues present at the interface, for all the five protein–pro-

tein complexes studied.
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As far as their B-factors are concerned (Fig. 7), water

molecules at the NIS show broader distributions com-

pared with the rim independently of the nature of the res-

idue with which they interact. We can clearly observe that

water molecules close to charged residues have higher B-

factors compared with those interacting with polar resi-

dues on the non-interface surface [both rim (P-valuet-

test(unpaired) 5 2.5E-08 for unbound and 1.9E-08 for

bound) and NIS (P-valuet-test(unpaired) 5 9.7E-06 for

unbound and 3.2E-09 for bound)]. This shows that in

both the unbound and the bound conformation of the

protein–protein complexes, the solvation layer has prefer-

ential mobility depending on the amino acid charge state.

Interacting water molecules located at the rim are

more stable close to polar residues even when considered

in a per-complex basis [Fig. 7(B)]. The same trend is

identified for NIS residues [Fig. 7(C)] corroborating the

robustness of the observed trend.

The majority of water molecules present in the first

hydration layer on the protein surface have residence

times within the 100–200 ps timescale (Fig. 8). We

observe no significant change in residence times for the

free and complexed states. A majority of the water mole-

cules have a fast exchange with the bulk solvent, with

only 25% of the bound water molecules showing resi-

dence times above 200 ps with maximum values reaching

30 ns. These molecules are often located in surface pock-

ets and form optimal hydrogen bonds with protein

atoms (see for example, Supporting Information Fig. S5).

The water molecules in the first hydration layer of the

NIS surface were sorted based on their residence time

around specific surface residues, charged or polar. The

enrichment ratio (or fold-change) in the residence time

of these water molecules is calculated by dividing the

number of water molecules in the complex by the num-

ber of water molecules in the free protein for a given

Figure 5
Shift in B-factor (Å2) distributions of polar residues compared with charged residues, present in the rim (A, B) and non-interacting surface (NIS)

(C, D) regions, in the complexed (A, C) and uncomplexed (B, D) states of the proteins. The shift to lower B-factor values indicates a stabilization
of the rim and NIS side chains upon complexation.
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residence time bin. We only observe an enrichment of

very stable water molecules (corresponding to Quartile 4

of the distribution of residence times) around polar

surfaces. In contrast to polar surfaces, we observe the

opposite effect close to charged surfaces (Fig. 9). This

effect is observed both in the full-length simulation anal-

ysis and in the split halves, corroborating the robustness

of the observed trend. Interestingly, in the second halves

of the simulations, a decrease in stable water molecules

is observed for both water molecules close to charged

and polar residues. The decrease close to charged resi-

dues is more pronounced. Note that water molecules

with residence times above 6 ns are not analyzed because

of their small number in the bins considered (see Sup-

porting Information Table S2 for details in number of

water molecules in each bin).

DISCUSSION

Entropic contribution of the non-interacting
surface residues

The well-known and expected loss of mobility and sta-

bilization of interface residues upon complexation was

Figure 6
Percentage of residues becoming more mobile (B-factor shift to higher values) (A) and portion of surface to be rim or non-interacting (B) as a
function of distance from the center of mass of the interface (see Results section). Line at 50% denotes that the majority of residues above or below

the line are more flexible or less flexible, respectively. (C) Per-complex quantification of percentage of residues becoming more stable on interface,
rim, and non-interacting surface regions.
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observed in the MD simulation trajectories performed in

this study. A clear shift in the B-factor distribution of

interfacial residues toward lower values was observed. As

expected, intermolecular interactions in the complex do

stabilize the interface in all cases studied.

Although alanine scanning mutagenesis studies have

shown that the effect of mutations on the non-interact-

ing surface is not as important as those stemming from

mutations in the interfacial or rim region, these can still

affect the dissociation constant of protein–protein

Figure 7
(A) Distributions of average B-factors (Å2) of water molecules near polar and charged residues on the rim region and on the non-interacting sur-
face represented with violin plots. Averages over the polar and charged residues are shown as a white point; one and two standard deviation units

are represented with black lines of different thickness. Red and blue density represents the probability density of the data at different values in the
distribution for water molecules around charged and polar residues, respectively. (B, C) Average B-factors (Å2) of water molecules close to polar

(indicated with blue bars) and charged (indicated with red bars) residues located on the rim (B) and non-interacting surface (C). These plots (B,

C) concern all simulated complexes in their bound states.
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complexes.7,15 This suggests that the non-interacting

surface has a direct contribution to binding affinity. Our

analysis revealed that the probability of a residue to be

stabilized (as measured by its mobility) upon complex

formation is related to its distance from the interface.

Residues closer to the interface are losing mobility upon

Figure 8
Distributions of average residence time of water molecules near polar and charged residues on the rim region and on the non-interacting surface.

Averages over the polar and charged residues are shown as a white point, and first and second standard deviations are shown as black lines. Red

and blue density represents the probability density of the data at different values in the distribution for water molecules around charged and polar
residues, respectively.

Figure 9
Enrichment ratios, calculated by dividing the number of water molecules in the complex for a given residence time bin by the number of water
molecules in the free protein for the same residence time bin, for (A) charged and (B) polar residues present on the non-interacting surface in

waters as a function of the residence time. The analysis was performed for the full trajectory (white bars) and the first (grey bars) and second
halves (black bars). All three show similar trends. There are, however, too few water molecules with residence times beyond 6 ns to allow any

proper statistical analysis (see Supporting Information Table S2).
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complexation. This effect is observed up to �23 Å away

from the center of mass of the interface [Fig. 6(A)],

where most residues are classified as being in the inter-

face periphery [Fig. 6(B)]. Effects beyond 23 Å are more

probably destabilizing, and these residues become more

mobile in the bound state [Fig. 6(A)]. These residues are

mostly located at the non-interacting surface [Fig. 6(B)].

This would mean that, upon complexation, the non-

interacting surface becomes more mobile and conse-

quently leads to a direct entropic compensation for the

overall entropy loss that is observed in the interface and

rim regions. To show that there is a net effect, we calcu-

lated the percentage of NIS within and outside the 23 Å

cutoff. NIS percentages outside the 23 Å cutoff vary for

the various complexes, covering 5%–58% of the total

NIS in the complexes studied. We thus detect a phenom-

enon that resembles the long-debatable entropy–enthalpy

compensation effect.52–57

Note that the complexes selected for this study all fol-

low a lock-and-key recognition mechanism, with only

very limited conformational changes upon binding (<1.0

Å RMSD of their interface residues). Many complexes

undergo significant conformational changes or even fold-

ing transitions upon binding; some even increase flexibil-

ity upon complexation. For these, the non-interacting

surface properties must also contribute to the binding

affinity, but in a much more complex manner than for

the complexes studied in this work because additional

entropic factors than just side-chain dynamics and solva-

tion will influence the binding affinity. In addition, dif-

ference in dissociation constants could be associated to

differences in B-factor distributions upon protein bind-

ing in a qualitative manner; however, given the few inter-

actions studied herein, conclusions for such relations are

very premature to be drawn. Instead, more systems must

be analyzed with the methods established in this work

for proper quantitative B-factor change/binding affinity

relationships.

The mobility of the hydration layer is
affected by surface properties

The mobility of the hydration layer is determined by

the permanence, both in terms of localization as meas-

ured by the B-factors and residence times of water mole-

cules at charged or polar surfaces. We observe very low

B-factors for several water molecules (Fig. 7) both in the

rim region and the NIS. A trend related to the residues’

polarizability in B-factors of water molecules is evident

despite their broad distribution (being in the unbound

or bound protein form): Indeed, water molecules close

to charged residues have higher B-factors compared with

those present close to polar residues on the non-interface

surface. This relation is not unexpected because charged

residues have longer side chains than polar ones. We

have, however, previously shown from an analysis of

high-resolution crystal structures that the absolute acces-

sible surface area of the interacting residues does not

seem to affect the observed water B-factors.15 The resi-

dence time of water molecules will, however, also depend

on a residue’s location on the protein surface and the

local physicochemical environment of the interacting

molecules (residue and water molecule). We have found

a simple, yet descriptive proxy for water molecule B-

factors, being residue polarizability (Fig. 7).

Considering the residence times of water molecules,

the majority of bound water molecules (75%) are

exchanging relatively fast with the bulk solvent, with resi-

dence times below a few hundred picoseconds. Only a

small quartile show residence times from a few hundred

picoseconds to a few nanoseconds. These water mole-

cules have plausibly a better chance to be initiators for

the formation of an oriented water–water hydrogen-

bonding network that is necessary for higher-order

hydration shell formation around protein surfaces, in

line with previous studies.17,37 In silico formation of

higher-order hydration shells is, however, hindered by

the diffusion properties of the water model used in this

study, TIP3P, whose diffusion coefficient is two-and-a-

half times higher than that of the experimental value.58

Surprisingly, the stable water molecules close to the

rim do not show a significant change in mobility upon

complexation because their B-factor and residence time

distributions do not shift when comparing the free and

bound state simulations. This would mean that water-

mediated salt bridges at the rim regions do not stabilize

the associated water molecules. Water molecules around

polar rim residues show, however, a distribution indica-

tive of higher residence times and lower B-factors com-

pared with water molecules around charged residues

(Fig. 7). This could be explained by the lower mobility

of polar residues compared with charged residues.

Rationally, a more rigid residue provides a better plat-

form for the formation of favorable hydrogen bonds

with the first hydration layer, consequently stabilizing the

nearby water molecules longer. Especially, when water

molecules are located in the rim region, they can be

involved in solvent-mediated intermolecular interactions,

the latter already shown to significantly contribute to

protein–protein recognition.33,59

We performed a simple analysis for assessing the prob-

ability of water molecules to interact with the charged or

the polar surface of protein–protein complexes and their

free components as a function of their B-factor (Fig. 7).

We clearly observe that stable water molecules are more

prone to interact with polar residues on the surface than

with charged ones; an opposite effect is observed for

waters with B-factors> 30. We have previously per-

formed the same analysis on 186 crystallographic struc-

tures of resolution <1.0 Å, revealing a similar trend.15

Our simulation results are thus in good agreement with

crystallographic data (Fig. 10).
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Moreover, we observe a significant enrichment (fold-

increase) of very stable water molecules around polar

regions on the non-interacting surface upon complex for-

mation. Around charged surface patches, we do not

observe any change in the amount of water molecules with

relatively high residence times [Fig. 9(A,B)]. This would

indeed signify that polar residues may stabilize the hydra-

tion layer. This stable hydration layer was proposed to

shield the complex from undesirable interactions and thus

contribute to its stability.15 However, the entire phenom-

enon must be much more complex because, in principle,

entropy is gained by more mobile water structure, which

should also contribute to a stabilization of the complex.

Overall, we can clearly see that the mobility of charged

residues is higher than the mobility of polar residues on

the entire protein surface for both unbound and bound

proteins, in agreement with previous observations on

static structures.15 The differences in mobility between

surface residues on the rim and the non-interacting sur-

face corroborate the Global Surface Model which we pre-

viously proposed,7,15 stating that properties of the non-

interacting surface, and in particular interactions with

water molecules, do modulate protein–protein dissocia-

tion rates, besides the dominant direct contributions

from the interface. Polar residues on the non-interacting

surface were indeed shown to contribute positively to

affinity, whereas corresponding charged residues contrib-

ute in a negative manner. The main hypothesis is thus

that an increased polarity and decreased charge on the

non-interacting surface stabilizes the hydration layer and,

consequently, both reactants (the free proteins) and their

products, the complexes, are less likely to participate in

nonspecific interactions. Regulation of hydration layer

stability by properties of the non-interacting surface

should affect binding properties of the complexes, such

as binding affinity, promiscuity, and specificity. In the

crowded cellular environment, these solvent effects must,

however, be rather complicated, but may still play a sim-

ple, yet dominant role in finely adjusting promiscuity

and specificity in protein–protein interactions.
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