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Protein hydration dynamics in solution:
a critical survey

Bertil Halle
Department of Biophysical Chemistry, Lund University, SE-22100 Lund, Sweden (berul. halle@bpc.lu.se)

The properties of water in biological systems have been studied for well over a century by a wide range
of physical techniques, but progress has been slow and erratic. Protein hydration—the perturbation of
water structure and dynamics by the protein surface—has been a particularly rich source of controversy
and confusion. Our aim here is to critically examine central concepts in the description of protein
hydration, and to assess the experimental basis for the current view of protein hydration, with the focus
on dynamic aspects. Recent oxygen-17 magnetic relaxation dispersion (MRD) experiments have shown
that the vast majority of water molecules in the protein hydration layer suffer a mere twofold dynamic
retardation compared with bulk water. The high mobility of hydration water ensures that all thermally
activated processes at the protein—water interface, such as binding, recognition and catalysis, can proceed
at high rates. The MRD-derived picture of a highly mobile hydration layer is consistent with recent
molecular dynamics simulations, but is incompatible with results deduced from intermolecular nuclear
Overhauser effect spectroscopy, dielectric relaxation and fluorescence spectroscopy. It is also inconsistent
with the common view of hydration effects on protein hydrodynamics. Here, we show how these discrep-
ancies can be resolved.
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1. INTRODUCTION

The proteins that make up the molecular machinery of life
have been perfected by several billion years of evolution
that, as far as we know, has taken place exclusively in
aqueous environments. During this evolutionary process,
proteins have adapted to and exploited the unique physi-
cal properties of liquid water (Eisenberg & Kauzmann
1969) in many ways. Protein—water interactions thus
shape the free energy landscape that governs the folding,
structure and stability of proteins (Kauzmann 1959; Dill
1990). Moreover, the functional processes mediated by
proteins, such as binding, recognition and catalysis, often
involve specific interactions with individual water mol-
ecules (Meyer 1992; Williams ez al. 1994; Baker 1995).
The properties of water in biological systems have been
studied for well over a century by a wide range of physical
techniques (Kuntz & Kauzmann 1974; Rupley & Careri
1991). However, none of these techniques provides the
spatial and temporal resolution required to directly probe
water molecules interacting with the surface of a protein
in aqueous solution. The current view of the structure and
dynamics of protein hydration is therefore based on more
or less model-dependent interpretations of experimental
data. Given the high complexity of proteins and the
incomplete understanding of bulk liquid water and of
small-molecule hydration, it is perhaps not surprising that
progress within the field of protein hydration has been
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slow and erratic. Regrettably, the increasing sophistication
of experimental tools used to study protein hydration
tends to fragment the research field into method-oriented
subspecialties that rarely confront each other.

The present review is an attempt to critically examine
the experimental basis of the current (multiple) views on
protein hydration, with an emphasis on the dynamic
aspects. A recurring theme in the field of protein hydration
is that first appearances are usually deceptive: nearly every
new experimental technique that has been applied to pro-
tein hydration in solution has gone through a painful ges-
tation period of interpretational controversy. To make
progress, it is therefore helpful to adopt a sceptical atti-
tude. Our scope here is necessarily selective, with respect
to both methods and systems. Although several methods
are discussed, we emphasize magnetic-relaxation tech-
niques and, in particular, MRD. Furthermore, we focus
on surface hydration of native proteins in aqueous sol-
ution, largely bypassing the important topics of internal
water molecules (Halle 1998) and the role of water in pro-
tein folding and stability (Halle ez al. 2004).

2. PROTEIN HYDRATION DEFINED

The term hydration is commonly used to cover two dif-
ferent phenomena: (i) the total interaction of a solute with
its aqueous solvent environment; and (ii) the perturbation
of the structure and dynamics of bulk water caused by the
interaction with the solute. Here, we use hydration in the
latter, more restrictive sense. The water molecules that
interact with a protein can, with little ambiguity, be classi-
fied as internal or external. Internal water molecules

© 2004 The Royal Society
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occupy cavities within the protein and are present in most
globular proteins (Williams ez al. 1994). They are con-
served to the same extent as the amino acid sequence and
must therefore be essential for function (Baker 1995). For
most purposes, internal water molecules are best regarded
as an integral part of the protein, even though they
exchange with external water molecules, typically on a
time-scale of 0.1-10 ps (Halle 1998).

The vast majority of all studies of protein hydration
have been concerned with the water molecules that inter-
act with the external protein surface. This interaction
modifies the structure and dynamics of water near the sur-
face, and the spatial range of this perturbation has been a
contentious issue. Such controversies can often be traced
back to a too literal interpretation of analogies and meta-
phors used to illustrate particular aspects of bulk water
structure (in lieu of a quantitative molecular model). For
example, the first studies to invoke long-range hydration
structures in biological systems (Jacobson 1953; Jacobson
et al. 1954) were inspired by a structural model of bulk
water based on a deformed ice lattice, thought to be stabil-
ized by substrates with a matching complement of hydro-
gen-bonding sites (Forslind 1952; Samoilov 1957). Other
advocates of ‘frozen’ hydration layers around biopolymers
(Klotz 1958) were apparently inspired by the ‘iceberg’
metaphor used to illustrate structural aspects of hydro-
phobic hydration (Frank & Evans 1945). Hydration struc-
tures with a range of several 100 A (1A=1x10"1°m)
were also postulated by arguing that zwitterionic surfaces
can polarize water dipoles in a cooperative manner, for-
ming ‘polarized multilayers’ that were claimed to account
for the ionic asymmetry of intracellular and extracellular
water without the need to invoke active ion transport
(Ling 1962). Similar ideas have been championed since
the 1960s by a persevering minority of predominantly
biomedical researchers, maintaining that the structure of
so-called ‘biological water’ differs essentially from that of
simple aqueous solutions (Hazlewood 2001). Similarly, a
surface-induced water structure of very long range was
postulated in the colloid field, with apparent ‘thermal
anomalies’ in various observables taken as evidence for
structural transitions involving extensive regions of
ordered so-called ‘vicinal water’ (Drost-Hansen 2001).
The ultimate form of structured water was, of course,
polywater. The remarkable history of this experimental
artefact is a sobering lesson (Franks 1981).

Protein—water interactions are of similar strength as
water—water interactions and are therefore not expected to
induce extensive structural perturbations. Indeed, mag-
netic relaxation (Halle 1998) and computer simulation
(Abseher er al. 1996; Makarov ez al. 2000; Marchi ez al.
2002) studies indicate that only water molecules in direct
contact with the protein surface are significantly per-
turbed. Moreover, the vast majority of water molecules in
this hydration layer are not more perturbed than water
molecules in contact with small solutes (Modig er al.
2004). Nevertheless, these water molecules are often
referred to as ‘bound’. This term aptly describes the
strongly exothermic adsorption of water molecules on the
surface of a dry (vaporized or lyophilized) protein
(Rupley & Careri 1991), but it is misleading when applied
to a protein immersed in an aqueous solvent. Water mol-
ecules in the hydration layer of a dissolved protein are not
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bound in a thermodynamic or kinetic sense. It is therefore
not physically meaningful to describe protein hydration in
terms of an equilibrium between bound and free water, as
is commonly done (Nandi & Bagchi 1997, 1998; Bhatta-
charyya & Bagchi 2000; Nandi ez al. 2000). In the absence
of cosolvents, every exposed hydration site is virtually
always occupied by a water molecule, and the transition
of a water molecule from the ‘bound’ to the ‘free’ state is
invariably accompanied by the reverse transition of
another water molecule. In other words, we are dealing
with a symmetric exchange process for which the equilib-
rium constant is trivially equal to one. Water simply fills
the available space.

3. STRUCTURE VERSUS DYNAMICS

The dynamic aspect of protein hydration is often dis-
cussed in terms of the residence time of water molecules.
For a strongly bound ligand or an internal water molecule,
the mean residence time is a well-defined quantity, given
by the inverse of the first-order dissociation rate constant.
When applied to water molecules in the hydration layer,
however, the residence time concept is problematic. Such
residence times cannot be directly determined by any
known experimental technique. Furthermore, residence
times computed from molecular dynamics trajectories
depend sensitively on how one treats the frequent recross-
ings of the relatively low potential (of mean force) barrier
(Impey ez al. 1983). A more appropriate measure of the
local dynamic perturbation of hydration water is the ratio,
DR pu/Dr nyas of the rotational diffusion coefficients of
bulk water and hydration water or, equivalently, the ratio
of the corresponding rotational correlation times. This
quantity is experimentally accessible (see § 5a) and can
readily be obtained from simulations of molecular dynam-
ics. Because rotational and translational water motions are
both governed by the rate at which hydrogen bonds are
broken and reformed (Halle 1998; Marchi er al. 2002;
Geiger er al. 2003), the rotational retardation factor,
Dr pui/Drpyas should not differ much from the trans-
lational retardation factor, D pu/Drnyg. However, the
rotational retardation factor has the advantage of reflecting
a more localized motion.

Failure to distinguish thermodynamic and structural
properties from dynamic properties may be the most com-
mon source of confusion in the molecular sciences. For
any equilibrium system governed by classical equations of
motion (as assumed in all forcefield-based molecular
dynamics simulations), excess (non-ideal) thermodynamic
and structural properties are rigorously independent of
dynamics. Properties like entropy and flexibility are often
discussed in terms of thermal motion, and equilibrium
constants can be viewed as the result of opposing rate pro-
cesses. However, excess thermodynamic and structural
properties do not depend on the rates of molecular
motions. For example, the residence time of a water mol-
ecule in the hydration layer tells us nothing about its effect
on the thermodynamic stability of the protein, or about the
affinity or recognition selectivity of association processes
involving this part of the surface. Conversely, mean atomic
displacement factors, as determined by X-ray diffraction,
carry no dynamic information (Halle 2002). Regrettably,
the word ‘dynamics’ is widely used to describe disorder and
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flexibility in biomolecular systems. However, these equilib-
rium properties are completely determined by the interac-
tion energy and are entirely independent of the forces
(Greek: dynamis) that produce motions.

On the time-scales of interest in connection with
hydration phenomena, molecular motions are frictionally
over-damped and can often be modelled as a diffusion
process in a potential (of mean force). Motional rates are
then determined mainly by the height of barriers and
saddle points on the energy surface, whereas structure and
thermodynamics are governed mainly by local minima.
Accordingly, water residence times are determined not so
much by attractive interactions (in the energy minimum)
as by the lack of such interactions (at the barrier top). The
million-fold increase in the mobility of water molecules on
melting of ice cannot be explained by broken hydrogen
bonds (most of which are intact in the liquid). Instead,
the remarkably fast molecular motions in liquid water
result from cooperative rearrangements of the disordered
hydrogen-bond network, allowing water molecules to
rotate or translate without having to pass through a ‘tran-
sition state’, where all hydrogen bonds are broken (Geiger
et al. 2003). An unusually long residence time for a
hydration water molecule, therefore, does not indicate
particularly strong protein—water interactions, but rather
a topography that prevents the water molecule from
exchanging by a cooperative mechanism. The simplest
example of such restrictive topography is a deep pocket
on the protein surface. Water molecules located in surface
pockets typically have the same number (two or three) of
hydrogen bonds with the protein as they would have with
other water molecules in the bulk solvent. However, to
leave the pocket, the water molecule has to pass through
a high-energy state where the water—protein hydrogen
bonds must be broken before new water—water hydrogen
bonds can be formed. In biological water channels
(aquaporins), such high energy barriers are avoided by a
suitable arrangement of hydrogen-bond partners along the
channel (Fujiyoshi ez al. 2002).

4. STRUCTURE OF PROTEIN HYDRATION

When Irwin Kuntz and Walter Kauzmann wrote their
classic review on protein hydration 30 years ago (Kuntz &
Kauzmann 1974), the three-dimensional structures of
about 10 proteins were known. In several of these, elec-
tron density peaks within small cavities had been tenta-
tively modelled as water molecules (Drenth er al. 1971;
Quiocho & Lipscomb 1971). The subsequent rapid
growth of the Protein Data Bank, now holding some
20 000 protein crystal structures, has confirmed this
interpretation and established internal water molecules as
a generic feature of globular proteins, with an average of
one internal water molecule per 25 amino acid residues in
monomeric globular proteins (Williams ez al. 1994). This
massive body of structural data also contains information
about surface hydration. However, the crystallographic
localization of exposed hydration sites relies on refinement
protocols that are, to some extent, subjective (Badger
1997). For example, in a comparison of four independent
determinations of the same crystal form of interleukin 13,
only 29 hydration sites coincided to within 1 A among the
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four structures and many of these were internal sites
(Ohlendorf 1994).

Even if hydration sites could be identified accurately,
protein hydration in the crystal is not the same as in sol-
ution. For small proteins, 30-40% of the solvent-access-
ible surface is usually buried at crystal contacts (Islam &
Weaver 1990), where water molecules often mediate pro-
tein—protein interactions. Furthermore, salting-out agents
and cryoprotectants, usually present at high concentration
in the mother liquor, permeate the crystal and may per-
turb or even be mistaken for hydration sites (Frey 1994;
Baker 1995). The importance of crystal-specific hydration
features can be assessed by comparing the hydration sites
of the same protein in different crystal forms, or at non-
equivalent positions in the asymmetric unit. In such com-
parisons, it is usually found that less than half of the
reported hydration sites are conserved (Baker 1995). For
example, only 12 external hydration sites on the protein
BPTI were found to be conserved among three crystal
forms (Wlodawer ez al. 1987)

Strictly speaking, diffraction methods do not monitor
water molecules. Rather, resolved maxima in the electron-
density map locate reproducibly occupied hydration sites.
Crystallographers frequently refer to such sites as ‘tightly
bound’ water molecules. However, diffraction data do not
tell us anything about the energetics of water—protein
interactions or about the kinetics of water exchange
between hydration sites and bulk solvent. In general, dif-
fraction (or scattering) experiments provide information
about generic spatial correlations, that is, the probability
of finding any molecule of species A at a certain distance
from any molecule of species B (which may be the same
as A). From X-ray diffraction on bulk water, one obtains
a radially averaged pair correlation function with a strong
peak at 2.8 A, corresponding to the most probable near-
est-neighbour oxygen—oxygen separation (Eisenberg &
Kauzmann 1969). Similarly, X-ray diffraction on a protein
crystal gives information about protein—water correlations.
The fact that the protein molecule is stationary while the
reference water molecule, in the case of bulk water, is
mobile, is irrelevant here. The only essential difference is
the absence of long-range order in the liquid, which elim-
inates the angular information. Therefore, just as in the
liquid, we expect a peak in the pair correlation functions
between protein atoms and water oxygens. Such a peak
would occur even in the absence of other protein—water
interactions than the excluded volume. If we define a local
water density by integrating the pair correlation function
over the first layer, we will find that it exceeds the bulk
density. This is also true for hard spheres in contact with
a hard wall (Snook & Henderson 1978). For proteins, sol-
ution X-ray and neutron scattering indicates that the den-
sity excess in the hydration layer amounts to 10-15%
(Svergun et al. 1998; Seki et al. 2002), and computer
simulations have confirmed this (Merzel & Smith 2002;
Seki ez al. 2002). Simple packing constraints may also be
the main cause of the observed dependence of the local
water density on the curvature of the protein surface, with
a higher density near the concave surface regions
(Gerstein & Chothia 1996; Merzel & Smith 2002).

Within the past decade, protein crystallography has
been transformed: today, ca. 90% of all protein crystal
structures are determined at cryogenic temperatures, some
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Figure 1. Calculated time evolution of the fractional
population in the low-temperature state of a two-state
equilibrium during flash-cooling of a spherical protein crystal
(0.5 mm radius, thermal diffusivity 1.2 x 107" m?s™!) from
293 K to 77 K. The equilibrium population, corresponding
to AH=25k] mol ! and AS=100]J K ! mol™}, is shown in
the insert. The state interconversion kinetics are modelled
with an activation enthalpy of 40 k] mol™!, the diffusion
coefficient of water, and a state lifetime of 10 ns at 293 K.
The equilibrium is quenched after 47 ms when the crystal
temperature is 202 K, corresponding to 95% population in
the low-temperature state (compared with 15% at 293 K).
The time-dependent temperature is averaged over the middle
one-third of the crystal volume (Halle 2004).

200 K below the physiological temperature range
(Garman 2003). Cryocrystallography evolved primarily as
a means to combat radiation damage to crystals from
intense synchrotron X-ray beams, based on the idea that
radiation-induced free radicals cannot damage the biomol-
ecule once they are trapped in the vitrified bulk solvent
within the crystal (Garman & Schneider 1997). The insuf-
ficiently appreciated price for this protection is the intro-
duction of structural cryo-artefacts.

In the limit of infinitely fast cooling, the system would
be quenched into an amorphous solid (glass) state
reflecting the room-temperature equilibrium Boltzmann
distribution of conformational substates. However, this
adiabatic limit is not realized in practical flash-cooling pro-
tocols, which, even for small protein crystals, yield charac-
teristic cooling times on the order of 0.1-1 s (Kriminski ez
al. 2003). There is thus ample time for thermal averaging
during the cooling process. The structural changes
expected during flash cooling of a protein crystal have
recently been calculated for a temperature-dependent
two-state equilibrium (Halle 2004). This analysis indicates
that many degrees of freedom are quenched at tempera-
tures near 200 K, where local conformational and associ-
ation equilibria may be strongly shifted towards low-
enthalpy states (see figure 1). Delayed quenching and
consequent cryo-artefacts should be most pronounced in
the interfacial region. This is usually where the biologically
interesting recognition, binding and catalytic events occur.

Phil. Trans. R. Soc. Lond. B (2004)

In ultrahigh-resolution protein structures obtained at
cryogenic temperature, extensive hydrogen-bond net-
works of fused 5-, 6- and 7-membered rings of water mol-
ecules are commonly observed (Nakasako 1999; Esposito
et al. 2000; Teeter er al. 2001). If such hydration struc-
tures were present at room temperature, water motions in
the hydration layer would be strongly retarded compared
with bulk water. However, ?H and '"O MRD studies indi-
cate a mere twofold dynamic retardation for the vast
majority of water molecules in the hydration layer of pro-
teins (see § 5a). For the small protein crambin, where
ultrahigh-resolution structures have been reported at sev-
eral temperatures from 100 K to 293 K, the 6- and 7-
membered rings disappear above 200 K (Teeter er al
2001), suggesting that they are, in fact, cryo-artefacts.

The hydration of non-polar cavities and channels in
proteins may also be susceptible to cryo-artefacts. This is
probably an entropy-driven process (Denisov ez al
1997a), with the low-temperature state corresponding to
an empty cavity. For example, water molecules in the cen-
tral channel of bacteriorhodopsin are thought to play an
active role in the proton-translocation mechanism (Lanyi
2000). The high-resolution cryostructure of bacteriorho-
dopsin shows a network of water molecules on the highly
polar, extracellular side of the retinal molecule, but a cor-
responding network that could transport the proton
through the mainly non-polar cytoplasmic half of the
channel is not evident (Luecke et al. 1999). 2H and 'O
MRD measurements are consistent with more water mol-
ecules in the channel than seen in the crystal structure and
show that these water molecules exchange with bulk water
on a microsecond time-scale at 277 K (Gottschalk ez al.
2001). With a probable quenching temperature of ca.
200 K, some of the channel waters may have been
expelled during flash cooling.

5. MAGNETIC RELAXATION AS A PROBE
OF PROTEIN HYDRATION DYNAMICS

Magnetic relaxation methods have long played a leading
role in the study of protein hydration dynamics. Early
observations of an enhanced water 'H relaxation rate in
protein solutions were attributed to a few water molecules
rigidly bound to (and thus tumbling with) the protein, but
exchanging rapidly with the remaining bulk-like water
(Daszkiewicz et al. 1963). On the basis of relaxation data
at two magnetic fields, a three-state model was proposed
that also incorporated hydration water with rotational
dynamics intermediate between rigidly bound and bulk
water (Caputa et al. 1967). Although these early workers
were on the right track, it would take three decades of
erratic progress to unravel the essential molecular mech-
anisms of water relaxation in aqueous protein solutions.
Three decisive elements can be identified in the ensuing
development.

Measurements of the frequency dependence of the
longitudinal relaxation rate R;, known as MRD, are
required to determine the shape of the spectral density
function that carries the molecular-level information. Spe-
cialized techniques for relaxation—dispersion measure-
ments were developed in several laboratories in the late
1960s (Redfield er al. 1968; Florkowski er al. 1969; Kim-
mich & Noack 1970a), and were soon applied to the



Protein hydration dynamics B. Halle 1211

protein-hydration problem (Koenig & Schillinger 1969;
Blicharska et al. 1970; Kimmich & Noack 19706). Extending
over four decades in frequency, the new water 'H MRD data
represented an experimental breakthrough, but, as regards
the interpretation, they raised more questions than they
answered. In their review, Kuntz & Kauzmann (1974) linked
the 'H dispersions observed by these groups to the newly
discovered internal water molecules in proteins. Unfortu-
nately, this prescient idea did not catch on.

For a long time, further progress was impeded by the
failure to appreciate the confounding effect of labile
hydrogens in the protein that, depending on pH, exchange
rapidly with water hydrogens, thus mimicking long-lived
water molecules. This obstacle was circumvented by using
the 70O isotope to exclusively monitor the behaviour of
water molecules (Halle ez al. 1981). The third essential
step in uncovering the molecular basis of the frequency-
dependent water relaxation enhancement in protein sol-
utions was the availability of high-resolution protein crys-
tal structures and genetically engineered proteins, which
paved the way for decisive 'O MRD experiments
designed to identify the internal water molecules respon-
sible for the relaxation dispersion (Denisov & Halle 1994;
Denisov er al. 1996).

In parallel with the development of the MRD method,
other events took place that led to a different NMR
approach to protein hydration, based on incoherent mag-
netization transfer between water and protein protons by
cross-relaxation and chemical exchange. The transfer of
magnetization between two non-equivalent dipole-
coupled nuclei as a result of dipolar cross-relaxation,
known as the NOE, has long been exploited in structural
and dynamical NMR studies (Neuhaus & Williamson
2000). Double-resonance experiments demonstrating
NOE-induced saturation transfer from water protons to
specific protons in oligopeptides in solution were reported
30 years ago (Pitner ez al. 1974; Glickson ez al. 1976) and
were soon followed by demonstrations of saturation trans-
fer between water and protein protons (Stoesz et al. 1978;
Akasaka 1979). The latter observations were taken as evi-
dence for long (greater than 1 ns) water residence times
at the protein surface, as previously inferred (also
incorrectly) from 'H MRD data. These pioneering NOE
studies of protein hydration suffered from the same
interpretational problems as the early '"H MRD studies:
the confounding effects of labile hydrogen exchange (Van
de Ven er al. 1988) and the failure to appreciate the crucial
role of internal water molecules.

With the advent of 2D NMR spectroscopy in the 1980s
(Ernst et al. 1987), these one-dimensional magnetization-
transfer experiments evolved into the more powerful mod-
ern 2D spectroscopies, including NOESY, ROESY and a
host of related pulse schemes for probing magnetization
transfer by cross-relaxation and/or chemical exchange.
Two-dimensional NOESY studies of water cross-peaks
were soon reported for oligopeptides and proteins
(Schwartz & Cutnell 1983; Dobson ez al. 1986; Van de
Ven & Hilbers 1988). With improved methodology, cross-
peaks arising from intermolecular NOEs with at least three
of the four crystallographically localized (Wlodawer er al.
1984) internal water molecules in BPTI were observed
(Otting & Wiithrich 1989), thus providing a lower bound
of 300 ps for the residence times of these buried water
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molecules. A subsequent 7O MRD study (Denisov et al.
1996) demonstrated that the actual residence time of the
most long-lived of these internal water molecules is actu-
ally seven orders of magnitude longer than the NOE-
derived lower bound. Water cross-peaks, albeit of much
lower intensity than for internal water molecules, have also
been reported with fully solvent-exposed protein protons.
For example, some 40 cross-peaks with solvent-exposed
BPTI protons have been reported and used to draw con-
clusions about water residence times in the hydration layer
(Otting et al. 1991a,b; Brunne et al. 1993). However, as
discussed in § 5b, it now appears that all NOE-based infer-
ences about protein surface hydration need to be thor-
oughly revised (Halle 2003; Modig er al. 2004).

(a) Magnetic relaxation dispersion

As one of the few methods that selectively probes water
molecules in aqueous protein solutions, MRD of the
quadrupolar 7O water nucleus (Halle ez al. 1999; Halle &
Denisov 2001) has been used extensively to study both
the internal and surface hydration of native (Denisov &
Halle 1996; Halle 1998; Modig et al. 2004) and non-
native (Halle er al. 2004) proteins in solution. MRD inves-
tigations of protein hydration usually entail measurements
of the longitudinal relaxation rate, R;, for the 2H and/or
170 isotopes in a protein solution made with isotope-
enriched water. These R, measurements are performed as
a function of the resonance frequency, v,, determined by
the strength of the applied static magnetic field. A dataset,
R, (v,), covering two or more frequency decades is referred
to as a dispersion profile. Depending on the circum-
stances, the MRD profile can provide quantitative infor-
mation about several aspects of protein hydration, in
particular about the number and residence times of long-
lived (usually internal) water molecules and the mean
rotational correlation time of water molecules at the pro-
tein surface.

In the MRD context, ‘long-lived’ association usually
means a residence time longer than 1 ns. The origin of
this operational definition is that a correlation time of 1 ns
produces a dispersion centred at ca. 100 MHz, which is
the highest ?H or 'O resonance frequency achievable with
present-day superconducting NMR magnets. Fortu-
itously, this also happens to be a convenient borderline
between internal water molecules, which usually have resi-
dence times in the range of 1078 s to 10~ * s at room tem-
perature, and water molecules interacting with the
external protein surface, the vast majority of which have
residence times in the range of 107! s to 107 '°s at room
temperature (Denisov & Halle 1996; Halle 1998; Modig
et al. 2004).

The relaxation dispersion, R;(w,), of the quadrupolar
water nuclei 2H and 7O is usually expressed in the form
(Halle er al. 1999; Halle & Denisov 2001)

R, (wo) = Ry + 0-2.7Q(wo) + 0-8.7Q(2wo)s 5.1

where R, is the frequency-independent relaxation rate
of the bulk solvent, measured separately on a reference
sample, and w, =27y, is the 2H or 7O resonance fre-
quency in angular frequency units. Molecular-level infor-
mation about hydration is contained in the frequency-
dependent quadrupolar spectral density, Jo(w,). In the
simplest case, the observed frequency dependence of R,
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within the experimentally accessible frequency window,
typically 1-100 MHz, can be described by a single Lor-
entzian dispersion step. The spectral density function is
then of the form

e

W. (5.2)

Jolw)y=a+ B
Sometimes, a second dispersion step is indicated at higher
frequencies than the 3 dispersion. This so-called vy disper-
sion is described by a term like the 8 term in equation (5.2).

The model used to extract molecular-level information
from the amplitude parameters « and 8, and the corre-
lation time 7g, recognizes two classes of hydration water,
both of which exchange rapidly (see below) with bulk
water. N,,q water molecules have rotational correlation
times that are significantly longer than in bulk water, but
shorter than 1 ns. The effect of this class of perturbed
water molecules is to increase the relaxation rate, R,
above the bulk water value, R, without producing a fre-
quency dependence (dispersion) in R; within the exper-
imentally accessible range (less than 100 MHz). This is
described by the parameter «, which may be expressed as
(Halle er al. 1999; Halle & Denisov 2001)

o= Ry NhYd<<Thyd> _ 1)}

N Toulk

(5.3)

where N is the known water-to-protein mole ratio. For
most proteins, the « contribution is produced by water
molecules interacting with the external protein surface,
and (7,,4) is the mean rotational correlation time for those
water molecules.

For small solutes, the a term fully accounts for the
hydration effect on R,. Proteins, however, usually contain
a small number, Nj, of water molecules with sufficiently
long (greater than 1 ns) correlation times, 75, to produce
an observable frequency dependence in R;. These few
water molecules are responsible for the dispersive 8 term
in equation (5.2), with (Halle ez al. 1999; Halle & Deni-
sov 2001)

_98
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5.4)
where wq is the known rigid-lattice quadrupole coupling
frequency. Numerous MRD studies have shown that only
water molecules buried in internal cavities or in deep sur-
face pockets have correlation times exceeding 1 ns at room
temperature. Such internal water molecules tend to be
extensively hydrogen-bonded to the protein and their
highly restricted rotational motions give rise to an orien-
tational order parameter, Sg, that is usually not far below
the rigid-binding limit of unity.

Whereas X-ray diffraction probes generic spatial corre-
lations, magnetic relaxation monitors specific temporal
(and sometimes also spatial) correlations. In other words,
magnetic relaxation experiments provide information
about single-molecule dynamics, in particular, water
rotation. Crudely speaking, a water molecule can either
rotate in a given location or it can move to another place
where it may rotate more rapidly. The correlation time 74
may reflect either of these processes. Internal water
molecules in small cavities do not usually rotate (except
for librational motions) with respect to the protein, but

Phil. Trans. R. Soc. Lond. B (2004)

undergo rotational diffusion together with the entire pro-
tein with rotational correlation time, 7gz. However, the
effective rate of water rotation will be enhanced if the
water molecule can escape into the bulk solvent, where
its rotational correlation time is three to four orders of
magnitude faster. The observed correlation time is domi-
nated by the faster of these processes, according to

1 1 1

—=
Ts Tw TR

(5.5)

where 7y is the mean residence time in the internal
hydration site.

At normal temperatures, the MRD experiment cannot
monitor individual water molecules at the protein surface
(as opposed to internal water molecules), but yields an
average over all water molecules interacting with the pro-
tein surface. Because the dynamic perturbation of the sol-
vent is short-ranged, only solvent molecules in direct
interaction with the protein surface are significantly per-
turbed (Abseher er al. 1996; Halle 1998; Makarov et al.
2000; Marchi ez al. 2002). The quantity (7,4 can there-
fore be interpreted as the mean rotational correlation time
for solvent molecules in direct contact with the protein
surface. Technically, (7,q4) is the integral of the time-corre-
lation function for the second-rank Legendre polynomial
(Halle er al. 1999). However, the ratio (Tiya)/Tour, known
as the rotational retardation factor, is independent of the
rank and can be compared directly with results obtained
by other methods. The number N, 4 can be estimated by
dividing the water-accessible surface area of the protein, Ap,
usually computed with a spherical probe of radius 1.4 A,
by the mean area, ay, occupied by a water molecule at the
surface. Geometric considerations suggest that ay is close
to 15 A2, in which case Nipya = 500 for a 15 kDa protein.
Without specifying aw, we can obtain the quantity ((Tiya)
/Tou — 1)/ay from the experimentally determined « para-
meter and the calculated surface area, Ap.

Figure 2 shows the distribution of ((Tiya)/Toun — 1)/aw
values derived from 'O MRD profiles of 11 different
monomeric globular proteins at 300 K. Each of the values
included in figure 2a was determined from a fit of equa-
tions (5.1) and (5.2) (or its bi-Lorentzian extension, if
motivated by a statistical F-test) to the MRD data. (A bi-
Lorentzian dispersion shape can usually be attributed to
internal water exchange in the nanosecond range or to
protein self-association.) Water 7O MRD profiles have
also been obtained for several proteins with large water-
filled cavities. These data are not included here because
nanosecond water exchange among hydration sites within
the cavity gives rise to a high-frequency dispersion, which
is only partly sampled and therefore cannot be separated
from the high-frequency plateau produced by the surface
waters (Modig et al. 2003). Because the a-values derived
from fits depend to some extent on the model adopted
(one or two Lorentzians), we also show in figure 2b,
model-independent upper bounds on ({Tiya)/ Tour — 1)/aw
derived from the R, value measured at the highest investi-
gated frequency (41-81 MHz). The mean and s.d. of
(Tiga)/ Tourc — 1/aw is  0.30+0.04 A~ from fits and
0.35+0.06 A2 from the highest frequency. In the follow-
ing discussion, we use the former value.

For ay = 15 A2, we obtain a rotational retardation factor
of (Tnya)/Toune=5.4 £ 0.6 for the 11 proteins. This is a
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Figure 2. Mean rotational retardation of water molecules in
the hydration layer of 11 monomeric globular proteins,
deduced from 7O MRD data at 300 K. (a) Results derived
from the « parameter in the dispersion profile fit. (6) Upper
bound derived from the R, value at the highest frequency:
41-49 MHz (grey) or 68-81 MHz (black).

significantly stronger rotational retardation than for free
amino acids and other small organic molecules, for which
(Tiya) Touwn 18 usually in the range of 1.0-2.5 at room tem-
perature (Halle 1998; Modig et al. 2004). This difference
has been attributed to the presence of strongly motionally
retarded water molecules at special locations on protein
surfaces (Denisov & Halle 1996; Halle 1998; Modig er al.
2004). Even a few water molecules with correlation times
in the range of 0.1-1 ns (at room temperature) could
introduce a strong bias in the observed average correlation
time (T,yq). This interpretation is supported by recent mol-
ecular dynamics simulations, showing that the rotational
correlation time (Marchi ez al. 2002) and residence time
(Henchman & McCammon 2002) distributions exhibit
extended power-law tails.

An indication about the nature of these special
hydration sites is obtained by examining the variation of
((Thya)/ Toun — 1)/aw among the 11 proteins. No significant
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correlation is found between this quantity and the net pro-
tein charge, the total number of charged groups, the total
number of carboxylate groups, or any of these parameters
divided by Ap. This finding is not unexpected because
water—protein interactions are not significantly stronger
than water—water interactions. Instead, the critical variable
appears to be the surface topography (Denisov & Halle
1996; Halle 1998; Modig er al. 2004). Water molecules
located in surface depressions experience geometric con-
straints that prevent the cooperative motions responsible
for the fast rotational and translational dynamics in bulk
water (see § 3). This MRD-derived picture of protein
hydration dynamics is supported by several recent simul-
ation studies that have confirmed the importance of sur-
face topography and have failed to establish a correlation
between water residence times and the chemical structure,
charge or polarity of the contacting groups (Kovacs et al.
1997; Luise et al. 2000; Makarov et al. 2000; Henchman &
McCammon 2002).

More detailed information about strongly perturbed
surface water molecules has recently come from ?H and
170 MRD measurements at low temperatures (Modig et
al. 2004). At room temperature, all water molecules at the
protein surface, with the possible exception of a few deep
and narrow surface pockets, have correlation times shorter
than 1 ns and are therefore not resolved in the MRD pro-
file. However, by lowering the temperature, the corre-
lation times (0.1-1 ns at room temperature) of the most
strongly perturbed water molecules can be made suf-
ficiently long (greater than 1 ns) to allow direct obser-
vation of the dispersion associated with water exchange.
MRD profiles were thus recorded for solutions of the pro-
tein BPTI in emulsified solutions down to 243 K (Modig
et al. 2004). The 2H MRD profile at 243 K (see figure 3)
yields a correlation time, 75 = 11 £ 1 ns, much shorter than
the 70 ns rotational correlation time of the protein at this
temperature. Because the four internal water molecules of
BPTT exchange too slowly at 243 K to contribute to the
measured 2H relaxation rate, the observed dispersion must
be a result of water molecules at the surface with a resi-
dence time in the range of 10-15ns. The dispersion
amplitude yields Nz S§ = 3.3 + 0.4, implying that there are
at least three such water molecules.

The high-frequency limit of the dispersion profile in fig-
ure 3 yields (T,ya)/Toun = 2.1 £ 0.2 at 243 K for the remain-
ing (ca. 265) water molecules in the hydration layer. This
result is hardly compatible with the existence of extensive
hydrogen-bond networks of fused water polygons, as
inferred from cryocrystallographic studies of several pro-
teins (Nakasako 1999; Esposito er al. 2000; Teeter ez al.
2001). As discussed in § 4, these networks are likely to be
cryo-artefacts, formed when water motions are quenched
at ca. 200 K (Halle 2004). The experimental (Tpya)/Toun
value of 2.1 at 243 K is comparable to what has been
obtained for small organic molecules at room tempera-
ture. However, 7O relaxation studies of small-molecule
hydration show that (7, has a significantly larger acti-
vation enthalpy than 7,,,. Extrapolating these data down
to 243 K, we find (7y,yq)/Toun values of 3.5, 9, 14 and 6 for
methanol, propanol, -butanol and benzene, respectively
(Modig et al. 2004). The usual explanation of this
phenomenon is that a clathrate-like hydration shell forms
around such non-polar solutes, with water—water
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Figure 3. Water 2H excess relaxation rate, R; — Ry, versus
resonance frequency for an emulsified aqueous solution of

8 mM BPTT at 243 K (Modig er al. 2004). The curve is a
Lorentzian fit (omitting the highest-frequency point) and the
dashed line corresponds to «.

hydrogen bonds that are considerably more long-lived
than in bulk water because of the inability of the apolar
(part of the) solute to participate in the fluctuating hydro-
gen-bond network.

In contrast to these small solutes, the low-temperature
MRD results for BPTI show that (7y,yq)/Tou decreases at
lower temperatures. This decrease was rationalized in
terms of a few strongly perturbed water molecules that
give rise to an observable dispersion at low temperatures
and therefore no longer contribute to the « parameter.
The remaining high-frequency excess relaxation rate is not
compatible with a strong temperature dependence of the
kind seen for small non-polar solutes. Consequently,
clathrate-like hydration structures do not appear to be
prevalent at the surface of BPTI. This is understandable,
because few side-chains protrude from the surface to the
extent that they are surrounded by a clathrate cage as for
a small solute. Computer simulations also indicate that
classical clathrate structures do not form at planar or con-
cave hydrophobic patches on protein surfaces (Cheng &
Rossky 1998). For BPTI, and for most other native globu-
lar proteins (Harpaz et al. 1994; Murphy et al. 1998), ca.
60% of the solvent-accessible surface area is contributed
by non-polar atoms. The inferred absence of classical
hydrophobic hydration structures at the surface of BPTI,
which would have caused (Tiya)/Tou tO increase strongly
at lower temperatures, suggests that the entropic penalty
for the residual exposure of non-polar groups at the sur-
face of the native protein is smaller than expected on the
basis of small-molecule solvation thermodynamics (for the
same overall non-polar surface area). If this is true,
hydrophobic side-chains stabilize native protein structures
not only through burial in the protein core, but also, albeit
to a lesser extent, when partly exposed at the protein surface.
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(b) Intermolecular nuclear Overhauser effect

Information about protein hydration dynamics has also
been derived from intermolecular "H-'"H NOEs between
water and protein protons (Otting & Liepinsh 1995;
Otting 1997). In most such studies, the experimental
observable is the ratio of cross-peak intensities in NOESY
and ROESY spectra. Provided sufficiently short mixing
times are used, this can be translated into the ratio oy/og
of the laboratory-frame (op) and rotating-frame (oR)
cross-relaxation rates. These are governed by the dipolar
spectral density function, ¥p(w) according to (Neuhaus &
Williamson 2000)

or(wo) = 0.6F(2wo) — 0.17p(0), (5.6a)

or(wo) = 0.3Fp(wy) + 0.275(0).

Because ¥, (w) is a monotonically decreasing function, it
follows that the ratio oy/ox can vary from +1 to —0.5.
The limit o;/og =1 corresponds to fast dynamics with
Fo(0) = Fo(wy) = Fo(2w,), whereas the limit oy/og =-0.5
corresponds to slow dynamics with F5(0) > ¥p(wy) >
Fo(w,). Here, ‘fast’ and ‘slow’ should be understood in
relation to 1/w, = 300 ps (for a 'H resonance frequency
of 600 MHz).

NOE data acquired at a single frequency are not as
readily interpreted as MRD data spanning a wide fre-
quency range. In particular, the separation of the strength
of the dipole—dipole couplings, depending on the number
of interacting water protons and their distances from a
particular protein proton, from the rate of modulation of
the dipole—dipole vectors, containing the desired infor-
mation about hydration dynamics, is highly model depen-
dent (Ayant ez al. 1977; Briischweiler & Wright 1994;
Otting 1997). For a pair of protons at fixed separation,
rup, rigidly attached to a protein that tumbles isotropically
with rotational correlation time, 7z, the dipolar spectral
density function is of the form (Abragam 1961)

(5.6b)

K T
Jo(w) = n ﬁiﬂ_g: (5.7
where K= [(uo/4m) # v22=5.695%x10"" A°s™2, An
expression like this, but with 7z replaced by an effective
correlation time as in equation (5.5), may be a reasonable
approximation for NOEs with long-lived water molecules
trapped in cavities or deep crevices (Denisov ez al. 1997b).

When applied to surface hydration, the intramolecular
spectral density in equation (5.7) has two major short-
comings: it takes into account only a single pair of protons
and it neglects their relative translational motion. Because
only one water 'H resonance is observed, the measured
cross-relaxation rates are, in principle, affected by dipole—
dipole couplings between a particular protein proton and
all water protons in the sample. Although the square of
the dipole—dipole coupling falls off with distance as r ° (as
in equation (5.7)), the number of water protons at a given
distance increases as r? and the characteristic time for
angular modulation of the proton—proton vector by water
translational diffusion also increases as r2. On integrating
the resulting r 2 dependent product of these factors from
r=d (the distance of closest approach) to infinity, one
recovers the well-known 1/d scaling of ¥5(0) (Abragam

1961). Because the contribution from solvent protons at
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separation r falls off as r 2 (rather than r °), the cross-
relaxation between protein and water protons does not, in
general, reflect local hydration dynamics, but is dominated
by long-range dipole—dipole couplings with bulk water
(Halle 2003).

In studies of protein hydration, water—protein NOEs
have been interpreted either with the intramolecular spec-
tral density in equation (5.7) (or a variant that takes
internal motions into account), or with an intermolecular
spectral density based on a model where the dipole-
coupled water and protein protons reside in spherical par-
ticles undergoing translational and rotational diffusion
(Ayant et al. 1977). If the water protons are placed at the
centre of the water sphere, which is an excellent approxi-
mation owing to the fast water rotation, water dynamics
enters the model solely via the water translational diffusion
coefficient D. For given values of the other model para-
meters, a measured op/og ratio can thus be transformed
into a water diffusion coefficient (Otting et al. 1991a;
Otting & Liepinsh 1995; Otting 1997). In NOE studies of
protein hydration, it has invariably been assumed (explicitly
or implicitly) that the cross-relaxation rates involve only one
or a few water molecules in the immediate vicinity of the
observed protein proton. However, if the cross-relaxation
rates are dominated by long-range dipole—dipole couplings,
the diffusion coefficient D, deduced from the model,
mainly reflects the dynamics of bulk water.

To characterize the perturbation of water dynamics by
the protein, i.e. the hydration dynamics, a more general
model is needed that allows the water diffusion coefficient
to take different values in the hydration layer (Dyy4) and
in the bulk solvent (Dy,;). An analytical spectral density
function for such a non-uniform diffusion model has
recently been derived (Halle 2003). The model describes
the protein as a sphere covered by a hydration layer with
a reduced water diffusion coefficient D,yy. The thickness
of this hydration layer is determined by the condition that
the volume of the spherical shell equals the volume occu-
pied by a monolayer of Ny 4 water molecules on the real
(non-spherical) protein surface. Because water translation
and rotation are both rate-limited by hydrogen-bond
dynamics (Halle 1998; Marchi er al. 2002; Geiger et al.
2003), the translational retardation factor Dy/Dyyg that
enters the non-uniform diffusion model can be set equal
to the rotational retardation factor (Tyq)/Teau. deduced
from MRD data. The non-uniform diffusion model there-
fore allows NOE and MRD data to be interpreted within
the same theoretical framework.

The most extensive NOE study of surface hydration has
been performed on the protein BPTI at 277 K: 44 pro-
tein—water cross-peaks were reported, all with positive o,
values (Otting et al. 1991a,b; Brunne ez al. 1993). For half
of these cross-peaks, the standard interpretation of the
experimental oy/oy ratios suggests water residence times
in the range of 100-500 ps (Brunne et al. 1993), much
longer than found by MRD (Modig et al. 2004). As
positive oy rates are invariably small, the corresponding
cross-peaks are highly susceptible to competing magnetiz-
ation transfer pathways, in particular exchange-relayed
NOEs involving labile BPTI protons. Calculations with
the non-uniform diffusion model indicate that a labile pro-
ton at a distance of 6 A can affect both oy, and oy rates
significantly. In the crystal structure 5PTI (Wlodawer ez
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Figure 4. The fraction non-labile protons in BPTT that have
at least one labile BPTI proton or internal water proton
within the indicated distance. The calculation is based on
the crystal structure 5PTI (Wlodawer ez al. 1984) with four
internal water molecules.

al. 1984), 83% of the non-labile BPTI protons are within
6 A of a labile proton or a proton in one of the four
internal water molecules (see figure 4). Similar results are
obtained for other proteins. A reanalysis of the NOE data
for BPTI leads to the following conclusions (Modig ez
al. 2004).

(i) The observed variation in the oy /oy ratio among dif-
ferent protons on the surface of BPTI is mainly
caused by variations in proton burial depth or sol-
vent accessibility, rather than by variations in
hydration water dynamics.

(ii)) The NOE method is insensitive to water dynamics
in the hydration layer. In fact, under the conditions
of the BPTT study, the oy /oR ratio cannot distinguish
between a 10-fold dynamic retardation and no retar-
dation at all (see figure 5).

@ii1) Under the conditions of the BPTT study, the domi-
nant bulk water contribution rules out oy/o values
significantly larger than 0.5. A ratio of 1.0, as
reported for 10 out of the 44 cross-peaks, therefore
indicates that the measured cross-peak intensities do
not faithfully report on the cross-relaxation rates.

A similar re-examination of NOE data for the cyclic
nonapeptide oxytocin (Otting ez al. 1991a, 1992; Modig et
al. 2004) shows that the sign reversal observed for water—
peptide NOEs at subzero temperatures can be explained
by the reduced diffusion coefficient of bulk water. A
negative NOE should therefore not be taken as evidence
for substantially prolonged residence times of hydration
water. Individual hydration water molecules can dominate
the NOE only if they are located near the observed solute
proton and if their mobility is very much reduced com-
pared with bulk water. This is the case for water molecules
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Figure 5. Ratio of water—BPTT cross-relaxation rates in the
laboratory (oy.) and rotating (og) frames at 500 MHz 'H
NMR frequency, predicted by the non-uniform diffusion
model (Halle 2003). The main plot shows the slow
convergence of o7/oy as dipole couplings to water molecules
in successive layers are included. The insert shows that the
ratio oy/og is nearly independent of the water diffusion
coefficient, D4, in the hydration layer. The protein was
modelled as a sphere of radius 15 A, with a 2.5 A distance of
closest approach between BPTI and water protons. The
thickness of the hydration layer is 2.4 A, corresponding to
Nyyq=268. The rotational correlation time of BPTI is

6.7 ns and the bulk water diffusion coefficient is 1.2 x 107°
m? s~ !, both pertaining to 277 K. For the main plot, the
translational retardation factor Dyyu/Dyyq = 2, in accordance
with MRD results for BPTI.

trapped in cavities inside proteins, like the four internal
water molecules in BPTI (Otting & Wiithrich 1989). In
such cases, water—protein NOEs can be interpreted in
terms of an intramolecular spectral density function
(equations (5.5) and (5.7)), where the strong distance
dependence (rzd) provides a geometric constraint on the
location of long-lived water molecules.

6. OTHER SPECTROSCOPIC PROBES OF
HYDRATION DYNAMICS

(a) Dielectric relaxation spectroscopy
DRS was among the first methods used to probe the
dynamics of protein solutions, pre-dating the modern view
of protein structure (Oncley 1938). Some of the early
DRS studies were taken to support the popular, but incor-
rect, picture of an ice-like hydration layer (Grant 1965).
DRS has a superficial resemblance to MRD, but there are
fundamental differences (Frohlich 1958; Abragam 1961;
Bottcher er al. 1973). The dielectric dispersion profile,
that is, the frequency dependence of the real part of the
complex relative permittivity, is usually represented as a

sum of Lorentzian (Debye-type) dispersion terms,

ar,

! — . + 5
&'(w)=¢ Sl (w7,)?

(6.1)
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where 1, is the dielectric relaxation time of the kth disper-
sion and «, is the corresponding contribution to the zero-
frequency permittivity (the usual dielectric constant). The
permittivity measured at optical frequencies, €., rep-
resents electronic polarizability. On comparing equation
(6.1) with equations (5.1) and (5.2), we note two funda-
mental differences. Because the correlation time, g,
appears in the numerator of the spectral density in equ-
ation (5.2), even a single water molecule can have a large
effect on the MRD profile if it rotates much more slowly
than in bulk water. This is the case for most internal water
molecules. In DRS, water molecules contribute to the
amplitudes a, in proportion to their numbers (as in
MRD), but independently of their dynamics. This makes
DRS a much less sensitive probe of rotationally retarded
water molecules. Internal water molecules therefore can-
not be detected by DRS. By accessing the giga- to tera-
hertz frequency range, DRS can, in principle, observe
hydration water dynamics directly. In dilute protein sol-
utions, however, this advantage is largely offset by the low
sensitivity. The second fundamental difference between
DRS and MRD is related to the interactions used to probe
the system. Whereas 'O MRD uses weak, non-perturbing
nuclear interactions to selectively monitor water mol-
ecules, DRS involves all degrees of freedom that respond
to the applied oscillating electric field. This includes not
only water rotation, but also protein tumbling and various
motions of counterions and charged or dipolar side-chains
at the protein surface. Moreover, whereas MRD probes
single-molecule dynamics, DRS measures the collective
response of the entire system, comprising many degrees
of freedom, some of which are strongly coupled. In con-
trast to MRD, the interpretation of the amplitude factors
a, in equation (6.1) is therefore highly non-trivial.

The dielectric dispersion profile from a dilute protein
solution is dominated by two dispersion steps (see figure
6): the B dispersion near 10 MHz, which reflects protein
tumbling, and the vy dispersion near 20 GHz, caused by
(collective) reorientation in bulk water. In addition, a
small dispersion step is usually seen near 100 MHz, corre-
sponding to 75 = 1 ns. The origin of this & dispersion is
controversial, but most authors attribute it, at least partly,
to water rotation in the hydration layer (Dachwitz er al.
1989; Pethig 1992, 1995; Knocks & Weingirtner 2001).
To be observable against the background of bulk water
(some 10* bulk water molecules at a protein concentration
of 5 mM), the § dispersion must then be attributed to a
large number of hydration water molecules (in the order
of 10?). Many DRS studies have thus concluded that a
sizeable fraction (typically, about one-half) of the water
molecules in the hydration layer are strongly rotationally
retarded, with (7yq)/Tou in the range of 10>-10°
(Dachwitz er al. 1989; Pethig 1992, 1995; Miura ez al.
1994; Wei er al. 1994). This conclusion is grossly incon-
sistent with the MRD results (see § 5a), yielding
(Thya) Toune = 2 for the vast majority of water molecules in
the hydration layer. (The few more strongly rotationally
retarded water molecules that increase the global average
(Thya)/Toune to about 5 will not make a significant contri-
bution to the dielectric dispersion profile.) We must there-
fore conclude that the & dispersion is not a result of water
dynamics at all. As seen from figure 6, the hydration con-
tribution to the dielectric dispersion profile, expected for
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Figure 6. Frequency dependence of the real part, &' (), of
the complex relative permittivity of an aqueous protein
solution at 298 K. The parameters of the 8 and &
dispersions were taken from experimental data for ubiquitin
(Knocks & Weingirtner 2001), and were scaled to a protein
concentration of 5 mM. The vy dispersion was decomposed
into a bulk water part, with 7, = 8.3 ps (Kaatze 1989), and
a contribution from the hydration layer, with (Tyyq)/ Tou = 2
and Ny,,q=300. The upper solid curve shows the total &'(v),
while the lower solid curve shows the contributions from the
6 and 74,4 dispersions. The dashed curve corresponds to the
total 7y dispersion (bulk plus hydration water), whereas the
dash—dot curve shows the bulk water contribution, Y.

(Tiya) Tou = 2 (from MRD) and N 4 =300, is very small
in amplitude (at a protein concentration of 5 mM) and
overlaps with the bulk water dispersion.

To extract reliable information about protein hydration
dynamics from DRS, very accurate measurements at rela-
tively high protein concentrations would seem to be
required (Oleinikova er al. 2004). In addition, a rigorous
theory is needed to link observables to molecular model
parameters. Computer simulations can provide valuable
guidance in this regard (Boresch ez al. 2000). A recently
proposed microscopic theory of dielectric relaxation in
protein solutions (Nandi & Bagchi 1997, 1998) does not
appear to fulfil these needs (Boresch & Steinhauser 2001).
This theory invokes the erroneous concept of an equilib-
rium between bound and free water (see § 2) and a
rotation-exchange model that, although extensively used
in NMR (Halle ez al. 1999), does not seem to be useful
in connection with dielectric relaxation, except in the pres-
ence of chemical processes (Schwarz 1967).

(b) Time-resolved fluorescence spectroscopy

A more recently developed experimental approach to
protein hydration dynamics employs time-resolved fluor-
escence spectroscopy to monitor the time evolution of the
frequency, v(z), of the emission maximum after electronic
excitation of an intrinsic tryptophan residue in the protein
or a covalently attached extrinsic fluorophore (Pal ez al.
2002a; Pal & Zewail 2004). The frequency shift caused
by the difference in interactions with the environment
between the ground and excited states, known as the
Stokes shift, changes as the environment relaxes in
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Figure 7. Normalized DSS, S(z), for tryptophan (Trp) in
bulk water (dashed line) and for Trp-113 in subtilisin
Carlsberg (solid line). The bi-exponential curves are based on
experimentally determined amplitudes and decay times (Pal
et al. 2002b).

response to the altered charge distribution produced by
electronic excitation. This evolution is described by the
normalized DSS,

(@) — v(»)
OB R

If the excitation occurs without change in nuclear con-
figuration, the measured quantity, S(z), can be related to
the similarly normalized difference, AE(z), in mean inter-
action energy of the excited and ground states. Accord-
ingly, the evolution described by equation (6.2) is referred
to as solvation dynamics. When the environment is hetero-
geneous, as for a tryptophan residue in a protein, ‘solva-
tion’ must be understood in a generalized sense to include
both protein and solvent degrees of freedom. The poten-
tial for confusion is even greater when the term ‘solvation
dynamics’ is applied to the DSS method used to study the
phenomenon (Nandi ez al. 2000). The interpretation of
DSS data relies on the linear response approximation
(Fleming & Cho 1996): provided that the perturbation is
sufficiently weak, the non-equilibrium response function,
S(2), can be identified with the time correlation function,
C(r) = [(AE(0) AE(»)) — (AE)’J/[{(AE)*) — (AE)?], which
describes thermal fluctuations of AE(z) around its aver-
age, (AE), when the environment is in equilibrium with
respect to the (ground or excited state) charge distri-
bution. The validity of the linear response approximation
in DSS studies has recently been questioned (Bedard-
Hearn er al. 2003).

Figure 7 shows DSS curves for tryptophan in water and
in the protein subtilisin Carilsberg (Pal er al. 2002b). Similar
results have been reported for other proteins (Pal et al
2002¢; Peon er al. 2002). For tryptophan in water, the
DSS curve exhibits a sub-picosecond inertial decay, asso-
ciated with water librations (Jimenez et al. 1994), followed

by a diffusive decay with a time constant Thae = 1 ps

(6.2)
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(Shen & Knutson 2001; Pal ez al. 20025). For the single
tryptophan residue in subtilisin Carlsberg, 60% of the DSS
decays on the same time-scale (0.8 ps) as 7055, whereas
the remaining 40% of the shift has a much slower decay
(D55 =38 ps). Zewail and coworkers attribute both of
these decays to water dynamics in the hydration layer of
the protein (Pal er al. 2002a—c; Peon ez al. 2002; Pal &
Zewail 2004). Specifically, they propose that the hydration
layer is composed of ‘free’ and ‘bound’ water molecules.
The essential difference between these putative categories
is that ‘free’ water molecules undergo rotational diffusion
as in bulk water while remaining inside the hydration
layer, whereas ‘bound’ water molecules are rigidly
attached to the protein during their residence time. Fur-
thermore, they relate the short decay time (similar to
258) to the dielectric relaxation time of ‘free’ (or bulk)
water, while the long decay time, 7235, is interpreted as
the mean residence time of ‘bound’ water molecules. This
interpretation, implying that hydration water is dynami-
cally retarded by one to two orders of magnitude (7235/
058 = 40 for subtilisin Carlsberg), is clearly inconsistent
with the MRD results ({Tiya)/Toux = 2).

The Zewail model is problematic in several respects. If
the hydration layer consisted of ‘free’ and ‘bound’ water
molecules, as postulated, then one would expect bimodal
distributions of residence times and rotational correlation
times for hydration water. However, all simulations show
that these distributions are unimodal (Abseher ez al. 1996;
Luise ez al. 2000; Makarov ez al. 2000; Marchi ez al. 2002;
Henchman & McCammon 2002). Also, from a structural—
energetic point of view, the notion of ‘free’ and ‘bound’
water molecules in the hydration layer is objectionable.
Simulations show that all water molecules, whether in the
hydration layer or in bulk water, have approximately the
same number (3-4) of hydrogen bonds (Henchman &
McCammon 2002). Furthermore, the 1 ps DSS decay can
hardly be identified with the dielectric relaxation time,
Tous Of bulk water, which is 8.3 ps at 298 K (Kaatze
1989). The order-of-magnitude discrepancy between
58 and Ty s not unexpected; in a zeroth-order con-
tinuum model, the characteristic time for solvent relax-
ation in response to an instantaneously created dipole is
3Tou/ (280 + 1) = 0.2 ps, where g, = 78 is the dielectric
constant of water (Papazyan & Maroncelli 1995).

Another serious concern is the unproven assertion that
the slow DSS decay of a tryptophan residue in a protein
is a manifestation of slow-water dynamics (Pal er al
2002a; Pal & Zewail 2004). An inspection of the crystal
structure (1SBC) of subtilisin Carlsberg shows that the
Trp-133 side-chain is largely buried, with only one edge
of the indole ring exposed to the solvent. There are 15
polar protein atoms within 5 A of this side chain and the
dipolar amide group of Asn-117 is in van der Waals con-
tact with one face of the indole ring. The decay time,
7D3S = 38 ps, may thus reflect internal motions in the pro-
tein in response to the excited-state charge distribution.
This alternative interpretation is further supported by the
finding that the fluorescence anisotropy decays with a time
constant of 55 ps (Pal er al. 2002b). Because the DSS is
affected by the motions of the indole (reflected in the ani-
sotropy decay), as well as motions of the surrounding
interacting polar and charged protein atoms (which are
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only partly correlated with indole motions), T3S is,
indeed, expected to be somewhat shorter than 55 ps.

In the protein monellin, where 7235=16ps was
reported (Peon ez al. 2002), one face of the indole ring in
the examined Trp-3 side chain is solvent exposed, but
there are six charged groups within 8 A of this residue (in
the crystal structure 4MON). A recent 2 ns molecular
dynamics simulation of monellin in water, using an
excited state charge distribution corresponding to a dipole
moment of 5.7 D for the Trp-3 indole, shows that the
energy correlation function C(z) is dominated by intra-
protein interactions, which decay on the time-scale of the
experimental 7235, whereas the smaller water contribution
decays on a much shorter time-scale (L. Nilsson, unpub-
lished results), as expected from the MRD results.

Although DSS studies with femtosecond resolution can
potentially furnish valuable insights into fast water dynam-
ics in proteins, the currently available results and their
interpretation must be regarded with caution until the
DSS curve has been unambiguously decomposed into
protein and water contributions. The same caveat applies
to DSS studies of hydration in other heterogeneous sys-
tems, such as micelles, microemulsions and membranes
(Bhattacharyya & Bagchi 2000; Nandi ez al. 2000). Slow
DSS decays on the 0.1-1 ns time-scale, as well as DRS
data, from such complex systems have been attributed to
a slow component in hydration dynamics, purportedly a
generic feature of ‘constrained water’ (Bhattacharyya &
Bagchi 2000; Nandi et al. 2000). Contrary to the con-
clusion of these authors, such interpretations are decidedly
inconsistent with the results of numerous NMR relaxation
studies of biomolecular solutions and complex fluids of
non-biological origin (Halle 1998). The notion of very
slow hydration water dynamics has received apparent sup-
port from molecular dynamics simulations of surfactant
micelles. In particular, the orientational time correlation
function for water outside a disc-shaped micelle was found
to exhibit a long-time tail with a decay time exceeding
several 100 ps (Balasubramanian & Bagchi 2002; Pal ez al.
2002d). This tail was attributed to ‘bound’ water mol-
ecules with long residence times at the micelle surface. An
alternative explanation of the tail in the correlation func-
tion, which does not invoke long-lived water binding,
presents itself once it is realized that the studied system is
anisotropic on the time-scale of the simulation. The
dipolar correlation function thus exhibits a tail associated
with micelle tumbling on the nanosecond time-scale.

7. FROM WATER DYNAMICS TO HYDRODYNAMICS

Measurements of transport coefficients of proteins in
solution, such as the rotational and translational diffusion
coefficients, the sedimentation coefficient and the intrinsic
viscosity, have long been used to estimate the amount of
hydration water (Kuntz & Kauzmann 1974; Squire &
Himmel 1979). This hydrodynamic approach to protein
hydration is based on the idea that a certain amount of
water at the protein surface, in some sense, migrates along
with the protein and thus contributes to its effective hyd-
rodynamic volume. The amount of hydration water is
obtained from the difference between the hydrodynamic
volume and the bare protein volume (obtained from the
partial specific volume or from the crystal structure). This
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operational definition of protein hydration has several
deficiencies. To expose these, we consider the case of
rotational diffusion.

The rotational motion of a protein molecule is at least
three orders of magnitude slower than the relaxation of its
angular momentum and can therefore be described accu-
rately by a rotational diffusion equation. The dynamic
protein—solvent coupling is embodied in Einstein’s fluctu-
ation—dissipation theorem, relating the rotational diffusion
coefficient, Dy, to the rotational friction coefficient,
{r: Dr=kgT /{zr (Zwanzig 2001). When this is combined
with the result of macroscopic continuum hydrodynamics
(Landau & Lifshitz 1959) for the friction coefficient of a
sphere of radius a undergoing steady rotation in a solvent
of shear viscosity m,, one obtains the (rotational) Stokes—
Einstein relation

kBT

D§F= :
R 7 8mnea’

(7.1)
More elaborate expressions have been derived for ellip-
soidal solutes (Perrin 1936). When applied to globular
proteins, equation (7.1) overestimates the rotational dif-
fusion coefficient by about a factor of 2. As an example,
consider HEWL. Using either the crystal structure or the
partial specific volume in solution, one obtains a molecu-
lar volume of 16 nm>. Inserted into equation (7.1), this
yields Dg=42 ps™! in H,O at 20 °C. If the somewhat
elongated shape of HEWL is modelled by a prolate sphe-
roid of aspect ratio 1.5, Dy is reduced to 40 ps™?, still a
factor of 2 above the experimental value of 20+ 1 ps™!
(Buck et al. 1995). Whereas early workers attributed such
discrepancies to ‘bound’ water migrating with the protein,
hydration effects turn out to be less important than large-
scale shape irregularities, such as the binding cleft in
HEWIL, which make the rotating protein displace a larger
amount of solvent than would a compact protein of the
same volume (Halle & Davidovic 2003).

In recent years, efficient numerical methods have been
developed for computing the hydrodynamic friction ten-
sors of rigid biomolecular structures described in atomic
detail (Garcia de la Torre & Bloomfield 1981; Garcia de la
Torre er al. 2000; Zhao & Pearlstein 2002). Such detailed
modelling of protein shape brings theory much closer to
experiment and also removes most of the variation in
apparent hydration among different proteins. Neverthe-
less, even molecular hydrodynamics does not quite bridge
the gap between theory and experiment. Typically, the
rotational diffusion coefficient is still 30% too large. This
discrepancy, which exceeds the experimental uncertainty
in Di by an order of magnitude, is usually ascribed to
about half a monolayer of ‘tightly bound’ water molecules
(Venable & Pastor 1988; Byron 1997; Garcia de la Torre
2001; Korzhnev ez al. 2001).

What are the implications of attributing the 30% dis-
crepancy in Dy to ‘tightly bound’ water molecules?
Because Dy is inversely proportional to volume (see equ-
ation (7.1)), the volume of this ‘rigid’ hydration shell is,
in the case of HEWL, 0.30 X 16 = 4.8 nm?. If a water mol-
ecule occupies 25 A? at the protein surface, as suggested
by Voronoi analysis of protein crystals (Gerstein & Cho-
thia 1996), then this volume corresponds to ca. 200 water
molecules. If these water molecules were immobilized at
the protein surface, they would contribute to the
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hydrodynamic friction in the same way as protein atoms.
According to conventional wisdom, this will still be the
case if these water molecules exchange with bulk water, as
long as their residence times are longer than the rotational
correlation time of the protein so that they migrate with
the rotating protein. This widely accepted interpretation
thus implies that ca. 200 water molecules on the surface
of HEWL have residence times longer than the (rank-2)
rotational correlation time of HEWL, 7@ =(6Dg) !
=8 ns. This interpretation is clearly incompatible with the
picosecond dynamics in the hydration layer deduced from
MRD experiments (see § 5a).

This paradox can be resolved by allowing the viscosity
in the first hydration shell to differ from the bulk water
viscosity (Halle & Davidovic 2003). By solving the hydro-
dynamic equations of motion and computing the frictional
torque from the stress tensor (Landau & Lifshitz 1959;
Wolynes 1980; Brilliantov & Krapivsky 1991), one finds
for the rotational diffusion coefficient, Dy, of a spherical
‘protein’ of volume Vp, immersed in an incompressible
solvent with viscosity 1,q Within a spherical shell of vol-
ume V4 and the bulk value my,, elsewhere:

D
e=1-( —aR)(l —7"’—)

— 7.2
DgE MNhyd (7.2)

where ag = Vp/(Vp + Viyq) and DRE, as given by equation
(7.1), is the rotational diffusion coefficient in the absence
of hydration effects. This result has the expected limits.
In the absence of hydration, meaning My = Npu. and/or
Viya =0, equation (7.2) reduces to Dy = D§E. In the ‘sol-
vent-berg’ limit, where my,yq 3> Npu S0 that a negligible
fraction of the viscous energy dissipation occurs in the
hydration shell, we also recover the Stokes—Einstein
equation (7.1), but now with a hydrodynamic volume that
includes the effectively rigid hydration shell.

Equation (7.2) should also be approximately valid for a
real (non-spherical) protein if the left-hand side is replaced
by Dgr/D, the ratio of the rotational diffusion coefficient
of the real protein in the real perturbed solvent (Dg) to
that in an unperturbed bulk solvent (DY). Furthermore,
the variation of the local viscosity over the structurally and
chemically heterogeneous protein surface can be taken
into account by replacing nyuu/Mnya by the spatial average
(Moun/Mnya) Over the hydration layer volume V4. This
Thya averaging makes physical sense: even if 1,4 is very
large in a small region, Dy should not be affected much
because most of the viscous dissipation occurs outside this
small region in any case. Finally, the local viscosity 14 is
taken to be proportional to the water rotational correlation
time, T4, as is the case for bulk water over a wide tem-
perature range (Modig & Halle 2002). After these
approximations, the hydration effect on the rotational dif-
fusion coefficient of a protein can be expressed as (Halle &
Davidovic 2003)

Dy Toulk

Dy t-d aR)[l <Thyd>}
Water '7O MRD studies on 11 globular proteins yield the
rotational retardation factor (Tiya)/ Toun = 5.4 (see § 5a). As
discussed above, the 7,4 distribution is skewed towards
longer T4 values, so that (T4 > (Tha) '. Taking
(Toui/Taya) = 0.35 and  Viyq = Apya Aps With Apyq=2 A for

(7.3)
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Figure 8. Correlation between rotational diffusion
coefficients of proteins in H,O at 293 K measured by °N
relaxation and calculated by molecular hydrodynamics
(Halle & Davidovic 2003). The data refer to 16 monomeric
globular proteins in the size range of 6.5-28 kDa. The
calculations were carried out with the program HyDROPRO V.
5a (Garcia de la Torre er al. 2000) using o.¢s=3.0 A and
atomic coordinates from high-quality X-ray crystal
structures. The linear correlation coefficient is 0.968 and the
ratio DF!/DgP* has a mean of 0.992 with an s.d. of 0.086.

the thickness of the hydration layer (yielding N4 = 500
for HEWL, as expected), one thus obtains Dg/D$ =0.71
for HEWL. The model thus accounts satisfactorily for the
remaining discrepancy between experiment and molecular
hydrodynamics calculations on the bare protein.

To enable bona fide Dy predictions by molecular hydro-
dynamics calculations, which are performed for a uniform
solvent viscosity, the hydration effect can be simulated by
using augmented atomic radii in the structural model
(Halle & Davidovic 2003). Adopting the same van der
Waals radius, o,, for all non-hydrogen atoms, one thus
writes for the effective (augmented) radius, o.4= 0, +
Ohyas Where oy, is the thickness of a hydrodynamically
equivalent, rigid (n — ) hydration layer that reduces the
rotational diffusion coefficient of the protein by the same
amount as the real mobile hydration layer. Using equation
(7.3) with (Tou/Thya) = 0.35, one finds oy,;q=1.0 A, vir-
tually independent of protein size (Halle & Davidovic
2003). The appropriate united-atom radius, weighted
according to the typical 40/60 ratio of polar and non-polar
atoms at the protein surface, is o = 2.0 A. To incorporate
hydration effects on protein rotational diffusion, molecular
hydrodynamic calculations should therefore be carried out
with an effective atomic radius, o.z=3.0 A. Figure 8
shows that this prediction, based on hydrodynamic theory
and hydration dynamics according to MRD, is in excellent
agreement with the best available experimental Dy values
(from N NMR relaxation measurements) for 16 mono-
meric globular proteins (Halle & Davidovic 2003).
Hydration effects on translational diffusion are smaller,
but can be treated in analogous fashion (Halle & Davi-
dovic 2003).
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Discussion
J. R. Helliwell (Department of Chemistry, University of
Manchester, Manchester, UK). I have a few comments.

(1) You criticize the use by crystallographers of the
words ‘bound solvent’. As crystallographers, we
could say that, for example, Henry VIII was married
all his life, we cannot say he was married six times!
Most of the time one or more waters are bound at
one site is what we mean by a ‘bound water mol-
ecule’.

(i) As Jeremy Smith stated in his title, you also in your
abstract refer to ‘perturbation of water’. It seems you
emphasize this role particularly as vital to life. If we
take examples of protein-ligand recognition, water
is versatile, i.e. is willing to be non-perturbed when
it is needed and be perturbed (i.e. displaced) when
it is needed. See, for example, the case of lectin sac-
charide crystal structures; in con A, waters are dis-
placed (Gilboa & Helliwell 2001); in peanut lectin,
two waters help ‘glue’ the sugar to the protein
(Pratap et al. 2001). The versatility of water is then
a key facet for life.

(ii1) If one is anxious about cryo-artefacts of a 100 K pro-
tein crystal structure, it is often possible to check
with a crystal structure study at room temperature.
If a crystal structure at room temperature is not
possible (e.g. as a result of X-ray damage), then case
studies document the bounds or range of structural
change (e.g. Deacon et al. 1997) that occur on
freezing. Such changes produce more multiple-
occupancy side chains and, associated with these,
bound-water movements. Indeed, I agree, extrapol-
ation to iz vivo should take account of such ‘artefac-
tual’ details or, best of all, as I say above, for the
crystallographer to determine a room-temperature
protein crystal structure as well.
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B. Halle.

(i) Two distinct issues are involved here. First, diffrac-
tion intensities measured on an equilibrium ensem-
ble of protein molecules in a crystal provide no
information whatsoever about the rates of molecular
motions. Diffraction data should therefore not be
discussed in terms of ‘dynamics’, which refers to
motion. Second, the fact that water molecules near
the protein surface are resolved in the electron den-
sity map, whereas more remote water molecules are
not, does not, as often implied, mean that water
molecules at the surface are ‘tightly bound’. The
relative visibility of these water molecules is a trivial
consequence of the crystalline order of protein mol-
ecules and the space-filling capacity of water mol-
ecules. Consider a crystalline array of large hard
spheres surrounded by spatially unconstrained small
hard spheres. Merely by excluding volume, the large
sphere induces correlations in the positions of
nearby small spheres, thereby enhancing their crys-
tallographic visibility. Because there are no attractive
interactions in the system, it is incorrect to describe
these positionally ordered solvent spheres as ‘tightly
bound’. If the large particle has a rugged surface
(such as a protein), it also induces lateral corre-
lations within the first solvent layer.

(i) The role of water molecules in modulating the affin-
ity, selectivity and kinetics of protein-ligand, pro-
tein—protein and protein—-DNA associations was not
addressed directly in my contribution. To make pro-
gress in this important area, the structural, energetic
and dynamic properties of hydration water mol-
ecules need to be investigated. Depending on the
nature of the binding site (for example, a fully
exposed site versus a deep invagination or cavity), it
may be more or less convenient to characterize these
properties in terms of the perturbation of the corre-
sponding bulk water properties.

(iii) The problem with cryostructures is that they portray
a thermally inhomogeneous protein structure, where
different degrees of freedom have been equilibrated
at different temperatures. The biological relevance
can be assessed only by experiments performed at,
or near, the physiological temperature. This is done
for less than 10% of the protein structures currently
being deposited in the Protein Data Bank.

A. Kornyshev (Department of Chemistry, Imperial College
London, London, UK). Can a Stokes shift probe be
inserted into the channel of bacteriorhodopsin and the
dynamics of water resolvation measured?

B. Halle. The problem with the DSS method as applied
to protein hydration is that it cannot distinguish probe—
water interactions from probe—protein interactions. A DSS
experiment on a probe located in the proton translocation
channel of bacteriorhodopsin would probably say more
about the relative motions of the probe and the several
nearby ionic side chains than about the water molecules
in the channel.

J. B. F. N. Engberts (Physical Organic Chemistry Unit,
University of Groningen, Groningen, The Netherlands). 1
would like to add another factor to the discussion. In

Phil. Trans. R. Soc. Lond. B (2004)

living cells, proteins and, in particular, enzymes do not
function in dilute aqueous solutions but rather in the cyto-
sol containing up to 500 g1™! of dissolved biomolecules.
These aqueous solutions are thermodynamically far from
ideal. In the cytosol there is #o bulk water (emphasized by
P. Ball in his Biography of water). This situation is beauti-
fully illustrated by the finding that some proteins fold only
in the cytosol and ot in dilute aqueous solutions. What
are the consequences for the dynamics of protein
hydration in the living cell?

B. Halle. The principal effects of macromolecular
crowding in intracellular environments are probably: (i)
to stabilize folded proteins against unfolding by effectively
prohibiting highly extended conformations; and (ii) to
promote biomolecular association by increasing the free
volume available to other macromolecules (a phenomenon
that, in the colloid field, is known as the depletion
interaction). These purely entropic mechanisms do not
affect small molecules like water. The structure, energetics
and kinetics of protein hydration are more likely to be alt-
ered by various cosolvents, some of which are produced
at very high concentrations in response to environmental
stress. The categorical statement that there is no bulk
water in the cytosol, is no more profound or useful than
the similarly fundamentalist claim that there are no iso-
lated systems in the universe. If we allow a 10% variation
in single-molecule properties, such as the rotational corre-
lation time, then even a typical protein crystal, with 60%
protein by volume, contains a significant amount of bulk
water.
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GLOSSARY

170: oxygen-17

BPTT: bovine pancreatic trypsin inhibitor
DRS: dielectric relaxation spectroscopy
DSS: dynamic Stokes shift

HEWL: hen egg-white lysozyme

MRD: magnetic relaxation dispersion
NMR: nuclear magnetic resonance

NOE: nuclear Overhauser effect

NOESY: NOE spectroscopy

ROESY: rotating-frame NOE spectroscopy



