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PERSPECTIVES

OPINION

Do we underestimate the importance
of water in cell biology??

Martin Chaplin

Abstract | Liquid water is a highly versatile material. Although it is formed from the
tiniest of molecules, it can shape and control biomolecules. The hydrogen-bonding
properties of water are crucial to this versatility, as they allow water to execute an
intricate three-dimensional ‘ballet’, exchanging partners while retaining complex
order and enduring effects. Water can generate small active clusters and
macroscopic assemblies, which can both transmit information on different scales.

It is surely time for water to take up its
rightful position as the most important and
active of all biological molecules, and leave
behind the perception that its influence is
inconsequential and its presence can be
safely disregarded. Liquid water is not a

‘bit player’ in the theatre of life — it’s the
headline act. Although reminders of its
central importance have been published
regularly, although sparsely, over the past
century (TIMELINE), the surges in interest that
they generate have always fallen back, mak-
ing way for the ‘glitzier, and less ephemeral,
structures and properties of other biomole-
cules such as proteins and nucleic acids.
Even today, much of the published material
that concerns biological molecules ignores
the central role of water in life’s machinery.
Recently, however, its place as the princi-
pal and most versatile player in cell and
molecular biology has become clearer.

In bulk liquid water, each water molecule
not only forms up to four tetrahedrally
directed hydrogen bonds with neighbouring
water molecules, each molecule can also
establish dipole and induced dipole interac-
tions with other molecules (FIC. 1). Such
water clusters give liquid water a heterogene-
ous character that can change with different
physical and environmental conditions. The
atoms of biomolecules can replace any or
all of the links around each water molecule,
which affects the structuring of adjacent
water molecules and biomolecular groups
as well as secondarily linked molecules and

distant parts of the biomolecules. Such water
molecules can be bound to the surfaces of
biomolecules by stronger or weaker forces
than their average bulk-phase interaction
forces. Either way, they exchange places
with other water molecules on a timescale of
about 1-100 picoseconds’, and this exchange
depends more on the local topography and
exposure to competing water molecules
than on the strength of their binding. This
rapid exchange of partners allows the surface
shape of a biomolecule to change but does
not significantly change other effects of
hydration such as the net direction and
strength of the hydrogen bonding.

Through the high density of liquid water’s
compliant, yet strong, hydrogen bonds,
it controls protein folding, structure and
activity?. It determines the twisting of the
DNA double helix® and the recognition of
the DNA sequence’. As the medium for
biological processes, it can change and affect
them in an instant, slowing them down at
one moment, speeding them up at another,
while constantly and rapidly transferring
information from one place to another, both
near and far. Water can function as individ-
ual isolated molecules, small clusters, much
larger networks or as liquid phases that can
have different ‘personalities. Water clusters
show great diversity both in their structure
and function, with their localized structures
being determined by the free energy of
bonding and non-bonding contacts’. Despite
a clear, consistent and growing message that

has been drawn from wide-ranging phe-
nomena, unambiguous confirmation of the
presence of particular water clusters remains
elusive. This is because most experimental
and theoretical techniques cannot observe
large-scale clustering and only describe the
fleeting environment around individual
molecules®’. In addition, simulations can
give results that are based on incomplete
sampling, and the resolving power of many
experiments is limited by time and space
averaging. Indeed, neither diffraction® nor
NMR studies on pure water show any evi-
dence of organized clustering, due either to
methodological shortcomings or to the real
absence of such clusters.

This article presents evidence for only
some of the wide-ranging and complex
issues that surround the biological activity of
water, and it offers only a glimpse of reality.
It covers water’s controlling influence over
protein and nucleic-acid structure and
function, as well as over cellular activity. For
deeper analyses, the reader is directed to the
reference list and the Further information.

The effects of water on proteins

Water is an integral part of many biomol-
ecules. In particular, protein—water inter-
actions establish and mould the free-energy
landscape that governs the folding, structure,
stability and activity of proteins’, as is
discussed in the following subsections.

Protein folding. Proteins fold rapidly into
well defined three-dimensional shapes that
depend on the primary sequence of their
amino acids. For this to be possible, the
folding-energy landscape must consist of

a multidimensional funnel with only small
energy barriers that can be easily overcome
by the available thermal energy (FIG. 2). This
requires a mechanism that involves flexible,
exchangeable and extensible linkages, and
water-mediated hydrogen bonding is ide-
ally suited for this purpose. It is therefore
surprising that it has been proposed only
recently that protein folding is mediated and
guided by aqueous solvation'’. Most protein
folding occurs with water hydrating the pep-
tide backbone and precisely manoeuvring
the backbone through its secondary and
supersecondary structural assembly towards
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Timeline | A brief history of biological water science

Thales of Miletus declares
that water is the primary
essence of nature.

Réntgen develops Whiting's earlier idea that water
contains tiny ice crystals, the concentration of which
changes depending on temperature and pressure®.

Ling describes virtually all water in living cells
as being different from normal liquid water®.

Watson and Crick state that hydration is crucially
important for the conformation of nucleic acids®®.

Rahman and Stillinger describe
the first molecular dynamics
study of liquid water®.

Grotthuss describes the polarity of the
water molecule and the mechanism of
proton hopping®.

Bernal and Fowler develop a water model
that consists of an equilibrium of dense
and less-dense water clusters*.

Szent-Gyorgyi extends the ‘iceberg’ theory
to protein molecules in cells®®.

~560BC 1781
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The composition of Hofmeister
water (two parts discusses the
hydrogen to one part effects of aqueous

Hydrogen bonding is first
suggested to occur in water by
Latimer and Rodebush®.

The structure of the hydrated
proton (HQOA*; known as the
Eigen cation) is proposed®’.

Narten, Danford and Levy complete an X-ray
diffraction study of liquid water and generate
its radial distribution function®.

oxygen) is discovered by salts on protein

Henry Cavendish (see A
Brief Biography of Henry
Cavendish in the Further

precipitation®.

Frank and Evans describe the hydration around
hydrophobic groups as being like an ‘iceberg™*
— thatis, as being a structured patch of water.

Kauzmann introduces the concept of
‘hydrophobicity’ to explain how proteins fold**.

Water is found bound to a
protein using X-ray diffraction®.

information).

its ultimate and unique active structure.
Only late in structural development is

water squeezed out by cooperative peptide
hydrogen-bonding interactions from the
more hydrophobic areas towards the more
hydrophilic ones. Although water is implic-
itly involved and implicit water models

are used in protein-structure prediction to
reduce the computational overhead, empiri-
cal methodologies for protein-structure
prediction usually fail to include any explicit

water needs to be explicitly involved in the
more powerful structural prediction meth-
ods that realistically follow the biological
mechanism of folding'".

Protein structure. Water is not present simply
to fill up the available space in and around
biological proteins'. Water molecules occupy
specific sites and form localized clusters

with structures that are determined by their
hydrogen-bonding capabilities and the

water molecules. However, it is clear that structure of the protein. Water molecules

a b
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Figure 1 | The dependence of water clustering on hydrogen-bond density. Representative
structures of water clusters in liquid water are shown. a | A tetrahedrally coordinated water molecule
(marked with an asterisk) in an open-hydrogen-bonded, low-density structure. All of the hydrogen
bonds are shown as being linear. However, although linear hydrogen bonds are the lowest energy
structures, there will be considerable variation. Open structures such as this one can be extended to
form extensive, almost isotropic networks. b | A water molecule (marked with an asterisk) is tetrahe-
drally coordinated to four other water molecules by means of hydrogen bonds, but is also equally close
to three non-bonded water molecules that belong to another hydrogen-bonded cluster. These non-
bonded interactions are formed from multiple dipoles and induced dipoles. Such clusters have greater
entropy and raised enthalpy, and result in high-density local structuring. Actual structural changes in
liquid water that are approximated by the conversion between these structural forms have been shown
to occur at low temperatures* and high pressures®, and are thought to be responsible for the extraor-
dinarily anomalous changes that occur in the physical properties of water upon temperature change
(see Sixty-three Anomalies of Water in the Further information). However, the question of whether
water functions more as a one-state or a two-state system still has to be definitively answered.
The atom colouring is: hydrogen, white; and oxygen, red.

occupy cavities in most globular proteins,
where they are present in similar numbers to
the numbers of individual amino acids that
are present and conserved as an integral part
of the protein’. Although these water mole-
cules are exchangeable with external water
molecules, many of them are as essential for
function as the amino acids’. Surface water
molecules are held in place most strongly by
charged amino acids'?, but are also held in
place by other polar groups. ‘Slippery water
clusters, which have greater freedom for two-
dimensional translation along a surface but
have restricted molecular rotational mobility,
form around exposed hydrophobic areas’.
The exchange of surface water, and therefore
the persistence of local clustering and the
overall flexibility of the system, is control-
led by the exposure of the water molecules
to the bulk solvent, with greater exposure
correlating with greater flexibility and more
liberated protein-chain movement’.

Water molecules can bind between the
areas of a protein that approach one another
but that are not touching, and can transfer
surface information between subunits and
away towards the bulk (FIC. 3a). As water
molecules and their clusters are extremely
accommodating in terms of their orienta-
tion and spatial distribution, they can
lower energy barriers between the energy
minima of neighbouring systems. Water
can therefore function as a lubricant in that
it eases the necessary rearrangements of
peptide amide-carbonyl hydrogen bonding
during conformational changes, which gives
proteins the flexibility they need for their
functions'. The hydrogen bonds of water
molecules and their clusters can also function
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Asimple potential
model (known as TIP3P)

The extended simple point charge (SPC/E) model for water
is developed, which accounts better for the polarizability of
water and behaves qualitatively like water®.

is developed for I
simulating liquid

The anomalies of water are

water®. Several useful
variants are later
developed.

explained by a model that
contains a mixture of low and
high density clusters®’.

Very high-density
amorphous ice is
discovered”.

Interfacial water is recognized
as being key to the sequence
recognition of DNA*.

1975

1983 1987 2000

2001 2002 2005

Boutron and Alben
introduce arandom
network model of water

Pentagonal rings of
water molecules are
found around

The icosahedral
water-cluster model
is developed®.

Protein folding is proposed to
be mediated by solvation®.

that contains a mixture
of water clusters
including 4-, 5-,6-, 7-
and 8-membered rings®™.

hydrophobic residues in
the protein crambin®.

as ‘mechanical clutches’ that transmit relative
movement between subunits and domains,
depending on the circumstances.

Protein activity and dynamics. A certain
amount of water is necessary for the biologi-
cal activity of all proteins. Even apparently
‘dry’ enzymes in the presence of gas-phase
substrates show no activity without some
water present'®. Most soluble enzymes
require a substantial number of water
molecules to function. Recent work has indi-
cated that, at the least, a spanning network
of hydrogen-bonded water molecules that
covers most of the surface of an enzyme is
required for enzyme activity’. Such net-
works connect all of the hydrogen-bonded
water clusters on the surface of a protein and
control the dynamics of a protein, such as
its domain motions. Reciprocated structural
interactions between water molecules and
a protein thereby transmit information
around a protein'®. Such dynamics, in
turn, underlie the biological function of
a protein'’. Notably and significantly, the
spanning water network has power over pro-
tein dynamics. Support for this view comes
from experiments that have disrupted the
spanning network, for example, by changing
the temperature to increase hydrogen-bond
breakage. Such disturbances tend to cause
a protein to denature and lose its biological
activity'®, but only in the presence of water.
The strength of the water network
manages protein dynamics, with greater
protein movements occurring in regions
that contain many weak, bent or broken
hydrogen bonds, because of the presence of
more reactive water. Conversely, restricted

movement results from the presence of many
strong intramolecular aqueous hydrogen
bonds. The structural elements that are most
exposed to the bulk aqueous media are the
least restricted'?. The water network links
secondary structural elements in the protein
and therefore determines not only the fine
detail of the structure of a protein, but also
which particular molecular vibrations are
preferred'.

Protein-ligand interactions. Ordered water
molecules at the surfaces of and between
biomolecules frequently mediate binding
interactions. Water-induced effects can be
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large and decisive in the selection of the best
binding site'. The displacement of bound
water molecules from their surface hydra-
tion sites often compensates energetically
for the formation of direct interactions
between biomolecules. There is normally a
close relationship between the enthalpic loss
and entropic gain of the water molecules
that are being displaced and the enthalpic
gain and entropic loss of the protein-ligand
interaction that is forming, which eases
both binding and release®. However, water
molecules can remain in place when a new
interaction is formed (FIG. 3b), and they,
together with peripheral hydrating linkages,
can affect the specificity, stereochemistry
and thermodynamics of the binding
process'. The energetic optimization of
hydrogen-bonded networks (including their
entropic consequences) that involve a pro-
tein, water and a ligand is an intrinsic part
of all molecular recognition processes that
involve binding proteins and enzymes.

Water in proton and electron transfer
Ordered water molecules that connect donor
and acceptor sites can facilitate both proton-
transfer processes and electron-transfer
reactions. In both cases, the transfer is faster
when the linking water molecules are more
strongly hydrogen bonded.

Water in proton transfer. There is an extra-
ordinary process, commonly referred to as
the Grotthuss mechanism, whereby protons
can move speedily in an aqueous environ-
ment?. Because transfer occurs between

Figure 2 | The importance of water in protein folding. Schematic potential-energy funnels for the
folding of proteins. The rim (red-orange) represents the high energy of the unfolded protein, with
folding lowering the energy towards a minimum-energy structure that is at the bottom of the funnel
(dark blue). It should be noted that these funnels represent three-dimensional landscapes, whereas
the actual energy landscapes are multidimensional. a | The folding-energy landscape in the presence
of low hydration highlights the numerous barriers to the preferred minimum-energy structure on
the folding pathway. There are many local minima that might trap the protein in an inactive three-
dimensional molecular conformation. b | When a protein is sufficiently hydrated, a smoothed
potential-energy landscape is evident. This allows proteins to attain their active minimum-energy
conformation in a straightforward and rapid manner.
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Figure 3 | The importance of water in protein structure. a | A cluster of water molecules (red and
white molecules) can be seen between, and connecting, the haem groups and protein residues of the
two identical subunits (labelled subunit A and subunit B) of Scapharca inaequivalvis haemoglobin. Note
the symmetry of the well ordered water cluster that has formed two pentameric rings* (centre left and
right). Following oxygen binding, the water molecules transfer information between the subunits before
the water cluster is disrupted by the loss of six water molecules. This structure was created using the
Protein Data Bank (PDB) accession file 4SDH*. b | A single water molecule in the ligand-binding site of
concanavalin A functions as a link between Asp14, Asn16 and Arg228 of the protein and the 2’-OH
hydroxyl group of the trimannoside ligand®. This structure was created using the PDB accession file
1ONA*, For clarity, only the relevant parts of the proteins are shown in both parts of the figure. The atom

colouring is: carbon, light blue; hydrogen, white; nitrogen, dark blue; oxygen, red; and iron, pink.

pools that contain low concentrations

(~107 M) of protons, conventional diffusion
would be extremely slow, because it depends
on concentration gradients. By contrast, the
Grotthuss mechanism is most efficient in
neutral solutions®'. Following the addition of
a proton to one end of a hydrogen-bonded
chain (often referred to as a ‘water wire’),
hydrogen-bond flipping down the chain
releases a different but identical proton at
the other end of the water wire. Protons
therefore move fastest when an ordered
one-dimensional hydrogen-bonded chain
facilitates their movement®'. A common
structural theme among proteins that are
involved in proton translocation is a string
of water molecules in a hydrophilic cavity
that is lined with polar amino acids. Thermal
fluctuations that involve these polar amino
acids modulate proton transfer by rocking
the water molecules. So, the polarization

of the hydrogen bonding varies with the
closing and opening of the hydrogen-bonded
distances, which facilitates proton transfer
(FIC. 4a). Water wires are so efficient at
transferring protons that they are deliberately
disrupted in aquaporin molecules, which
allow the single-file translocation of water
molecules through membranes. Halfway
through these water-transfer channels, water
molecules are intentionally reorientated to
prevent sequential hydrogen bonding and the
resulting facilitated proton transfer*.

Water in electron transfer. Electron transfer
between biomolecular redox sites involves
electron tunnelling through the intervening
space, which can be facilitated in part by
proton movement in the reverse direction.
The rate of transfer depends on both the
extent and the structure of the intervening
space. Structured water clusters near redox
cofactors accelerate electron transfer by
producing strongly coupled tunnelling
pathways between the electron donor and
acceptor® (FIC. 4b). More generally, water
molecules can facilitate or disrupt this
process through the degree of alignment of
their dipoles and their capability to form
water wires.

Water and nucleic-acid structure

The average strength of aqueous interac-
tions with nucleic acids is far greater than
that with proteins due to the highly ionic
character of nucleic acids*. Although the
importance of water is often overlooked,
both DNA structure and the crucial recogni-
tion of its sequence are reliant on aqueous
interactions, with the DNA helix expanding
and contracting depending on its hydra-
tion status’. Water hydrates both the major
and minor grooves of DNA by forming
links with the polar atoms at the edges of
base pairs, and the orientation of the water
molecules depends on the bases and their
sequence. The hydration in the minor

groove has a complex pattern that includes
water hexagons in the initial spine of hydra-
tion, secondary hydration, and hydration
out as far as the fourth aqueous shell”. This
sequence-dependent hydration, which
extends to the rim of the grooves, can func-
tion as a ‘hydration fingerprint’ for a given
DNA sequence. This enables proteins to
sense the base sequence from the outside of
the grooves, and allows the rapid and lubri-
cated sensing of the DNA sequence®. The
weak binding of proteins to DNA involves
mainly the secondary hydration, which
allows proteins to slide along the DNA in
amanner that is facilitated by the remain-
ing primary hydration water molecules.

On encountering specific sites, specialized
proteins bind strongly to the DNA, and this
is necessary for the processing of genetic
information. Proteins do this by releasing
and replacing some of the bound water mole-
cules, which compensates for the entropic
cost of protein binding.

Cellular water and cell activity

Cellular water. Although some NMR?* and
most, if not all, molecular dynamics studies®”
show that water outside the inner hydration
layer around biomolecules is predominantly
unaffected by the biomolecules, other work
indicates that water inside cells behaves dif-
ferently from water outside?®. For example,
the viscosity of intracellular water is higher
and its capability to diffuse is lower, as has
been noted by NMR¥. This is not simply
due to the presence of different solutes or
the existence of extended surfaces, but seems
to be a more complex consequence of a
combination of factors. Indeed, convincing
arguments have been put forward that pro-
pose that the intracellular milieu is a gel®,
aliquid crystal’ or consists of extensively
polarized aqueous structuring®. Cells are
crowded places, and a high proportion of
water is associated with biomolecular inter-
actions and is osmotically unresponsive®. In
this environment, small changes in protein
conformations can tie up more water, which
further reduces diffusive processes, or can
release significant amounts of water, which
increases the fluidity and activity of the
intracellular environment®. Aqueous solu-
tions can form separate, but still fully aque-
ous, phases depending on the solutes that are
present. Such phases consist of low-density
water with more extensive hydrogen bond-
ing or high-density water that has fewer and
more-bent hydrogen bonds®. As such phases
have differing hydration characteristics,
reactivities and metabolic capabilities, it is
clear that such macroscopic structuring can
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have an important role in cellular activity.
For example, coherent phase microscopy
images of cyanobacterial cells and spores,
which are responsive to refractive index and
size changes, are sensitive to variations of
their metabolic states. This might indicate
changes in the hydration status, although the
effect might be entirely due to membrane
effects™®.

Cancer cells contain more free water than
normal cells, and the degree of malignancy
increases with the degree of cell hydration.

It follows that intracellular hydration might
be a primary factor in carcinogenesis®.
This could be because increased hydration
facilitates the acceleration of intracellular
processes, including respiration, which
enhances the competitive edge of a cancer
cell for using nutrients.

Communication at a distance. Cells contain
several molecules, such as cyclic AMP,

that function as messengers between bio-
molecules and turn processes on and off.
Although metabolite diffusion is not
generally thought to be limiting over small
distances™, the rapid response of cells to
changing circumstances seems unlikely to
be due only to concentration changes that
are sensed following simple diffusive proc-
esses. Instead, cells possibly benefit from
more speedy information transfer. Water is
ideally placed and perfectly suited to this
function. A simple example of this is the
release of protons to water by one biomole-
cule that influences the behaviour of other
non-touching biomolecules®. However,
more complex aqueous effects can also be
observed. Changes in protein conformations
alter the active water content inside cells,
which causes water influx or efflux*’ and
therefore alters the activity of the hydrating
water around other biomolecules. In addi-
tion, shifts in the equilibria that involve the
high concentration of actin molecules and
their polymerized chains necessarily alter the
compartmentalization of the cells through
changes to the cytoskeleton. The extent of
the static charged surfaces of actin, tubulin
and intermediate filaments might well affect
the amount of free water and therefore the
metabolic activity of these water molecules
in the cell’.

Conclusions

Water is an integral part of biomolecular
structural organization, and is central to
the assembly and three-dimensional shape
of proteins and nucleic acids. More impor-
tantly, water is essential for the function of
these molecules, guiding their interactions
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Figure 4 | Water in the transfer of protons and electrons. a | The arrangement of water molecules
at the key proton-transfer site in bacteriorhodopsin®’. Proton transport by bacteriorhodopsin is driven
by the photoisomerization of all-trans-retinal (pK_ 13) to 13-cis-retinal (pK_ ~8.45), which transfers the
excess retinal proton from its Schiff base with Lys216 to Asp85. The uncharged Asp85 then releases
the pentagonal hydrogen-bonded ring. This causes the centrally placed Arg82 side chain to flip
towards the protonated water molecule that is marked by an arrow, which results in the release of a
proton from this water molecule through a hydrogen-bonded chain (also known as a water wire) to
the extracellular space. The Schiff base is reprotonated from the cytoplasm through another associ-
ated water wire. This structure was created using the Protein Data Bank (PDB) accession file 1C3W*,
For clarity, only the relevant parts of the protein are shown. b | The structured water cluster between
two molecules of bovine liver cytochrome b, (as determined by molecular modelling), which allows
rapid electron transfer?. The electrostatic interactions of the water molecules provide a large donor-
to-acceptor coupling that produces a smooth distance dependency for the electron-transfer rate.
For clarity, only the water cluster and the cytochromes are shown, and the protein residues are hidden.
In this structure, which was created using a file kindly provided by |. Balabin, Duke University, Michigan,
USA, explicit water molecules were added? to the protein structure given by the PDB accession file
1CYO*. The atom colouring is: carbon, light blue; hydrogen, white; nitrogen, dark blue; oxygen, red;
and iron, pink.

and facilitating their biological activities.
In particular, the capability of water
clusters to reach out from the surface of
biomolecules to allow interactions at non-
contacting distances increases the likeli-
hood and specificity of such interactions.
At the extreme level, changes in water
clustering and water activity in one part

of a cell can be quickly sensed elsewhere
without the need for diffusional processes.

In the future, the importance of nano-
scopic pools of differing aqueous phases for
intracellular activity should be clarified. It is
also hoped that no discussion of biological
processes will be thought to be complete
without assessing the role of water.

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

ADVANCE ONLINE PUBLICATION |5
© 2006 Nature Publishing Group



PERSPECTIVES

Martin Chaplin is at the Department of Applied

Science, London South Bank University, Borough Road,

22.

23.

24.

London SE1 OAA, UK.
e-mail: martin.chaplin@Isbu.ac.uk

doi:10.1038/nrm2021
Published online 6 September 2006

Raschke, T. M. Water structure and interactions with
protein surfaces. Curr. Opin. Struct. Biol. 16,
152-159 (2006).

Chaplin, M. F. Water: its importance to life. Biochem.
Mol. Biol. Educ. 29, 54-59 (2001).

Albiser, G., Lamiri, A. & Premilat, S. The A-B
transition: temperature and base composition effects
on hydration of DNA. Int. J. Biol. Macromol. 28,
199-203 (2001).

Fuxreiter, M., Mezei, M., Simon, I. & Osman, R.
Interfacial water as a “hydration fingerprint” in the
noncognate complex of BamHI. Biophys. J. 89,
903-911 (2005).

Giovambattista, N., Mazza, M. G., Buldyrey, S. V.,
Starr, F. W. & Stanley, H. E. Dynamic heterogeneities in
supercooled water. J. Phys. Chem. B 108,
6655-6662 (2004).

Brodsky, A. Is there predictive value in water computer
simulations? Chem. Phys. Lett. 261, 563-568
(1996).

Billeter, M. Hydration water molecules seen by NMR
and by X-ray crystallography. Prog. NMR Spectrosc.
27, 635-645 (1995).

Soper, A. K. The radial distribution functions of water
and ice from 220 to 673 K and at pressures up to
400 MPa. Chem. Phys. 258, 121-137 (2000).
Halle, B. Protein hydration dynamics in solution: a
critical survey. Phil. Trans. R. Soc. Lond. B 359,
1207-1224 (2004).

Cheung, M. S., Garcia, A. E. & Onuchic, J. N. Protein
folding mediated by solvation: water expulsion and
formation of the hydrophobic core occur after the
structural collapse. Proc. Natl Acad. Sci. USA 99,
685-690 (2002).

Papoian, G. A., Ulander, J., Eastwood, M. P., Luthey-
Schulten, Z. & Wolynes, P. G. Water in protein
structure prediction. Proc. Natl Acad. Sci. USA 101,
3352-3357 (2004).

Bandyopadhyay, S., Chakraborty, S. & Bagchi, B.
Secondary structure sensitivity of hydrogen bond
lifetime dynamics in the protein hydration layer. J. Am.
Chem. Soc. 127, 16660—-16667 (2005).

Nakasako, M. Water—protein interactions from high-
resolution protein crystallography. Phil. Trans. R. Soc.
Lond. B 359, 1191-1206 (2004).

Fernandez, A. & Scheraga, H. A. Insufficiently
dehydrated hydrogen bonds as determinants of
protein interactions. Proc. Natl Acad. Sci. USA 100,
113-118 (2003).

Dunn, R. V. & Daniel, R. M. The use of gas-phase
substrates to study enzyme catalysis at low hydration.
Phil. Trans. R. Soc. Lond. B 359, 1309-1320
(2004).

Smolin, N., Oleinikova, A., Brovchenko, ., Geiger, A. &
Winter, R. Properties of spanning water networks at
protein surfaces. J. Phys. Chem. B 109,
10995-11005 (2005).

Eisenmesser, E. Z. et al. Intrinsic dynamics of an
enzyme underlies catalysis. Nature. 438, 36-37
(2005).

Brovchenko, 1. et al. Thermal breaking of spanning
water networks in the hydration shell of proteins.

J. Chem. Phys. 123, 224905 (2005).

Ben-Naim, A. Molecular recognition — viewed through
the eyes of the solvent. Biophys. Chem. 101-102,
309-319 (2002).

Li, Z. & Lazaridis, T. The effect of water displacement
on binding thermodynamics: concanavalin A. J. Phys.
Chem. B 109, 662-670 (2005).

Cukierman, S. Et tu, Grotthuss! and other unfinished
stories. Biochim. Biophys. Acta Bioenergetics 29 Dec
2005 (doi:10.1016/j.bbabio.2005.12.001).
Tajkhorshid, E. et al. Control of the selectivity of the
aquaporin water channel family by global orientational
tuning. Science 296, 525-530 (2002).

Lin, J., Balabin, I. A. & Beratan, D. N. The nature of
aqueous tunneling pathways between electron-
transfer proteins. Science 310, 1311-1313

(2005).

Makarov, V., Pettitt, B. M. & Feig, M. Solvation and
hydration of proteins and nucleic acids: a theoretical
view of simulation and experiment. Acc. Chem. Res.
35, 376-384 (2002).

26.

27.

28.

29.

30.

&N

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43,

44,

45.

46.

48,

49.

Arai, S. et al. Complicated water orientations in the
minor groove of the B-DNA decamer d(CCATTAATGG),
observed by neutron diffraction measurements. Nucl.
Acids Res. 33, 3017-3024 (2005).

Belton, P. S. Nuclear magnetic resonance studies of
the hydration of proteins and DNA. Cell. Mol. Life Sci.
57,993-998 (2000).

Dastidar, S. G. & Mukhopadhyay, C. Structure,
dynamics, and energetics of water at the surface of a
small globular protein: a molecular dynamics
simulation. Phys. Rev. E 68, 021921 (2003).

Ruffle, S. V., Michalarias, I., Li, J.-C. & Ford, R. C.
Inelastic incoherent neutron scattering studies of
water interacting with biological macromolecules.

J. Am. Chem. Soc. 124, 565-569 (2002).
Garcia-Martin, M. L., Ballesteros, P. & Cerdan, S.
The metabolism of water in cells and tissues as
detected by NMR methods. Prog. NMR Spectrosc. 39,
41-77 (2001).

Pollack, G. H. Cells, Gels and the Engines of Life; a
New Unifying Approach to Cell Function. (Ebner and
Sons Publishers, Washington, 2001).

Ho, M.-W. et al. in Water and The Cell, (eds

Pollack, G. H., Cameron, |. L. & Wheatley, D. N.)
219-234 (Springer, Dordrecht, 2006).

Ling, G. N. Life at the Cell and Below-Cell Level. The
Hidden History of a Functional Revolution in Biology.
(Pacific Press, New York, 2001).

Fullerton, G. D., Kanal, K. M. & Cameron, I. L. On the
osmotically unresponsive water compartment in cells.
Cell Biol. Int. 30, 74=77 (2006).

Fullerton, G. D., Kanal, K. M. & Cameron, I. L.
Osmotically unresponsive water fraction on proteins:
non-ideal osmotic pressure of bovine serum albumin
as a function of pH and salt concentration. Cell Biol.
Int. 30, 86-92 (2006).

Wiggins, P. M. High and low density water and resting,
active and transformed cells. Cell Biol. Int. 20,
429-435 (1996).

Tychinsky, V. P, Kretushev, A. V., Vyshenskaya, T. V. &
Tikhonov, A. N. Coherent phase microscopy in cell
biology: visualization of metabolic states. Biochim.
Biophys. Acta 1708, 362-366 (2005).

Mclintyre, G. I. Cell hydration as the primary factor in
carcinogenesis: a unifying concept. Med. Hypotheses
66, 518-526 (2006).

Kinsey, S. T, Pathi, P, Hardy, K. M., Jordan, A. &
Locke, B. R. Does intracellular metabolite diffusion
limit post-contractile recovery in burst locomotor
muscle? J. Exp. Biol. 208, 2641-2652 (2005).
Vélker, J., Klump, H. H. & Breslauer, K. J.
Communication between noncontacting
macromolecules. Proc. Natl Acad. Sci. USA 98,
7694-7699 (2001).

Cameron, I. L., Kana, | K. M. & Fullerton, G. D. Role of
protein conformation and aggregation in pumping
water in and out of a cell. Cell Biol. Int. 30, 78-85
(2006).

Chaplin, M. F. The importance of cell water. Science in
Society, 24, 42—45 (2004).

Debenedetti, P. G. Supercooled and glassy water.

J. Phys. Condens. Matter 15, R1669-R1726 (2003).
Kawamoto, T., Ochiai, S. & Kagi, H. Changes in the
structure of water deduced from the pressure
dependence of the Raman OH frequency. J. Chem.
Phys. 120, 5867-5870 (2004).

Royer, W. E., Pardanani, A., Gibson, Q. H.,

Peterson, E. S. & Friedman, J. M. Ordered water
molecules as key allosteric mediators in a cooperative
dimeric haemoglobin. Proc. Natl Acad. Sci. USA 93,
14526-14531 (1996).

Royer, W. E. High-resolution crystallographic analysis
of a cooperative dimeric hemoglobin. J. Mol. Biol.
235,657-681 (1994).

Loris, R., Maes, D., Poortmans, F., Wyns, L. &
Bouckaert, J. A structure of the complex between
concanavalin A and methyl-3,6-di-O-(o-p-
mannopyranosyl)-o-p-mannopyranoside reveals two
binding modes. J. Biol. Chem. 271, 30614-30618
(1996).

Garczarek, F. & Gerwert, K. Functional waters in
intraprotein proton transfer monitored by FTIR
difference spectroscopy. Nature 439, 109-112 (2005).
Luecke, H., Schobert, B., Richter, H. T, Cartailler, J. P.
& Lanyi, J. K. Structure of bacteriorhodopsin at 1.55
angstrom resolution. J. Mol. Biol. 291, 899-911
(1999).

Durley, R. C. E. & Mathews, F. S. Refinement and
structural analysis of bovine cytochrome b5 at 1.5
angstrom resolution. Acta Crystallogr. D 52, 65-76
(1996).

50. Grotthuss, C. J. T. Sur la décomposition de I'eau et des
corps qu’elle tient en dissolution a l'aide de I'électricité
galvanique. Ann. Chim. LVIII, 54—74 (1806).

51. Hofmeister, F. Zur lehre von der wirkung der salze.
Arch. Exp. Pathol. Pharmakol. (Leipzig) 24, 247-260
(1888); English translation available in Kunz, W.,
Henle, J. & Ninham, B. W. About the science of the
effect of salts: Franz Hofmeister’s historical papers.
Curr. Opin. Coll. Interface Sci. 9, 19—-37 (2004).

52. Rontgen, W. K. Ueber die constitution des fliissigen
wassers. Ann. Phys. U. Chim. (Wied) 45, 91-97 (1892).

53. Latimer, W. M. & Rodebush, W. H. Polarity and
ionization from the standpoint of the Lewis theory of
valence. J. Am. Chem. Soc. 42, 1419-1433 (1920).

54. Bernal, J. D. & Fowler, R. H. A theory of water and
ionic solution, with particular reference to hydrogen
and hydroxyl ions. J. Chem. Phys. 1, 515-548 (1933).

55. Frank, H. S. & Evans, M. W. Free volume and entropy
in condensed systems. Ill. Entropy in binary liquid
mixtures; partial molal entropy in dilute solutions;
structure and thermodynamics in aqueous
electrolytes. J. Chem. Phys. 13, 507-532 (1945).

56. Watson, J. D. & Crick, F. H. C. Molecular structure of
nucleic acids, a structure for deoxyribose nucleic acid.
Nature 171, 737-738 (1953).

57. Wicke, E., Eigen, M. & Ackermann, T. Uber den
zustand des protons (hydroniumions) in wapriger
16sung. Z. Physikal. Chem. N. F. 1, 340-364 (1954).

58. Szent-Gyorgyi, A. Bioenergetics. (Academic Press, New
York, 1957).

59. Kauzmann, W. Some factors in interpretation of
protein denaturation. Adv. Protein Chem. 14, 1-63
(1959).

60. Ling, G. N. The physical state of water in living cell and
model systems. Ann. N.Y. Acad. Sci. 125, 401-417
(1965).

61. Narten, A. H., Danford, M. D. & Levy, H. A. X-Ray
diffraction study of liquid water in the temperature
range 4—200°C. Faraday Discuss. 43, 97-107
(1967).

62. Reeke, G. N. et al. The structure of carboxypeptidase
A, VI. Some results at 2.0-A resolution, and the
complex with glycyl-tyrosine at 2.8-A resolution. Proc.
Natl Acad. Sci. USA 58, 2220-2226 (1967).

63. Rahman, A. & Stillinger, F. H. Molecular dynamics
study of liquid water. J. Chem. Phys. 55, 3336-3359
(1971).

64. Boutron, P. & Alben, A. Structural model for
amorphous solid water. J. Chem. Phys. 62,
4848-4853 (1975).

65. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D.,
Impey, R. W. & Klein, M. L. Comparison of simple
potential functions for simulating liquid water.

J. Chem. Phys. 79, 926-935 (1983).

66. Teeter, M. M. Water structure of a hydrophobic
protein at atomic resolution: pentagon rings of water
molecules in crystals of crambin. Proc. Nat! Acad. Sci.
USA 81, 6014-6018 (1984).

67. Bassez, M. P, Lee, J. & Robinson, G. W. Is liquid water
really anomalous? J. Phys. Chem. 91, 5818-5825
(1987).

68. Berendsen, H. J. C., Grigera, J. R. & Straatsma, T. P.
The missing term in effective pair potentials. J. Phys.
Chem. 91, 6269-6271 (1987).

69. Chaplin, M. F. A proposal for the structuring of water.
Biophys. Chem. 83, 211-221 (2000).

70. Loerting, T, Salzman, C., Kohl, I., Meyer, E. &
Hallbrucker, A. A second distinct structural ‘state’ of
high-density amorphous ice at 77 K and 1 bar. Phys.
Chem. Chem. Phys. 3, 5355-5357 (2001).

Competing interests statement
The author declares no competing financial interests.

DATABASES

The following terms in this article are linked online to:
Protein Data Bank: http://www.rcsb.org/pdb
1C3W|1CYO|10NA | 4SDH

FURTHER INFORMATION

Martin Chaplin’s homepage:
http://www.lsbu.ac.uk/water/chaplin.html

A Brief Biography of Henry Cavendish: http://www.fau.edu/
~jordanrg/bios/Cavendish/Cavendish_bio.htm

Sixty-three Anomalies of Water:
http://www.lsbu.ac.uk/water/anmlies.html

Water Structure and Behaviour:
http://www.lsbu.ac.uk/water

Access to this links box is available online.

6 | ADVANCE ONLINE PUBLICATION

© 2006 Nature Publishing Group

www.nature.com/reviews/molcellbio




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




