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Abstract. Ligands must displace water molecules from their corresponding protein surface binding site
during association. Thus, protein binding sites are expected to be surrounded by non-tightly-bound, easily
removable water molecules. In turn, the existence of packing defects at protein binding sites has been also
established. At such structural motifs, named dehydrons, the protein backbone is exposed to the solvent
since the intramolecular interactions are incompletely wrapped by non-polar groups. Hence, dehydrons are
sticky since they depend on additional intermolecular wrapping in order to properly protect the structure
from water attack. Thus, a picture of protein binding is emerging wherein binding sites should be both
dehydrons rich and surrounded by easily removable water. In this work we shall indeed confirm such a
link between structure and dynamics by showing the existence of a firm correlation between the degree of
underwrapping of the protein chain and the mobility of the corresponding hydration water molecules. In
other words, we shall show that protein packing defects promote their local dehydration, thus producing

a region of “hot” interfacial water which might be easily removed by a ligand upon association.

1 Introduction

The hydration properties of protein binding sites have
been suggested to play a main role in the binding of ligands
and in protein-protein association [1-14]. From one side,
ligands are expected to displace hydration water molecules
from their protein binding site [1-3] and the replacement
of so-called “unfavorable” waters by groups of the ligand
complementary to the protein surface has been established
as a principal driving force for binding [2,3]. In fact, this
description has been shown to hold valid for a significant
fraction of receptors of pharmaceutical interest [2,3, 15].
Even in some cases, a portion of the receptor active site is
so unfavorable for water molecules that it tends to remain
practically dry [3]. Thus, the estimation of the free en-
ergy contribution involved in the displacement of quasilo-
calized water molecules with unfavorable free energies in
the receptor active site constitutes an issue of great in-
terest in computational structure-based drug design [2,3].
Within this same philosophy, a recent study [16] of frag-
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ment clustering of diverse organic probes on hen egg white
lysozyme showed that several regions of the protein were
targeted by fragment clusters. However, by combining this
strategy with water exclusion (superimposing the map of
water molecules tightly bound to the protein) the experi-
mentally known binding site, or hot spot, could be prop-
erly predicted since all other fragment clustering sites co-
incided with the tightly bound water molecules. This is
so since such water molecules would exclude the ligands
from the protein surface by blocking their binding sites.
Thus, a picture of protein binding with regions of easily
removable (non-tightly-bound) water molecules at small-
molecule binding sites or protein-protein interaction hot
spots is emerging.

On the other hand, the role of structural packing de-
fects characterized by regions of the protein backbone ex-
posed to the solvent has been extensively discussed in
the literature [6-14, 17]. Soluble proteins tend to protect
their backbone hydrogen bonds, HBs, from water attack
by wrapping them intramolecularly with side-chain non-
polar groups. In turn, uncompletely wrapped HBs (or
dehydrons [5-14]) are sticky since they promote further
intermolecular removal of surrounding water and have
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been demonstrated to be central for the protein-protein
association phenomena upon which most biological func-
tions rely [6-14]. In fact, a decomposition of the protein-
protein complex interface into a web of wrapping interac-
tions enabled us to successfully predict the hot spots re-
ported by alanine-scanning experimental studies for a set
of protein-protein complexes [13]. Additionally, we have
also shown that drugs disruptive of protein-protein inter-
faces tend to mimic the wrapping behavior of the pro-
tein they replace [14]. In summary, soluble proteins need
to wrap their HBs but also need to retain certain level
of vulnerability or backbone exposure in order to inter-
act with other proteins or ligands. This paradox of rec-
onciling stability with interactivity (which implies to re-
formulate the previous question of “how to keep dry in
water?” [18] towards “how to do it without sacrificing in-
teractivity?”) implies that dehydrons must promote their
dehydration so that water around them should be more
labile [6,8,9,12].

The above-expounded facts imply that binding hot
spots should be both dehydron-rich and hydrated by eas-
ily removable water. Thus, the aim of the present work is
to seek for a correlation between the degree of wrapping
of protein HBs and the removability of their hydration
water. To this end, instead of using complicated methods
to calculate the free energy of water removal (based on
approximations that might involve a significant degree of
inexactitude) we shall simply resort to dynamically based
calculations by measuring local translational diffusivities
for water molecules within the protein hydration shell.
More specifically, we shall compute the mean squared dis-
placement of the water molecules within the desolvation
domains of the protein HBs, both for dehydrons and non-
dehydrons. Such mobility calculations based on molecu-
lar dynamics (MD) simulations, will thus characterize the
removability of the water molecules and will enable us
to find “unfavorable” water molecules around the protein
surface. In view of the subnanoscale ruggedness of the pro-
tein surface [12], this method is more suited than a study
of water residence times in fixed regions around the super-
ficial residues since at variance from the situation in a flat
surface, there would be a whole distribution of minimum
distances of water molecules to the protein. Thus, a cal-
culation of residence times within certain sphere around
a carbons or HBs would give misleading results since in
some regions the water molecules would be close to the
center of the calculation sphere while in others it would
already be much closer to its boundary.

Our work will ascertain the existence of a clear cor-
relation between the degree of underwrapping of the HB
and the local mobility of the hydration water molecules.
In turn, we shall correlate water mobility with the degree
of local structural disorder of the protein chain. We shall
also map the distribution of water mobility around the
surface of a case study: the central DNA-binding core do-
main of protein p53. Thus, we shall find regions of easily
removable water, which we shall find to correspond to de-
hydron clusters and experimentally relevant binding hot
spots.
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2 Methods
2.1 Model systems

In this work we studied the behavior of the hydration lay-
ers of a set of complete (without missing residues) proteins
without ligands (pdb IDs: 1AHO, 1AKI, 1B6D, 1BYI,
1CW6, 1d8v, 1DIV, 1DPT, 1IDWU, 1EJG, 1GCN, 1GH5,
1IFB, 1L1I, 1MS8L, 1N4I, 1TVM, 1UBI, 1UCS, 1UQY,
1VYC, TWNJ, 2B4N, 2BZT, 2eyz, 2FDQ, 2GEQ), 2jgx,
2JQY, 2JU6, 2K0P, 2K4Q, 2KJG, 2KV4, 2KWD, 2KWL,
2L3V, 2L4V, 2L5R, 2L7TW, 2LA1, 2LAO, 2LCU, 2LFN,
2LHC, 2LHS, 2LJM, 2LKB, 2LKY, 2LOL, 2L.PK, 2PNE,
2PPP, 2QHE, 2QZW, 2RN2, 2RN4, 2ROG, 3ATL, 31ZP,
3NOK, 4GCR). These 62 pdbs were chosen at random,
with an average residue number of 155 and standard de-
viation 151. The water molecules were modeled by the
TIP3P model [19,20] as explicit solvent with AMBER
versions 10 and 11 [21], using periodic boundary condi-
tions and a simulation box that extended more than 14 A
away from any protein atom. The equilibration and MD
simulations were carried out according to the AMBER of-
ficial tutorial (http://ambermd.org/tutorials/basic/
tutoriall/section5.htm) in four stages and using the
same parameters. We note that we used a cutoff inter-
action of 8 A instead of the suggested 10 A, and a total
simulation time of 4ns for stage 4. Basically, in the first
stage the energy of the system is minimized holding the
protein fixed, in the second stage the minimization is over
the entire system, in the 3rd stage the system is heated
to the desired temperature (300K for this work) at con-
stant volume (density around 1.0kg/dm?), with Langevin
dynamics controlling the temperature and with a slight re-
straint in the protein, and in the 4th stage the temperature
is maintained by Langevin dynamics keeping the pressure
at an average value of 1atm. SHAKE was employed in
stages 3 and 4. The force field used in the simulation was
ff99SB. Equilibration was tested by monitoring the be-
havior of thermodynamical properties like temperature,
pressure and energy oscillations.

2.2 Quantifying wrapping and identifying dehydrons

To prevail in water environments, soluble proteins protect
their backbone hydrogen bonds (HBs) from the disrup-
tive effect of water attack by clustering non-polar residues
around them [4-14,17]. This exclusion of surrounding wa-
ter, or wrapping effect, also enhances the electrostatic con-
tribution by modulating the local dielectric (de-screening
the partial charges) and thus stabilizes the HB. In turn, as
demonstrated previously, underwrapped interactions are
adhesive [6,7], hence promoters of protein associations be-
cause their inherent stability increases upon approach of
additional non-polar residues [4-14]. Thus, the integrity of
the protein-protein interface in protein complexes becomes
extremely reliant on intermolecular cooperativity [4-14].
To complete this description it is necessary to classify pair-
wise electrostatic interactions and detect underprotected
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interactions (UPIs). UPIs that involve HBs are named de-
hydrons. This structural motif has been extensively dis-
cussed in the literature and identified in soluble proteins
with pdb-reported structure [6-14]. Thus, the extent of
HB protection can be determined directly from atomic co-
ordinates. This parameter indicates the number of three-
body correlations engaging the HB and is also known as
the wrapping of the bond and denoted p. It is given by
the number of side-chain carbonaceous non-polar groups
(CH,,, n = 0, 1, 2, 3, where the carbon atom of these
groups is not bonded to an electrophilic atom) contained
within a desolvation domain around the HB. Each wrap-
ping non-polar group represents the third body within a
three-body correlation involving the HB. This domain is
defined as the reunion of two intersecting spheres of fixed
radius (~thickness of three water layers) centered at the
« carbons of the residues paired by the HB. In structures
of pdb-reported soluble proteins, HBs are protected on
average by p = 26.6 + 7.5 side-chain non-polar groups
for a desolvation sphere of radius 6 A [8,9,12-14]. Thus,
structural deficiencies lie in the tail of the p distribution,
i.e. their microenvironment contains 18 or fewer non-polar
groups, so their p value is below the mean (=26.6) minus
one standard deviation (=7.5). While the statistics on p
values for HBs vary with the radius, the tails of the distri-
bution remain invariant, thus enabling a robust identifica-
tion of structural deficiencies [8,9,12-14]. Moreover, later
on we present a proof of this insensitivity in the choice
of the radius (within reasonable bounds). In this work,
we studied 62 complete pdbs chosen at random. There-
fore, we studied a total of 15681 HBs, either dehydrons
or non-dehydrons. We considered a HB when the nitrogen
(N) bonded to the « carbon of a residue and the oxygen
(O) of the carbonyl bonded to the « carbon of another
residue are less than 3.5 A, and the (minimum) angle be-
tween H---O and H-N (H is the hydrogen bonded to N)
is greater that 140 degrees. Hydrogens, when not found
in the pdbs, and missing atoms were added to the protein
using AMBER software [22].

2.3 Measure of water mobility around HBs

In order to get an idea of the influence of the protein
surface on water dynamics, we show in fig. 1 the mean
squared displacement, MSD = (r2(t)) = ([r;(t) — r;(0)]?),
of water molecules close to the proteins studied, where
r;(t) is the position of the oxygen of water molecule ¢ at
time ¢t and (...) is the average over all ¢ water molecules.
Based on previous results that indicate that only water
molecules within the first peak of the water-protein radial
distribution (or the surface density plot for model flat sur-
faces) exhibit a dynamics significantly different from that
of the bulk [23-26] we have chosen to display the behavior
of the molecules that are closer than 4 A from the pro-
tein surface (minimum distances) at the initial time (time
zero). For comparison, we also include the case of water
molecules initially far appart from the protein, with bulk-
like behavior.
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Fig. 1. Mean squared displacement plot for the water
molecules close to the different proteins (water molecules whose
minimum distance to the protein is lower than 4 A, black curve)
and for water molecules distant from the proteins (more than
14 A, blue curve).

Direct inspection of fig. 1 reveals that water dynamics
close to the protein is slower than bulk dynamics. While
the MSD curve for the molecules far from the protein sur-
face displays a behavior typical of bulk water, with a dif-
fusive regime (a region with slope equal to unity following
the usual short-time ballistic regime), the water molecules
close to the protein evidence a slower, subdiffusive, regime
and only tend to bulk behavior at large times. This fact is
consistent with previous results [23,24,26-28] and holds
also if one discriminates the parallel and perpendicular
components of the MSD [26]. This behavior of the water
molecules close to the protein speaks of the existence of
a superficial regime at short times and distances and a
bulk-like one which the molecules adopt when they get
away from the protein surface. Thus, a calculation of the
diffusion constant for the superficial water molecules (as
obtained by the Einstein relation and which implies the
extrapolation of the MSD at long times) would not be
meaningful. To avoid this problem, we decided to adopt
as a measure of water mobility the calculation of the MSD
value at short times. We considered a timescale of ¢ = 4 ps
(a timescale significantly larger than the end time of the
ballistic regime). As can be learnt from fig. 1, at such
timescale the superficial water molecules have moved on
average one water-water distance, thus providing a rea-
sonable measure of the local diffusivities.

In summary, to assess the mobility of the water
molecules within the desolvation domains of HBs we cal-
culated their mean squared displacements within a fixed
time interval of length ¢, defined as (r2(t)) = ([r;(t =
¢) —r;(t = 0)]?). As indicated, the time interval was cho-
sen as ¢ = 4ps, a timescale short enough to be sensitive
to the local diffusion of the molecules abandoning the first
hydration shells, thus providing a good measure of local
translational diffusivities. We applied this study to the hy-
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dration shell of the large set of proteins above indicated,
by discriminating between the desolvation domains of de-
hydrons and non-dehydrons. To get good statistics, for
each of the 62 proteins we generated 400 different MD
runs of length ¢ = ¢.

2.4 Description of structural parameters

The description of the structural parameter used has al-
ready been provided in a previous work [25]. However, and
for the sake of completness, we hereby provide an almost
verbatim short description.

Liquid water is known to present several anomalies
which become more prominent as it is supercooled [29-32].
Such anomalies have been tentatively associated to struc-
tural facts: the presence of two competing preferential lo-
cal structures, identified with molecules characterized by
high or low local density [30,33,34]. Support for this idea
comes from the existence of at least two different forms
of amorphous glass states, namely low-density amorphous
ice and (very) high-density amorphous ice [30,35,36]. Dif-
ferent parameters have been proposed to study the local
structural order of the water molecules on a quantita-
tive basis. One of them, proposed by Shiratani and Sa-
sai [33,34], associates a local structure index I to each
molecule to quantify the degree of local order. The key
observation is the existence of certain molecules which
show an unoccupied gap between 3.2 A and 3.8 A in their
radial-neighbor distribution for certain periods of time.
Such low-density molecules are well structured and coor-
dinated in a highly tetrahedral manner with four other
water molecules. Occupancy of such gap increases the lo-
cal density and distorts the tetrahedral order of the cen-
tral molecule. Shiratani and Sasai [33,34] defined I(i,t)
for molecule i at time t. For each molecule i one orders
the rest of the molecules depending on the radial distance
R; between the oxygen of the molecule ¢ and the oxygen
of molecule j: Ry < Ry < Rj < Rjy1 < -+ < Ry <
3.TA < R, (i1)+1- Then, I(i,t) is defined as [33,34]

n(i,t)

S [AGs i, 6) - A, ]2,

where A(j;i,t) = Rj+1 — R; and A(i,t) is the average
over all molecules of A(j;4,t). Thus, I(i,t) expresses the
inhomogeneity in the radial distribution within the sphere
of radius around 3.7 A.

A high value of I(i,t) implies that molecule i at time
t has a good tetrahedral local order and low local density
(and thus, a low local potential energy since it is able bind
to its first four neighbors by geometrically well-shaped hy-
drogen bonds), while on the contrary, values of I(i,t) ~ 0
indicate a molecule with defective tetrahedral order and
high local density (and thus, high local potential energy),
even allowing for a fifth or more neighbors within the coor-
dination shell. This abnormal coordination could also pro-
mote the formation of bifurcated hydrogen bonds (when
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a water molecule binds to two others via the same hy-
drogen), a feature that has been shown to promote local
mobility [37,38]. Liquid water both in the normal liquid
state and in the supercooled liquid state has been shown
to present [-distributions with a peak at low values and
a tail to the right. Over certain temperature range the
curves for the different temperatures intersect at a value of
I(i,t) ~ 0.04 A%, which can be regarded as a limit between
structured (the ones with I(i,) > 0.04 A?) and unstruc-
tured water molecules (with values of I lower than such
threshold). The fraction of structured molecules increases
as temperature is decreased [33,34,39,40]. In a previous
work for pure water [39,40] we have employed the inher-
ent dynamics formalism (which implies minimizing each
instantaneous configuration of the MD simulation, that
is, the one for the real dynamics, to reach the basin of at-
traction or local minimum of the potential energy to which
it belongs; that is, by subtracting the kinetic energy). This
procedure renders a I-distribution clearly bimodal, with
a kind of isosbestic point or local minimum in the distri-
bution whose position is temperature independent, sepa-
rating two peaks: the one for the unstructured molecules
(to the left) and the one for the structured ones (to the
right) [39]. However, in this work we shall employ directly
the real dynamics to characterize the local structure of the
water molecules since it suffices to this end and thus there
is no need to resort to the more computationally involved
inherent dynamics technique. Additionally, we note that
the local structure index I yields similar information on
bulk water as other quantities that have been calculated,
like the orientational order parameter ¢, which depends
on the values of the angles between the lines connecting
the oxygen of a given molecule with those of its four near-
est neighbors [39, 41]. However, while I can be directly
employed for water at interfaces (since it measures the
quality of the local interactions of the water molecules
regardless of their number), the index ¢ cannot be used
in its original form (which demands the evaluation of the
positions of the first four neighbors) and should be refor-
mulated in order to be suited for an interface [23-25]. In
fact, we have already made use of I for protein hydra-
tion water [25]. The use of these kind of indices (like I)
to characterize the local structure of the water molecules
at an interface (instead of the study of density profiles
and other parameters already used and which provide less
detailed information) is also precisely relevant since they
can point to connections with dynamical quantities (for
example, they have proven useful in determining the ex-
istence of a causal link between structure and dynamic
propensity in glassy water, an issue of great interest in
glass physics [42-44]).

3 Results and discussion

We calculated the mobility of the water molecules within
the desolvation domain of each HB of the different proteins
studied. We recall that, as defined before, this desolvation
domain represents the reunion of two intersecting spheres
with radius 6 A centered at the o carbons of the residues
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Fig. 2. (r?(¢)) vs. wrapping, p, for water molecules i within
desolvation domains of HBs. Error bars: standard deviation.
¢ = 4ps. The inset shows the curves when, instead of using
a value of 6.0 A for the radius of the desolvation spheres, we
employ 5.4 A (red dots) or 6.6 A (green dots).

paired by the mainchain HB [8,9,12-14]. Thus, most of
the water molecules within this region are very close to
the protein backbone and hence, are expected to present
very low mobility values.

The main result of our study is presented in fig. 2.
In such graph we display the average mobility of the wa-
ter molecules within the desolvation domain of HBs as a
function of the wrapping p-value of the HB, averaged over
all the proteins and configurations studied. From such a
picture we can learn on the existence of a clear correla-
tion between wrapping and water local diffusivity, since
the mobility value monotonically decreases as the level of
wrapping of the HB increases, following a fairly linear de-
pendence. This means that water molecules close to the
highly wrapped HBs are practically immobile (very low
mobility values) or, in other words, such water molecules
are tightly bound to the surface and thus are hard to
remove. On the other hand, the water molecules at the
local environment of an underwrapped HB are clearly
more labile. When we just discriminate between dehydrons
(p < 19) and well-wrapped HBs (p > 19), we find that the
average mobility of the water molecules around the lat-
ter ones is around (r?(¢)) = 3.5 A2, while it amounts to
(r2(¢)) = 5 A2 for the water molecules surrounding dehy-
drons. These results are consistent with the notion that
dehydron motifs promote their local desolvation. In turn,
since dehydrons have been determined as main compo-
nents of protein binding sites [4-14], this behavior might
be instrumental in the binding of proteins or ligands that
must remove hydration water molecules for the associa-
tion.
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Fig. 3. Averaged value of the local structure index I as a func-
tion of the wrapping of the HB (blue dots). Inset: distribution
of the local structure index I (where pr(I) indicates the prob-
ability of finding a value I for the local structure index) for the
water molecules within the desolvation domains of dehydrons
(red curve) and well-wrapped HBs (green curve). Data for wa-
ter molecules with only one neighbor within 3.7 A, which yield
a value of I = 0, were not considered.

The inset in fig. 2 proves that the tendency also holds
valid when we change the value of 6.0 A for the radius of
the desolvation spheres to values of 5.4 and 6.6 A.

It is interesting to test whether, in addition to their en-
hanced mobility, water molecules surrounding dehydrons
also exhibit different features in their strucutral proper-
ties as compared to water molecules around well-wrapped
HBs. Specifically, it is expected that such molecules would
be less structured since, as described in the Methods
section, a molecule with a poorer local tetrahedral ar-
rangement should present a faster dynamics. The desol-
vation domains of dehydrons usually present more water
molecules than that of well-wrapped HBs but it is not
obvious whether these water molecules do in fact present
a less structured local environment. To evidence the in-
crease in water structural order with the wrapping of the
HB, in fig. 3 we present the average value of the local
structural index I for water molecules within the desolva-
tion domain of the HB as a function of the wrapping of
the HB. A clear monotonic increase can be observed, as
expected. The inset of such figure shows the distribution
of the local structure index of the water molecules within
the desolvation domain of the HBs, I, by discriminating
between dehydrons and non-dehydrons. As expected, the
curve for the dehydrons (red) is a bit displaced to the left
(to lower T values), thus speaking of a less structured local
arrangement. In this case, the difference between the dis-
tributions is not very marked given that we have coarsely
discriminated between dehydrons and non-dehydrons, but
the results are still consistent.
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It is worth mentioning that, on average, in the out-
ermost limits of the p spectrum, HBs with p = 4 have
21 water molecules in their desolvation domains, while
HBs with p = 33 have only 3. Thus, obviously the lo-
cal environments of non-dehydrons and dehydrons differ
from each other, somehow implying sparse water in hy-
drophobic confinement and interconnected higher-density
water close to a more hydrophilic-like surface, respectively.
However, the distribution of distances of water molecules
(within desolvation domains) to the geometrical center of
the HBs is almost identical for dehydrons and for well-
wrapped HBs (p > 19). That is, even though there are on
average more water molecules within desolvation domains
in dehydrons than in well-wrapped HBs, the probability
to find a water molecule to a certain distance of the ge-
ometrical center of a HB is well-nigh the same for both
cases. Additionally, we wish to note that unlike models
usually employed to study water under hydrophobic or
hydrophilic confinement, the HB desolvation domains we
are dealing with do not imply a fixed geometry. Some por-
tions of the protein chain (as unstructured regions or loops
which are usually dehydron-rich) are expected to exhibit
enhanced structural fluctuations. In fact, certain HBs can
even be subject to the disruptive effect of water hydration,
thus promoting main chain motions. Hence, the situation
we face, while might share certain features with simple
model settings of hydrophobic/hydrophilic confinement,
is more complicated given the particular characteristics
of the protein structure and dynamics and the distinctive
water-protein interactions.

Noteworthy, an inverse correlation similar to that of
fig. 2 has been determined between protein structural dis-
order and wrapping [9]. In such work, disorder propen-
sity was quantified by a sequence-based score generated
by the program PONDR-VLXT [45,46]. In this sense, it
is expected that dehydrons, being packing defects or mo-
tifs with structural disorder, would be related to regions
of enhanced protein chain dynamics and a greater con-
formational freedom as denoted by a high B-factor (B-
factors, or temperature factors, quantify the displacement
of the atomic positions from an average or mean value).
In turn, the local “equilibration” of the molecular degrees
of freedom of protein and water would also be consistent
with the existence of labile water molecules (“hot” water)
around dehydrons. Thus, to test whether the dehydronic
HBs indeed present an enhanced local dynamics and are
less stable than well-wrapped HBs, we have monitored the
time evolution of the HB distance for dehydrons in large
(200 ps) molecular dynamics simulations for the different
proteins under study. In such runs we have detected that
many dehydronic HBs show significant fluctuations and
eventual breaking and reforming events (at some times the
HB distance clearly exceeds the HB distance threshold of
3.5 A and adopts values larger than 5 A or more, even with
intercalation of a water molecule between the two N and
O partners or with different water molecules hydrogen-
bonding to each partner). In fig. 4A we plot the distribu-
tion of the HB distance, d, for the different trajectories of
the 62 proteins studied, by discriminating between HBs
that at the corresponding initial configuration are dehy-
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Fig. 4. A) Backbone hydrogen bonds (HB) distance d distri-
bution for dehydrons (red curve) and well-wrapped HBs (green
curve). B) The distribution of the quantity Xg, the fraction of
time the HB is broken, calculated as the fraction of time the
N-O distance is larger than 3.5 A. Red bars are for dehydrons
while the green ones correspond to non-dehydrons. In both
cases the results were obtained over 400 trajectories of each of
the 62 proteins. The duration of each trajectory was ¢ = 4 ps.

drons or non-dehydrons. From such graph we can note
that the curve for the dehydrons (red) is a bit displaced
to the right as compared to that for the well-wrapped
HBs (green) which decays earlier. This fact denotes an
enhanced protein chain dynamics at dehydronic regions, a
behavior consistent with the existence of more labile water
molecules around them, as we have demonstrated above.
This locally enhanced conformational freedom or struc-
tural plasticity at dehydrons represents a property that
might be useful in shaping protein binding sites. Addi-
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tionally, in fig. 4B we show the quantity X g, the fraction
of initial HBs that are broken (d > 3.5A) at the end of
the simulation runs of ¢ = 4ps (although similar results
were obtained for MD runs of 200 ps). This picture also
indicates that dehydrons are on average more labile than
non-dehydrons.

In order to better illustrate the role of dehydrons as
dewetting sites and binding promoters, we comment ex-
plicitly the situation for one of the proteins studied: the
p53 protein (PDB 2GEQ). The case was chosen given that,
besides the practical relevance of the p53 protein (p53 is
mutated in most of the cases of human cancer), the DNA
binding site of this molecule represents one of the largest
dehydron clusters in the Protein Data Bank [9]. From a
200 ps molecular dynamics simulation of pb3 we found
that while the well-wrapped HBs of the protein are on
average 97% of the time formed, its dehydrons are broken
on average 15% of the time. No well-wrapped HB shows
an Xp value larger than 0.25 while one quarter of the de-
hydrons exhibit Xp larger than such value. In fact, 3 de-
hydrons (10% of all dehydrons) are broken more than 75%
of the time. These results clearly denote the existence of a
transference of constraints between regions of the protein
chain with an enhanced dynamics and mobile hydration
water molecules. We next study in detail the DNA recog-
nition site of this molecule. The dehydronic nature of this
recognition site is evident: the three Arginines (Arg 245,
270 and 277) involved in the p53-DNA contacts take part
in a cluster of nine dehydrons in the protein chain (a de-
hydron cluster is defined as the maximal set of dehydrons
with intersecting desolvation domains, with the definition
of desolvation domain given in our Methods section). Such
cluster is formed by the dehydrons (132, 270), (237, 271),
(244, 239), (245, 237), (278, 274), (280, 276), (281, 277),
(282, 279) and (284, 280), where we indicate both residues
(by the residue number) involved in the dehydronic HB.
The averaged mobility value for the water molecules hy-
drating such dehydron cluster (that is, within the desolva-
tion domains of all these HBs) is roughly (r?(¢)) = 5 A2.
This value, consistent with the average mobility value
around dehydrons as indicated previously, is significantly
larger than the mean mobility value averaged over the
water molecules within the desolvation domains of all the
HBs of the protein which gives (r?(¢)) = 3.5 A2, close to
the average value for non-dehydrons. These results show
that the recognition site of p53 is indeed surrounded by
labile water molecules that would be more easily displaced
upon association with DNA. Given the large size of this
dehydron cluster (9 dehydrons), this molecule presents
a large patch of easily removable hydration water in its
contact region, thus providing an expedient for DNA ap-
proaching and binding. Moreover, in this case the dehy-
dration tendency of the binding site is even more rele-
vant if we consider the particularly electrostatic nature of
this binding process. This is so since a recognition process
based on electrostatic interactions might not be operative
in a bulk water environment, where the high dielectric
medium should effectively screen the electrostatic charges.
However, by promoting the local desolvation of the p53
DNA-recognition site, this large dehydron cluster would
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play a main role in quenching the local dielectric and trig-
gering the electrostatic interaction between the positively
charged Arginines and the negatively charged backbone
phosphates of the DNA.

4 Conclusions

In this work we have presented firm evidence on the ex-
istence of a link between the wrapping of the HBs of the
protein chain (a structural parameter) and the mobility
of the hydrating water molecules (cf. fig. 2). We have
shown that protein-backbone exposure is correlated with a
looser hydration of the protein surface and thus, that un-
derwrapped intramolecular interactions (dehydrons) are
surrounded by tightless-bound, easily removable water
molecules. Thus, by promoting their local dehydration,
such motifs provide an expedient by which partner pro-
teins or ligands might displace water molecules during the
binding process.
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