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Abstract: Water plays a pivotal role in the correct functioning of proteins. Hydration is fundamental to their
stability and flexibility, to folding process and specific functions, and to protein-protein interactions. In this
work, the effects of solvation on proteins dynamics have been investigated by employing molecular dynamics
simulations and using myoglobin as a model system. The investigation has been focused on solvent waters
residing around/inside the protein, with average times of up to tens of nanoseconds, revealing that these
slow waters may have significant effects on biological functioning of the protein. Our study pointed out that
water is able to interact with proteins in diverse ways, leading to different kinds of perturbations in their
intrinsic dynamic behavior. In particular, for myoglobin it was found that a water molecule can (i) “block”
entry/escape of ligands to/from a particular docking site, (ii) act as a “wedge” modulating the dynamics of
internal cavities, or (iii) join a “flow” of waters taking a ligand into (or “washing” a ligand away from) the
protein interior. The information gathered in this work allowed us to provide a fingerprint of protein solvation
state, the hydration sites map, which may represent a novel tool for comparing different forms/species of
globular proteins.

Introduction

Water plays a pivotal role in many aspects of living
organisms,1 such as for correct behavior of proteins,2,3

protein-protein interactions,4,5 and membranes and DNA
structure.1,2,6 In particular, proteins are complex machines whose
functions are strictly connected to their biological environment
in which water molecules, as a solvent, have a major role.7

Specifically, the hydration of protein surface is fundamental for
the stability and flexibility of the protein itself, the folding
process, molecular recognition, and enzymatic reactions.1,2,6-12

In this work, the chosen model is a small heme protein,
myoglobin (Mb), the first protein solved at the atomic level and

often employed to investigate the structure/function paradigm.13-21

Concerning myoglobin structure and dynamics, it is now
ascertained that migration of gaseous ligands (including O2, NO,
CO) from the solvent inside the protein (and vice versa) through
an intricate network of cavities is crucial18,22-29 for it to exert
the biological roles of oxygen storage/transport and NO
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scavenging,15,22,30-32 as well as to prevent toxic action of other
molecules such as CO. To study and understand the role of
solvation in this relatively simple system,14 it is certainly useful
not only to shed light on processes that involve myoglobin but
also, and more generally, to unveil the subtle interplay between
a protein and the surrounding waters. As shown in a recent
review, water confined in nonpolar cavities, as occurs in
myoglobin, exhibits unusual properties.33

A first attempt to clarify the role of solvation on myoglobin
functions was proposed by Pettitt and co-workers,34 who in 2001
reported a ∼1-ns-long molecular dynamics simulation of sperm
whale myoglobin. Previous investigations, despite the short
simulation time, pointed out the importance of simulation
analysis in rationalizing experimental data and provided a new
picture of protein-solvent structure and dynamics.35,36 The
analysis of waters with residence times of less than 500 ps, down
to tens of picoseconds, provided a detailed map of almost 300
hydration sites. More recently, Zhong et al.7 experimentally
confirmed the presence of many hydration sites at the myoglobin
surface with solvent waters having residence times of up to 200
ps. In addition, NMR studies identified water residence times
within the sub-nanosecond regime.7,37,38 To date, however, a
comprehensive systematic study of myoglobin hydration sites
based on long-residence-time waters is still lacking. In this
regard, water molecules buried in proteins should be considered
an integral part of the folded structure. In fact, such structural
water molecules can form strong H-bonds with polar groups of
the surrounding amino acids and therefore are believed to
tighten/loosen portions of the protein matrix.39 This, in turn,
should have important effects on protein dynamics and, hence,
on protein functioning. Moreover, internal water molecules may
be highly conserved in homologous proteins, as much as amino
acidic residues.11,39 Thus, investigations on protein hydration
states and water-protein interaction should be regarded as
complementary to single-point mutation studies.

Computer simulations have improved significantly in the past
decade40-47 and can now furnish atomic-level information about

water-protein interactions on a relatively long time scale (see,
for example, refs 3, 48-52), while the same may be not trivial
to obtain with experimental techniques.6,7,11,53 In this work, to
complement our recent study on the dynamics of internal cavities
of myoglobin,54 the effect of solvation has been explored. In
particular, a 60-ns-long molecular dynamics simulation of horse
heart met-myoglobin was further analyzed, and the dynamics
of waters residing around/inside the protein with average
residence times of up to tens of nanoseconds was monitored.
Together with the knowledge obtained previously,54 the analysis
of solvent revealed that myoglobin has in fact only a few stable
hydration sites in which a water molecule can stay for times
longer than 2 ns. Strikingly, all of these sites are close to protein/
solvent portals observed in previous studies focused on the
entry/escape and migration of various ligands in myoglobin.46,55

The information gathered in this work allowed us to build a
fingerprint of protein solvation, the hydration sites map. This
may be a reliable graphical tool to compare hydration states,
for instance, of homologues, of different forms/species of the
same protein, or of different proteins with a similar fold.
Regarding the model employed here, this systematic investiga-
tion on the most stable water binding sites showed that solvent
molecules strongly interact with myoglobin only in a few
cavities. The analysis of water-protein interactions in these
specific sites revealed that the solvent way of action is diverse,
depending on the environment where the interaction takes place.
In particular, water molecules have been found to (i) “block”
ligands’ entry/escape to/from a particular docking site, (ii) act
as a “wedge” modulating the dynamics of internal cavities, or
(iii) join a “flow” of waters taking a ligand into (or “washing”
a ligand away from) the protein interior.

Finally and more generally, it can be speculated that other
ways of action might also be possible. Thus, rethinking the
buried waters as real protein residues, we believe that it may
be very interesting to apply this approach to further study the
role of solvation in the stability, flexibility, and dynamics of
other globular proteins.

Computational Details

Molecular Dynamics. The analysis presented in this paper is
based upon a molecular dynamics (MD) simulation of horse heart
met-myoglobin that has been recently reported.54 As in our previous
studies,46,56 all-atom MD simulations were performed with the
ORAC program,57 employing the Amber95 force field,58,59 and
TIP3P60 for the protein (and heme group) and water, respectively.
Myoglobin (horse heart met-myoglobin, PDB code 1YMB at 1.90
Å)61 was solvated in an initially orthorhombic water box of 70 Å
side length with 6679 water molecules (about 23 000 atoms). We
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would like to remark that no water molecules were initially placed
inside the protein matrix (excluding that directly bound to the heme-
iron which characterizes the myoglobin met-form). Following a
procedure previously employed,54 an initial slow heating from 10
to 250 K was carried out. Then, 60 ns state-of-the-art MD simulation
was performed in the NPT ensemble (N ) 22524 atoms, P ) 1.0
bar, T ) 300 K). The Soft-Particle-Mesh-Ewald algorithm (64 grid
points and order 5 with direct cutoff at 10.0 Å) was used to treat
long-range electrostatic contributions in combination with a multiple-
time-step algorithm.63 The initial 12 ns were rejected, and the last
48 ns were used for the analysis.

As described elsewhere,54 the VOIDOO software62 was em-
ployed to identify and characterize the internal cavities of the
protein. Cavity calculations were performed on both the starting
X-ray structure and the ones obtained from the MD simulation. In
order to provide a statistical description of the cavities’ dynamics,
a cluster analysis was applied to the large amount of data obtained.
Each cluster showed a peculiar dynamic behavior that was carefully
analyzed to determine the residues that constitute the cavity and,
among them, those that mainly influence volume fluctuations. This
in turn allowed us to determine which atoms form a passage
between two cavities, defined as a gate,54 or between the protein
and the solvent, defined as a portal, consistent with previous work
by Onufriev et al.55 Finally, the area of these passages was
estimated and plotted as a function of time as described previ-
ously.54 Although estimation of gate area does not have a
quantitative character, we would like to remark that comparison
among the gate areas gives a qualitative indication of the relative
probability for a ligand to hop between adjacent cavities.54

Water Analysis. The analysis of solvent molecules was per-
formed employing the dedicated code implemented in the ORAC

program.57 As previously shown,51,52 all the solvent molecules were
analyzed to determine their interactions with the protein in terms
of the time spent within a specified distance (1.1 times the sum of
the van der Waals radii) of any atom of the protein without
discontinuity, allowing a maximum interruption of 2 ps. The number
of contacts with the protein and the duration of each contact (the
residence time) were evaluated for all the water molecules. This
allowed us to discriminate between two types of events: short
water-protein interactions (rapid exchange with the solvent) and
long interactions (slow diffusion on the surface or water trapped
in a site). This analysis resulted in a list of all the water molecules
with a non-zero residence time and a list of all the protein residues
visited by a certain water. Since we were interested in those solvent
molecules that interact with the protein for a relatively long time,
we focused on those waters with residence times longer than 2 ns.
These are hereinafter defined as slow waters. Twenty-three water
molecules were found that satisfied these criteria, and their trajectory
was analyzed in terms of (i) which of the internal sites was occupied,
(ii) for how long this occurred, and (iii) the time range of the
simulation in which the occupation event took place. All this
information was used to build a plot showing the hydration sites
of the protein and the occurrence of their hydrated state along the
MD simulation. This plot is defined as a hydration sites map.

Additionally, the dynamics of fast waters (with average residence
time shorter than 2 ns) was analyzed. Taking advantage of the
information produced in our recent work about the position and
volume of all the cavities of myoglobin,54 we computed the distance
d between the center of gravity of each water molecule and that of
each cavity in all the structures obtained during the MD simulation.
A water molecule was thus considered to be inside a cavity if d
was smaller than the radius of a sphere corresponding to the volume
of the cavity in that simulation frame. The number of water
molecules was then plotted as a function of time, and the average
was employed to complement the information about the opening/
closing mechanism of gates and portals, the volumes of cavities,
and the dynamics of key residues.

Results and Discussion

Hydration Sites Map. Following the procedure described in
the Computational Details, a map of myoglobin hydration sites
(hereinafter referred to as a hydration sites map) was built for
those waters with an average residence time longer than 2 ns
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Chart 1 a

a Lines represent the presence of a slow water (with an average residence time longer than 2 ns) in a certain site (y-axis) at a given time (x-axis). Note
that the water directly bound to the heme iron, which characterizes the myoglobin met-form, is not considered. Sites (y-axis) are labeled on the basis of their
occurrence as reported previously.52 Site 30 is not a “proper” cavity (cavity calculation does not find it) but a surface site. The y-axis has been cut for
graphical reasons, since no slow waters were found in a wide range, between 12 and 22. Sites occupied for more than 30% of the simulation time are noted
with an extra label in the graph. We also stress that fast waters are not displayed in this graph.
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(Chart 1). All the cavities found in the protein matrix are
displayed on the y-axis (labeled on the basis of their occurrence
as reported previously;54 i.e., cavities 1 and 29 are the most
and the least occurring cavities, respectively). Although site 30
is not a proper cavity (calculation does not identify this site as
a cavity), water analysis revealed that this surface site is
particularly favorable for the binding of a water molecule (see
below), and it was thus included in the hydration sites map.
We would like to remark that only the water molecule directly
bound to the heme iron (myoglobin met-form) was placed inside
the protein matrix in the initial structure used for simulation.

A first glance at Chart 1 reveals that only a few sites, i.e.,
distal pocket (DP), Xe3, Xe4, 6, 11, 23, 24, and 30, host slow
water molecules, with five water molecules on average simul-
taneously inside the protein matrix (Figure 1). Among these
sites, DP, Xe3, Xe4, site 30, and site 11 (named also as the
apical site) are hydrated for a time longer than 30% of the entire
simulation.

In order to fully characterize these hydration sites, the
structural parameters of the most representative H-bonds formed
by the water molecule with the residues of the cavity were
collected and reported in Table S1.

DP hosts at least one solvent water for almost 100% of the
simulation time (Figure 2A), stabilized by two H-bonds such
as (wat)O-H · · ·O(wat-Fe) and (wat)O · · ·H-Nε(64H). Notably,
in the time range 30-44 ns, DP hosts two water molecules, the
second one entering from Xe4 (Figure 2B). Around 44 ns, one
of these waters moves from DP to Xe4, where solvent molecules
are present for about 30% of the simulation, forming (wat)-
O-H · · ·O(25G) and (wat)O-H · · ·O(65G) H-bonds that stabi-
lize the water molecule inside this internal cavity.

Xe3, a site relevant for ligand entry/escape,46,55 contains a
water molecule in three different simulation times, bound to
the protein through H-bonds such as (wat)O-H · · ·O(75I),
(wat)O-H · · ·O(13 V), and (wat)O · · ·H-N(80G) (Table S1,
Figure 1). Interestingly, after ∼16 ns (Chart 1), no slow waters
were found. Such a surprising result inspired further investiga-
tion into the dynamics of Xe3, as discussed in detail in the
following sections.

Similarly, the apical site (site 11) is relevant for ligands to
enter/escape the protein (Figure 1).55 In particular, cavity
calculation carried out in our previous work54 showed that this
site may connect the external solvent to DP through cavities
17 and 8. In particular, the apical site hosts waters with long
occupation times (about 12 ns each) for about 80% of the entire
simulation, each water being stabilized by three stable H-bonds
such as (wat)O-H · · ·O(55M), (wat)O-H · · ·O(58S), and
(wat)O · · ·H-N(26Q) (Table S1, Figure 3A).

Site 30 (Figures 1 and 4), located under the heme group,
contains a water molecule for more than 80% of the simulation
time. Each water remains in the site for about 4 ns, forming
two hydrogen bonds, (wat)O-H · · ·Nδ(93H) and (wat)O-

Figure 1. Myoglobin hydration sites. Blue points represent the position
of oxygen atoms of those water molecules binding the protein with total
occupation times longer than 2 ns (see Chart 1, Table S1, and Computational
Details). The thickness of the cloud roughly correlates with the total
occupation time. Due to poor occupation time, site 6 (between helices A
and H, Table S1) is not shown.

Figure 2. View of DP with (A) one solvent water (time ranges 2-30 ns
and 44-48 ns) and (B) two solvent waters (time range 30-44 ns), other
than that directly bound to the heme iron.

Figure 3. View of the apical site (A) with water involved in a hydrogen
bond network with 26Q, 55M, and 58S and (B) without water, with 26Q
forming two hydrogen bonds with 55M and 58S.

Figure 4. View of site 30. A water molecule is H-bonding 93H (proximal
histidine) and 97H.
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H · · ·N(97H) (Table S1, Figure 4). We would like to remark
that 93H is the proximal histidine, bound to the heme iron.

Waters were also found (for about 20% of the simulation
time) in sites 23 and 24, which are small cavities with a poor
occurrence (Figure 1). Their hydration may be of relevance since
the former is located close to Xe3 between helices H and F,
while the latter is close to Xe2 between helices G and H.
Remarkably, sites 23 and 24 are close to portals 6 and 2 reported
by Onufriev et al.,55 where a total of nine events were observed:
six escapes and three entries.

Finally, waters occupied for about 20% of the simulation time
two slightly different positions in site 6, located between helices
A and H, close to residues 119 and 127 (Table S1).

The systematic analysis of the hydration sites revealed
different roles of solvent waters while interacting with the
protein. In the following, detailed discussion focuses on the
characterization of selected sites.

Distal Pocket: Waters as “Block”. One water molecule enters
DP around 2 ns, taking advantage of a slight displacement of
64H, which allows it to penetrate the pocket, where it is stable
for almost the 100% of the simulation time, forming H-bonds
with 64H and the water bound to iron (Table S1, Figure 2A).
This finding is in agreement with previous studies that suggest
a portal through residues 64, 67, and 154.55 In addition,
extensive experimental work63,64 has shown that the polarity
of 64H (more than its size) affects kinetic barriers to ligand
entrance. According to our results, this may be caused by the
ability of the distal histidine to form hydrogen bonds with a
solvent water molecule, which can “block” ligand entrance. In
fact, it has been suggested that binding of a ligand to the
myoglobin iron center is only possible after expulsion of a water

molecule stabilized by H-bonding to 64H.65 Indeed, the
comparison of several distal pocket mutants revealed an inverse
correlation between water occupancy and ligand entry/escape
rate.66 The presence of a water molecule (other than that directly
bound to the iron in the met-form) decreases the rate of ligand
entry and lowers the overall affinity for ligands.53

In the specific case of the met-form, the presence of the water
bound to the iron center may favor the entrance of other waters
by providing the possibility of forming H-bonds that stabilize
possible clusters. This hypothesis is also supported by a recent
experimental study showing that the entropic barrier for a second
water molecule to enter the distal pocket may be reduced by
the presence of a first one.67 Indeed, our simulation shows that
DP is the only cavity where more than one slow water molecule
can be present at the same time, i.e., two solvent waters and
that bound to the heme iron (Figure 2B).

Apical Site (Site 11): Waters as “Wedge”. Chart 2 displays
the occurrence and the volume of the apical site as a function
of time. The occurrence falls almost to zero in three simulation
times, 0-2.5, 16-17, and 32-37 ns. Interestingly, these times
perfectly overlap with those of Chart 1, showing the absence
of a water molecule inside the cavity; i.e., when the apical site
exists (its volume fluctuating around a volume of 20 Å3), it
contains a water molecule. In order to explore this point, a deep
analysis of the site has been carried out. Among many structural
parameters examined, the distance between three residues
accounts for the dynamical behavior of the cavity, i.e., residues
26Q, 55M, and 58S. In particular, when the occurrence is close
to zero, the distance between (26Q)N and (55M)O equals 3.2
Å on average. At this time, two hydrogen bonds are formed,

(64) Egeberg, K. D.; Springer, B. A.; Sligar, S. G.; Carver, T. E.; Rohlfs,
R. J.; Olson, J. S. J. Biol. Chem. 1990, 265, 11788–11795.

(65) Brunori, M. Biophys. Chem. 2000, 86, 221–230.
(66) Similar results were observed for several gaseous ligands’ binding.
(67) Goldbeck, R. A.; Bhaskaran, S.; Ortega, C.; Mendoza, J. L.; Olson,

J. S.; Soman, J.; Kliger, D. S.; Esquerra, R. M. Proc. Nat. Acad. Sci.
U.S.A. 2006, 103, 1254–1259.

Chart 2 a

a Volume and occurrence of the apical site (cluster 11) are plotted as function of simulation time. Average volume remains almost constant during the
whole simulation. Remarkably, the occurrence of the apical site falls to zero in all three time regions where no water molecules were found to be trapped
in this site (Chart 1).
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such as (26Q)N-H · · ·O(55M) and (26Q)N-H · · ·O(58S) (Fig-
ure 3B). When a water enters the site, acting as a sort of
“wedge”, the distance between these residues increases and a
network of hydrogen bonds involving the water molecule is
formed, such as (26Q)N-H · · ·O(wat), (wat)O-H · · ·O(55M),
and (wat)O-H · · ·O(58S), as displayed in Table S1 and Figure
3A. From our data it is not clear whether the molecule enters
the protein and creates the cavity or, instead, the cavity opens
and then a water molecule can slip inside. Yet, it is evident
that the motions of residues 26Q, 55M, and 58S crucially depend
on the presence of a water molecule, not only influencing the
above-mentioned distances but also resulting in an anticorrelated
displacement of their CR’s (Figure S1A). These motions are
then transmitted to a large part of helices B, D, and E (Figure
S1B). Indeed, the correlation map (Figure 5) shows a wide spot
of anticorrelation between the residues 26 and 58, in a region
comprising the residues from 18 to 30 and from 54 to 66.
Notably, among these residues, 29L was recently shown to have
a specific role in myoglobin.54 Rotation of this amino acid
around the dihedral N-CR-C�-Cγ angle regulates the DP/
Xe4 and 17/DP connections, i.e., 29L acts as a switch between
these two gates.54 Further analysis of the trajectory revealed
that an anticorrelation exists for this dihedral angle and the
distance between CR’s of 29L and 55M, the cross-correlation
coefficient being equal to -0.76 (Figure S2A). Thus, when the
two helices approach because one water molecule leaves the
apical site, 29L stays in the configuration corresponding to
the close state of DP/Xe4 gate. When the water molecule enters
the apical site and the helices go away from each other, 29L
has the possibility of rotating, causing the DP/Xe4 to open. It
is thus not surprising that a positive correlation exists between
the DP/Xe4 gate area and 29-55 CR distance (the cross-
correlation coefficient is 0.60, corresponding to a medium-high
correlation,68 Figure S2B). It is worth remarking that the region
of the apical site has already been indicated in previous studies
as one possible portal connecting the solvent with the protein
interior.54,55 Our work also suggests that its hydration state may
influence the dynamics of the gates between the main cavities
of the distal region, thus affecting protein functioning. This
hypothesis is supported by experimental studies which have
shown that single-point mutation of 26Q (one of the residues

belonging to the apical site) affects ligand migration kinetics
in myoglobin.22,69

Xenon-3 Site: Waters as “Flow”. As for the apical site, the
analysis of Xe3 hydration and volume revealed interesting
features that deserve a detailed description. As mentioned above,
from ∼16 ns to the end of the simulation, no slow waters were
found in Xe3. The analysis of cavity dynamics revealed that
the volume doubles in the time range 17-24 ns, from an average
value of ∼90 Å3 to a peak of ∼190 Å3 (Figure 6A). This occurs
in only ∼7 ns, the contraction that follows being significantly
slower (∼15 ns). Moreover, the cavity occurrence is inversely
proportional to the volume, i.e., as volume increases, occurrence
drops, suggesting that the cavity expands toward the external
aqueous solution. Following our previous study,54 the portal
through which ligands may enter/escape Xe3 was determined.
According to our results, residues Trp7, 79K, 80G, 82H, 137L,
and 141D constitute it. Interestingly, experimental studies have
shown that mutation of 137L affects the ability of the ligand to
enter/escape the protein,22,69 supporting our findings. Figure
6B,C shows the residues forming the portal before/after the
opening of the cavity, which act as a sort of shutter to let
molecules in/out of the protein. The portal area plotted as a
function of time closely follows the trend of the volume of Xe3
(with a cross-correlation coefficient of +0.83, Figure S3A).
These findings confirm that Xe3 opens toward the solvent,
providing a clear rationale for the fact that this cavity is hardly
found in X-ray structures and is often referred to as Vanishing.70,71

In addition, our results suggest that water molecules can enter
the site when the cavity opens. This would also explain the
reason why no stable water molecules can be found in Xe3 after
16 ns. To demonstrate this point, all the waters were analyzed
irrespective of their residence times (see Computational Details).
The number of waters inside Xe3 as a function of time is
displayed in Figure S3B. As one may expect, the trend of this
follows that of Chart 1 for times shorter than 16 ns. After this
time (when the portal opens), a number of fast water molecules,
with a maximum of seven (or four on average), enter the cavity.
The average number of water molecules as a function of time
closely follows the portal area trend, confirming the intuitive
idea that a higher number of fast-exchanging water molecules
can enter/escape the protein matrix when the Xe3 portal opens.
The cross-correlation coefficient of the two curves is remarkably
high, +0.73. Thus, data presented here reveal the mechanism
through which Xe3 cavity exerts its function as portal, allowing
a “flow” of water molecules to enter/escape the protein.33,72

Summary and Conclusions

In this work, molecular dynamics simulations of horse heart
met-myoglobin were performed to assess the role of solvation
in myoglobin functions. A hydration sites map of the protein

(68) Cohen, J. Statistical Power Analysis for the BehaVioral Sciences, 2nd
ed.; Lawrence Erlbaum Associates: Hillsdale, NJ, 1988.

(69) Huang, X.; Boxer, S. G. Nat. Struct. Biol. 1994, 1, 226–229.
(70) Teeter, M. M. Protein Sci. 2004, 13, 313–318.
(71) Tilton, R. F.; Singh, U. C.; Kuntz, I. D.; Kollman, P. A. J. Mol. Biol.

1988, 199, 195–211.
(72) We would like to remark that previous work by Kato and co-workers

did not show any escape from the Xe3 cavity.47 While the motions of
explicit ligand were accelerated using metadynamics, molecular
dynamics runs were performed for 10 ns (in 30 different simulations).
One reason that may explain why those researchers did not observe
escape via Xe3 may be that in their simulations the Xe3 cavity did
not have enough time to open. Indeed, they noticed the presence of
water molecules in Xe3 which may have prevented migration to Xe3.
This is consistent with the closed state of Xe3 which we observed
until 16 ns. Further factors may contribute to this discrepancy, which
confirm one more time the complexity of the studied system.

Figure 5. Correlation map of CR fluctuations.
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was built with the aim of obtaining a fingerprint of solvation
that may help identify differences among the family members
of myoglobin or, more generally, among other globular proteins.
From this map, it appears evident that many sites identified
through our procedure correspond (or are very close) to those
previously indicated as possible solvent/protein portals:55 the
apical site, Xe3, 24, 23, and DP. In addition, mutations of certain
residues that belong to the hydration sites are known to affect
ligand enter/escape or migration inside the proteins,22,69 sug-
gesting that hydration may be crucial for the entry/escape of
ligands in myoglobin and therefore fundamental for it to exert
its biological functions.

From the present work, interesting evidence emerged: a
relatively “simple” molecule like water can have many different
subtle ways to interact with a macromolecule such as a protein,
depending on the environment where it operates. Molecular
dynamics simulations and a careful statistical analysis of solvent
dynamics indeed showed that a water molecule can (i) “block”
the entrance/escape to/from a site, (ii) act as a “wedge”
supporting the dynamics of a cavity, or (iii) join a “flow” of
other water molecules taking a ligand through (or “washing” a
ligand away from) a protein portal.

In particular, the distal pocket was found to host at least one
water molecule (in addition to the one bound to the heme iron)
for almost the entire simulation, it being the only cavity that
allowed a maximum of three waters inside (e.g., two solvent
molecules together with the water bound to the heme iron, for
about 10 ns), with 64H playing a pivotal role in stabilizing these
molecules. Consistent with recent experimental studies,53 our
work confirms that water molecules can “block” ligand entrance
into an internal cavity, thereby influencing the kinetic barrier
of the entry.

In another protein region, namely the apical site, the motion
of the three amino acids 26Q, 55M, and 58S constituting the
portal was found to be highly correlated to the presence of a
water molecule in the site. A water molecule trapped in the
apical site was shown to work as a sort of “wedge” that forces
portal residues to move apart, the latter being then followed by
large parts of helices B, D, and E. Although it is not clear if
the solvent molecule opens its way to the cavity or, rather, takes
advantage of the cavity volume fluctuations, solvation is
certainly crucial for the dynamics of the apical site. Indeed, this
motion is transmitted through the protein backbone reaching
29L which, as shown in our previous work,54 regulates the 17/

Figure 6. (A) Xe3 volume/occurrence as a function of time. At the bottom are shown two views of the Xe3 portal at two different simulation times: (B)
2 ns, portal closed; (C) 20 ns, portal open.
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DP and DP/Xe4 gates. Therefore, hydration of the apical site
may have an indirect role in ligand migration through the distal
region and hence in protein biological functions. These findings
are in very good agreement with the work of Fisher and
Verma,39 showing that water binding is accompanied by an
increase in the vibrational entropy of a large part of the protein
matrix; i.e., the overall flexibility of certain portions of the
protein increases on binding.

Finally, the Xe3 cavity has been previously indicated as a
possible portal for ligands to enter/escape the protein.46,55 In
this study, the mechanism of this portal is unveiled for the first
time. It works as a shutter, with Trp7, Lys79, 80G, 82H, Leu137,
and 141D residues involved. In addition, our results strongly
suggest that the opening/closing mechanism is strictly related
to cavity hydration: when the portal is closed, long-residence-
time water molecules are found inside; in contrast, when the
portal opens to the solvent, water molecules can easily enter/
escape the cavity, with up to seven fast waters simultaneously
passing through this portal. Such a “flow” of water molecules
may have a double role: (i) to “wash” the protein, taking away
a ligand from Xe3, and (ii) to transport a ligand inside Xe3,
from which it may enter the protein.

In conclusion, three different ways of action of solvent water
molecules have been revealed and their effects on myoglobin
dynamics described in detail. In addition, we speculate that water
may be involved in other kinds of interactions with different
proteins or biological systems. In line with the growing concept
of water as a fundamental component of cells,2 our study
confirms that the solvent can operate in different subtle ways,
thereby having an active role in the biological functions of
proteins.

Acknowledgment. Simulations were performed at the Caspur
(Roma, Italy) and Cineca (Bologna, Italy). This work was supported
by MIUR PRIN2006 (2006059902_003) project. The study makes
use of results produced by the Cybersar Project managed by the
Consorzio COSMOLAB. M. Ceccarelli thanks CNR for funding
A.R. through the “Seed” Projects-INFM call for Young Researchers
2008, entitled “Binding/release of oxygen in hemoglobin through
molecular simulations”.

Supporting Information Available: Table S1 and Figures
S1-S3. This material is available free of charge via the Internet
at http://pubs.acs.org.

JA909822D

J. AM. CHEM. SOC. 9 VOL. 132, NO. 14, 2010 5163

Gates and Portals in Heme Proteins A R T I C L E S


