
663 

Acta Cryst. (1994). D50, 663-666 

W a t e r  S t r u c t u r e  A s s o c i a t e d  w i t h  P r o t e i n s  a n d  its Ro le  in C r y s t a l l i z a t i o n  

BY MICHEL FREY 

Laboratoire de Cristallographie et de Cristallogkn~se des Protkines, Institut de Biologie Structurale, 
41 Avenue des Martyrs, 38027 Grenoble CEDEX 01, France 

(Received 10 September 1993; accepted 26 November 1993) 

Abstract 

X-ray or neutron diffraction studies have shown, at 
the atomic level, that water molecules occupy well 
determined sites inside or at the surface of biological 
macromolecules. These water molecules are constitutive 
of biomolecules and play a crucial role in their structural 
and functional properties. Upon crystallization some 
water molecules are either desolvated or involved in 
crystal packing. The role of water in determining crystal 
packing has been experimentally confirmed by several 
X-ray analyses. 

1. Introduction 

Water molecules are known to play an essential role 
in the structural and functional properties of biological 
macromolecules (proteins and nucleic acids; for reviews 
see Finney, 1979; Edsall & McKenzie, 1983; Baker & 
Hubbard; 1984; Savage & Wlodawer, 1986; Saenger, 
1987; Teeter, 1991; Rupley & Carreri, 1991; Timash- 
eft, 1993; Westhof, 1993). They are seen as mobile 
molecules which preferentially occupy sites either in the 
interior of the macromolecules ('internal waters') or in 
crevices distributed over the surface. During their resi- 
dence on these sites, water molecules establish hydrogen 
bonds with the biomolecule (hence their name 'bound 
waters') thus contributing to the stability of the three- 
dimensional structure. Water molecules are also directly 
involved in the catalytic activity of enzymes such as 
serine proteases (e.g. James, Sielecki, Brayer, Delbaere 
& Bauer, 1980). 

Most of the data, at the atomic level, concerning 
the water structure associated with biological macro- 
molecules have been obtained by X-ray or neutron 
diffraction studies of crystals. As we know, protein and 
nucleic acid crystals are made up of a three-dimensional 
lattice of molecules which delimits channels of variable 
dimensions filled with solvent (mostly water molecules; 
Matthews, 1968). This characteristic feature is used 
to prepare isomorphous heavy-atom derivatives, which 
have been, and still are, essential to the determination of 
new three-dimensional structures. Moreover, the pres- 
ence of solvent within crystals allows determination of 
the structure of 'bound water' sites and, in many cases, 
the study of the biological activity [see, for example, 
the review by Rossi (1992)] under conditions which are 
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close to those found in solution. The aim of this paper is 
to review briefly the essential structural properties of 
water molecules associated with crystallized proteins, 
their involvement in crystal packing and their possible 
role in crystallization. 

2. Water in and around protein molecules 

Water molecules constitute the sole hydrogen-bond part- 
nets of ca 30% of the main-chain C--O and N--H 
bonds and ca 60% of the polar side-chain groups of a 
protein molecule. These water molecules have a strong 
preference to be bound to protein O atoms rather than to 
N atoms as they use their protons rather than their lone 
pairs of electrons in hydrogen bonding. This accounts for 
the greater geometrical flexibility of hydrogen bonding 
on O atoms, as compared with that for N atoms. O atoms 
are found in greater numbers at the protein surface and 
may be involved in more than one hydrogen bond (Baker 
& Hubbard, 1984). The distribution of water molecules 
around main-chain polar atoms and polar or apolar 
side chains is non-random (Walshaw & Goodfellow, 
1993, and references therein). NMR studies of bovine 
pancreatic trypsin inhibitor (BPTI) have shown that the 
residence times of water molecules range from about 
10 ms to 10 ns for those located at the interior of the 
protein (Otting, Liepinsh & Wiithrich, 1991) and from 
200 to 19ps for those found at the surface (Brunne, 
Liepinsh, Otting, Wtithrich & van Gunsteren, 1993). 

Water molecules help to stabilize the three- 
dimensional structure of the protein by bridging 
polar or charged groups, or both, the bonding potentials 
of which would otherwise have been unsatisfied. 
Furthermore, surface accessibility and fractal density 
measurements suggested that water molecules influence 
protein surface topography (Kuhn et al., 1992). Water 
molecules also help to stabilize the local structure of 
catalytic sites by 'spreading' buried electrostatic charges 
over a large volume, and maintaining a local optimal 
stereochemistry for catalytic activity (e.g. Finney, 1979; 
James et al., 1980; Blake, Pulford & Artymiuk, 1983). 
On substrate binding these water molecules are - wholly 
or partially - easily displaced, thus contributing to the 
binding energy between the protein and its substrate. 
Water molecules may be otherwise involved in catalysis 
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directly (e.g. Singer, Smalfis, Carthy, Mangel & Sweet, 
1993a). 

To summarize, it should be emphasized that water 
molecules are a constitutive part of the protein, as 
supported by the fact that many of them have been 
found to occupy the same sites in crystals of different 
forms of the same molecule or of homologous proteins 
(e.g. Blake et al., 1983). Along the same lines, recent 
NMR studies have shown that internal water molecules 
of BPTI also occupy the same sites in solution as in the 
crystal structure (Otting et al., 1991). 

3. Crystal structure of water molecules 

3.1. Discrete water molecules 

Protein crystals contain solvent volumes which may 
range from ca 22 to over 70% of their total volume 
(Matthews, 1968). Electron-density maps derived from 
X-ray studies at high resolution (i.e. 1.8 A, or better) 
show numerous peaks, located at the interior or at 
the surface of the protein under study, which can be 
modelled as water molecules. In several cases, peaks 
located at the molecular surface can be alternatively 
modelled as water molecules or as side chains. Some 
surface peaks which are too close to each other cannot 
be occupied simultaneously in the same crystal cell, as 
shown by their relatively weaker electron density (Smith, 
Hendrickson, Honzatko & Sheriff, 1986). These so- 
called multisite configurations reflect, again, the highly 
dynamical properties of some surface side chains and 
water molecules associated with proteins. 

In crystals, where protein molecules are closely 
packed, over 90% of the water molecules have been 
found to occupy discrete sites (e.g. Teeter, 1984; Adman, 
Sieker & Jensen, 1991; Dauter, Sieker & Wilson, 
1992; Madhusudan, Kodandapani & Vijayan, 1993). 
However, in general, ordering of water sites beyond 
4-5 A (the so-called 'first hydration shell') has only 
been observed when water molecules are able to form 
a network with this 'first hydration shell' (e.g. Jensen 
& Watenpaugh, 1986). It is of interest to note that 
non-random arrangements of water sites extending over 
several layers from the molecular surface have been 
proposed from an X-ray study of cubic insulin crystals 
which contain 65% solvent by volume (Badger & 
Caspar, 1991). These latter results have been questioned 
in view of the possible impact of experimental errors 
and model uncertainties on the electron density of 
the solvent region (Jensen, 1991). However, a recent 
study of the same insulin crystals equilibrated with 
glucose (at concentrations of 1-3 M) indicates that the 
glucose distribution in the bulk solvent is also non- 
random (Kapulsky, Badger & Caspar, 1993). This again 
suggests that water molecule sites may be somewhat 
ordered beyond the vicinity of the protein molecule, at 
least in a crystalline environment. 

3.2. Water molecules and crystal packing 

An analysis of the molecular packing of several pro- 
tein crystals following the periodic bond-chain method 
(PBC; Hartman & Perdok, 1955) has been carried out. 
This showed that the crystallizing particle consists of 
the protein and 'bound waters' and that, consequently, 
upon crystallization, some water molecules are either 
desolvated or involved in intermolecular contacts (Frey, 
Genovesio-Taverne & Fontecilla-Camps, 1988). More- 
over, it has been observed that water-mediated bridges 
and direct polar interactions are involved in similar 
numbers of crystal-packing molecular interactions (Frey 
et al., 1988; Crosio, Janin & Jullien, 1992). Thus, the 
nature and the contribution of the forces which are 
involved in crystal packing appear, not unexpectedly, 
similar to those which contribute to the stability of 
protein-protein complexes (Chothia, 1975; Janin, Miller 
& Chothia, 1988; Janin & Chothia, 1990). 

Taking into account these crystal-packing forces, the 
attachment energy of the crystallizing particle onto the 
different faces of a rubredoxin crystal - as predicted by 
the PBC theory - has been calculated. It has been shown 
that there is a good inverse correlation between the 
calculated attachment energy and the growth of most of 
the faces of the protein crystal (Frey, Genovesio-Taverne 
& Fontecilla-Camps, 1991). 

4. Water molecules and crystallization 

4.1. Influence on the solvent structure 
Because of the highly dynamic character of sol- 

vent (mostly water molecules), there are continuous ex- 
changes between the 'first hydration shell', the channels 
of bulk solvent and the mother liquor. Consequently, the 
structure and the chemical contents of solvent sites might 
depend highly on physico-chemical properties of the 
crystallization medium such as pH, salt concentration, 
precipitant etc. 

Measurements of crystal density, combined with crys- 
tallographic data analysis may provide, prior to the X-ray 
analysis, correct information on the respective fractions 
of 'bound' and bulk solvent within crystals, and, in some 
cases, on the precise composition of 'bound' solvent 
(see, for example, Scanlon & Eisenberg, 1975; Hagler & 
Moult, 1978). Selenate-exchanged (SO 2-, SeO 2-) mother 
liquor is also an efficient way of identifying the sulfate 
ions although, to our knowledge, this method has only 
been reported for ¢~-chymotrypsin crystals (Tulinsky & 
Wright, 1973; Blevins & Tulinsky, 1985). In all cases 
analysis of crystal contents could be of major interest 
and even essential (Blevins & Tulinsky, 1985) for a 
reliable chemical assignment of solvent sites observed 
in the electron-density maps. 

The most suitable crystallization medium allowing 
examination of the interactions between protein and 
water molecules as they occur in vivo should involve 
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physiological pH, salt content and concentrations, al- 
though comparison of the structures of bacteriophage T4 
lysozyme, determined with crystals grown at different 
salt concentrations, suggests that the presence of high 
salt only has a limited effect on the structure of 'bound 
waters' (Bell et al., 1991). 

4.2. Influence on crystal packing 

The involvement of water molecules in crystal pack- 
ing has been exemplified experimentally by X-ray analy- 
ses of several crystal forms of lysozyme, kept in various 
conditions of humidity. Thus, crystals of the tetragonal 
and monoclinic forms, grown under the usual conditions 
(Alderton, Ward & Fevold, 1945; Steinrauf, 1959), were 
kept in sealed thin-walled capillaries with a few drops 
of a saturated solution of potassium chromate (K2CrO4) 
for 15-20h. For both forms: (i) the protein molecules 
were found to be displaced from their positions in the 
native crystals along with the most strongly 'bound' 
water molecules and (ii) the most significant changes 
occurred in the inhibitor-binding region (Kodandapani, 
Cheravakkattumadhom & Vijayan, 1990; Madhusudan et 
al., 1993). It is of interest to note that the cell volume of 
the 'low-humidity' monoclinic form was more reduced 
than those of the tetragonal form. This resulted in: (i) 
an exceptionally close packing of the protein molecules 
within the monoclinic crystal (22% solvent by volume); 
(ii) a high-resolution diffraction pattern (beyond 1.75 A 
resolution) and (iii) the location of 148 (out of 175 
possible) water molecules (Madhusudan et al., 1993). 

Similar experiments have been performed on tri- 
clinic lysozyme crystals, cross-linked with glutaralde- 
hyde, with CaC12 solutions (98-32% humidity range) 
or silica gel (~0.01% humidity). These experiments 
have shown a good correlation between the loss of 
water and the cell-volume shrinkage (Kachalova, per- 
sonal communication). A preliminary comparison of 
the crystal structures of 'dry' (,-~0.01% humidity) and 
'wet' (98% humidity) forms suggested a compression 
of the molecule upon drying of about 4-6% which 
might explain the loss of activity at this hydration level. 
The determination of the crystal structures of several 
forms obtained at intermediate humidity levels (70, 39, 
30%) is underway (Kachalova et al., 1991, and personal 
communication). 

Along the same lines Pelletier & Kraut (1992) have 
observed that crystals of a complex between cytochrome 
c and cytochrome c peroxidase diffracted better if they 
were standing in sealed capillary tubes for an extended 
period of time (3 weeks to 4 months). Since this involved 
a decrease of the unit-cell volume, they concluded that 
their crystals had partially dried out (Pelletier & Kraut, 
1992). A similar phenomenon has also been observed as 
a result of the slow diffusion of cryo-protective agents 
into the crystals (Schick & Jumak, 1994). 

5. Perspectives 

The attainment of reliable X-ray models of proteins, in- 
cluding the structure of their associated water molecules, 
appears essential, more than ever, to the understanding 
of their structural, catalytic, dynamical and thermody- 
namical properties (Br'~ind6n & Jones, 1990). This could 
be crucial for drawing reliable conclusions concerning 
the actual influence of a site-directed mutation on the 
biological function (e.g. Loll & Lattman, 1990) or for 
studying the electrostatic forces and the dynamic prop- 
erties which play a major role in the interactions between 
proteins and substrates or between proteins and any of 
their molecular functional partners. 

Careful X-ray structure determinations require above 
all a better knowledge of the physico-chemical properties 
of the solvent in and around the crystals under study: 
pH, ion content, humidity etc. Moreover, control of the 
solvent content either through dehydration or through 
diffusion of cryo-protective agents seems most promis- 
ing to produce more close packed - or at least better 
ordered - crystals and thus to extend the resolution 
of X-ray diffraction patterns (Salunke, Veerapandian, 
Kodandapani & Vijayan, 1985; Kachalova et al., 1991; 
Schick & Jurnak, 1994) 

Collection of X-ray data at wavelengths around 1 A 
and at a low temperature should also allow the major 
causes of experimental errors, namely absorption and 
dynamic disorder, to be limited. Inclusion of both high- 
resolution and low-resolution X-ray data should lead to a 
better estimation of the scale factor and to more reliable 
electron-density maps in the critical zone which extends 
from 'bound waters' to bulk solvent. A systematic search 
and stereochemical analysis of the solvent peaks within 
electron-density maps would be also most helpful (e.g. 
Berghuis et al., 1993). 

Of particular interest are also time-resolved Laue X- 
ray studies which might provide an insight into the 
dynamics of water molecules in the different steps of 
a catalytic reaction. In this respect the recent study 
of the role of a water molecule in the hydrolysis of 
a transient form of bovine trypsin is most promising, 
although the conclusions of this experiment are still 
highly debated (Singer et al., 1993a,b; Perona, Craik & 
Fletterick, 1993). 
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manuscript. I greatly acknowledge Professor Lyle Jensen 
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Seattle. I am very much indebted to Professor Eric 
Westhof in Strasbourg for his encouragement and for 
many helpful discussions. 
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