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I
t is widely appreciated that water
molecules play an invaluable role
in governing the structure, stability,
dynamics, and function of biomol-

ecules. The hydration forces are respon-
sible for packing and stabilization of the
protein structure. Particularly, water
participates in many hydrogen bond net-
works and screening electrostatic inter-
actions. However, the exact range of
processes mediated by water is far from
being understood, and it is only in the
recent years that water has been quanti-
tatively treated as an integral compo-
nent of biomolecular systems. In this
issue of PNAS, Papoian et al. (1) report
a significant improvement in protein
structure prediction by adding a water
knowledge-based potential to an estab-
lished Hamiltonian for protein structure
prediction. ‘‘Wetting’’ the Hamiltonian
improves the predicted structures, espe-
cially for large proteins, when long-
range interactions between polar or
charged groups are mediated by water
molecules.

There are a variety of experimental
and theoretical studies acknowledging
the active role of solvent in protein sta-
bility and dynamics. Experimentally, x-
ray, neutron diffraction (2), NMR (3, 4),
and femtosecond fluorescence (5) mea-
surements reveal the binding sites, struc-
ture, and dynamics of water. Theoreti-
cally, molecular dynamics simulations
offer a detailed atomic description of
both the biomolecule and the solvent as
well as the time dependency of their
dynamics (6–9). These all-atom explicit–
solvent simulations of proteins, however,
do not appear to provide sufficient con-
formational coverage to tackle many
equilibrium and long-time-scale kinetic
properties. Thus, a complementary ap-
proach is to adopt simplified models
that trade high structural resolution of
the water molecule (10, 11) (e.g., gener-
alized born model for the water) or of
both the polypeptide and the solvent
(e.g., structure-based models) for en-
hancing conformational sampling (12, 13).

Desolvation during folding processes
was studied by using a structure-based
(Go) model for the Src homology 3
(SH3) protein assuming that each native
contact is formed only after expelling a
water molecule that mediates the inter-
action between any two residues (13).
The fully solvated unfolded chain under-
goes an initial structural collapse to an
overall native topological conformation

that is followed by a second transition
where water molecules are cooperatively
squeezed out from the hydrophobic core
region, resulting in a dry and packed
protein. Gating protein folding by sol-
vent, as implemented in the energeti-
cally minimally frustrated model, pro-
vides additional microscopic features of
the folding events, which have been ob-
served experimentally (13, 14). Atomis-
tic simulation studies of SH3 and pro-
teins A and G support the role of water
as a lubricant for the packing of the hy-
drophobic core after the formation of
the transition state (6–8). Moreover,
these fully atomic simulations, which are
not biased toward direct contacts be-
tween the residues, point out that the

folded state is not completely dry, but a
few core water molecules form hydrogen
bonds with the protein backbone. These
studies argue that water evaporation due
to hydrophobically induced drying (as
was suggested for the association of two
rigid hydrophobic objects) (15, 16) is
less realistic for protein folding because
water can be gradually expelled from
the protein interior due to the chain

flexibility and the existence of polar
groups in the core.

Water is fundamental in protein fold-
ing mainly because of its role in defining
hydrophobic attractions (17, 18) that are
responsible for the rapid gluing of hy-
drophobic residues. The hydration water
in the proximity of the protein surface,
which exhibits dynamical properties
markedly deviating from those of bulk
(19), are crucial for stabilizing folded
proteins. Fluctuations of the hydration
water can slave the protein dynamics
and thus affect its function (20, 21), yet
the interplay between the protein and
solvent complexity is an intriguing open
question. Furthermore, water not only
interacts with the protein surface, but it
can directly interact with the protein
backbone and side chains in the protein
interior or even form clusters of two or
more water molecules in hydrophobic
cavities (3). Buried water molecules
have much longer mean residence time
than water in the first hydration shell,
and thus they constitute an integral part
of the protein structure (4, 22, 23).
However, interior water molecules can
escape to the bulk and be replaced by
water from the hydration shell (23). Ac-
cordingly, mutations can affect the num-
ber of structural water molecules within
the core and disrupt essential main-
chain interaction network mediated by
ordered water contacts (24), resulting in
destabilization.

See companion article on page 3352.

*To whom correspondence should be addressed. E-mail:
jonuchic@ucsd.edu.

© 2004 by The National Academy of Sciences of the USA

Fig. 1. The knowledge-based potentials incorporated in the structure prediction Hamiltonian by
Papoian et al. (1). Each pair of residues can interact directly or meditatively by a water molecule (these two
types of contacts are also termed first and second wells, respectively). A direct contact was defined as
occurring between residues when the distance between their C� atoms is 4.5–6.5 Å, and, similarly, a
water-mediated contact was set to a distance of 6.5–9.5 Å. The second well includes also a protein-
mediated contact potential (data not shown), which is highly correlated with the direct-contact potential.
Positive values indicate more favorable interactions.

Adding water
to an established

Hamiltonian improves
predicted protein

structures.

www.pnas.org�cgi�doi�10.1073�pnas.0400157101 PNAS � March 9, 2004 � vol. 101 � no. 10 � 3325–3326

C
O

M
M

E
N

T
A

R
Y



Papoian et al. (1) uniquely incorpo-
rate water into a protein structure pre-
diction Hamiltonian by allowing any ter-
tiary pairwise interaction in the protein
(including non-native contacts) to be
either a direct contact or a long-range
contact mediated by either a water mol-
ecule or by the protein itself, resulting
in a highly nonadditive potential (25).
The potentials of direct, as well as pro-
tein- and water-mediated, contacts for
any pair of residues were obtained by a
bioinformatic approach based on data
set of 156 monomeric proteins (Fig. 1).
This indirect definition of specific water-
mediated contacts overcomes the likely
underestimated number of interactions
with water as found by high-resolution
x-ray structures. The ‘‘wet’’ potential
shows a remarkable improvement of
predicting the structure of �-helical pro-
teins, especially for those with �115 res-
idues, through long-range water-medi-
ated interactions. These interactions are
important in the early stage to guide the
structural search by the formation of
long-range contacts. Late events include
the formation of short-range contacts,
the exclusion of water from the protein
interior, and stabilizing the folded state
by bridging hydrophilic groups at the
protein surface. Water molecules can
guide folding and facilitate packing of
supersecondary structural elements by
mediating long-range interactions be-
tween polar and charged amino acids,
pointing out its important role for fold-
ing and stabilization of large and mul-
tidomain proteins.

The aqueous environment, thus, has a
more active role in protein dynamics
and stability than what is traditionally
imagined and may have many applica-

tions. For instance, incorporating water-
mediated contacts between hydrophilic
residues in protein design may result in
more stable proteins. Moreover, the
common hydrophilic nature of the inter-
faces of protein–protein (26, 27) and
protein–DNA (28) complexes together
with the limited success of coarse-
grained folding potentials for binding
problems (25) and the abundance of
water molecules at the interfaces suggest
that water is indispensable for biomolec-
ular recognition and self-assembly (29)
(see Fig. 2). For some complexes, it was
concluded that water can contribute to
exquisite specificity (30), whereas for
others, water was found to allow promis-
cuous binding by acting as a buffer that
weakens unfavorable polar interactions
(31). Thus, the enthalpy gain from wa-
ter-mediated contacts is greater than the

entropic cost that must be paid for im-
mobilizing interfacial water. Kinetically,
water molecules can guide a fully sol-
vated protein to recognize a fully sol-
vated DNA by a gradual expulsion of
water layers, presumably via the fly cast-
ing mechanism (32), resulting with a wet
interface complex. We must mention,
however, that the gross features of the
association mechanisms of various ho-
modimers (33), trimers, and tetramers
were obtained based on their topology
alone. The binding transition state of
several protein complexes obtained by
using a Go model is in agreement with
their experimental � value (unpublished
data). This finding suggests that the pro-
tein topology is a dominant factor govern-
ing protein folding and binding, yet water
has to be taken into account for studying
desolvation effects on binding.

The study by Papoian et al. (1) indi-
cates that water not only induces protein
folding and binding but also actively
participates via long-range water-medi-
ated contacts. Both hydrophobic and
hydrophilic effects are dominant driving
forces for biochemical processes. Adding
water may improve protein docking as
well as protein and drug design strate-
gies and results with higher specificity
and affinity. ‘‘Wet’’ Hamiltonians are
expected to predict more accurate struc-
tures. Moving on wet funneled energy
landscapes has provided insight on the
coupled slaving between the protein and
water dynamics and the role played by
water in biological functionality.
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Fig. 2. Water at the protein–protein and protein–
DNA interfaces. The complex of bovine papilloma-
virus-1 E2 with DNA (PDB ID code 2bop) contains
241 water molecules (represented by spheres), of
which 40 water molecules mediate protein–
protein interactions (blue spheres) and another 42
water molecules mediate protein–DNA interac-
tions (light blue spheres).
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