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The solvent behaviour of ¯ash-cooled protein crystals was

studied in the range 100±180 K by X-ray diffraction. If the

solvent is within large channels it crystallizes at 155 K, as

identi®ed by a sharp change in the increase of unit-cell volume

upon temperature increase. In contrast, if a similar amount of

solvent is con®ned to narrow channels and/or individual

cavities it does not crystallize in the studied temperature

range. It is concluded that the solvent in large channels

behaves similarly to bulk water, whereas when con®ned to

narrow channels it is mainly protein-associated. The analogy

with the behaviour of pure bulk water provides circumstantial

evidence that only solvent in large channels undergoes a glass

transition in the 100±180 K temperature range. These studies

reveal that ¯ash-cooled protein crystals are arrested in a

metastable state up to at least 155 K, thus providing an upper

temperature limit for their storage and handling. The results

are pertinent to the development of rational crystal annealing

procedures and to the study of temperature-dependent

radiation damage to proteins. Furthermore, they suggest an

experimental paradigm for studying the correlation between

solvent behaviour, protein dynamics and protein function.
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1. Introduction

Flash-cooling to cryogenic temperatures is widely used to

preserve macromolecular crystals during X-ray data collection

(Hope, 1988; Joshua-Tor et al., 1988; Garman & Schneider,

1997). Little is known in this context, however, concerning the

physical state of the crystal solvent and its temperature-

dependent behaviour. Studying the behaviour of solvent

con®ned in different geometries allows detection of simila-

rities to and differences from pure water (Mayer, 1994).

Protein crystal solvent differs from pure water not only

because it is con®ned in channels and cavities but also because

of the presence of substantial concentrations of solutes such as

precipitant and buffer. It is therefore bene®cial to summarize

brie¯y the behaviour of amorphous water in the temperature

range utilized in the present study (for a review, see Mishima

& Stanley, 1998). Although not all the peculiar properties of

pure water are fully understood, it is widely accepted that

amorphous solid water obtained by rapid cooling undergoes a

reversible glass transition at �130±140 K (McMillan & Los,

1965; Johari et al., 1987), being transformed into a highly

viscous liquid (for a general review of formation of glasses and

their phenomenology, see Angell, 1995). Subsequent warming

leads to crystallization into cubic ice at 150±155 K. Cubic ice

transforms into ordinary hexagonal ice upon further warming

above 186 K (McMillan & Los, 1965). At temperatures around

the glass transition, water molecules gain rotational mobility



(Fisher & Devlin, 1995) and translational diffusion occurs

prior to crystallization (Smith et al., 1997). It is therefore in the

130±155 K temperature window that amorphous water exhi-

bits liquid-like properties. Below this window diffusive motion

is in®nitely slow and above it is `frozen' by the crystalline state.

In order to address the question of solvent behaviour at

cryogenic temperatures, we studied protein crystals of

Torpedo californica acetylcholinesterase (TcAChE) and

�2-glycoprotein I (�2gpI) that differ in solvent content and in

the manner in which the solvent is arranged in the crystal. Two

crystal forms of TcAChE have been studied: trigonal crystals

(Sussman et al., 1991; Raves et al., 1997) containing 68%

solvent arranged in large solvent channels and orthorhombic

crystals containing 56% solvent accommodated in individual

cavities and narrow channels (Raves, 1998). �2gpI crystals

have an unusually high solvent content of 86% and possess

even larger solvent channels than trigonal TcAChE (Bouma et

al., 1999).

Monitoring the unit-cell parameters of ¯ash-cooled protein

crystals by X-ray diffraction as a function of temperature

allowed us to show that crystal solvent in large channels

crystallizes at 155 K, whereas solvent in narrow channels and

individual cavities does not crystallize in the temperature

range 100±180 K. The analogy with the behaviour of pure

water provides circumstantial evidence that only solvent

con®ned to large channels undergoes a glass transition in the

studied temperature range.

2. Methods

2.1. Materials

Trigonal crystals of TcAChE, of space group P3121 and with

a solvent content of 68%, were grown in 30±34%(v/v) poly-

ethyleneglycol (PEG) 200, 0.3 M 2-morpholinoethanesulfonic

acid (MES) pH 5.8 at 277 K (Raves et al., 1997). Unit-cell

parameters at 100 K are typically a = b = 112, c = 137 AÊ .

Orthorhombic crystals of TcAChE, of space group P212121

and with a solvent content of 56% (Raves, 1998), were grown

in 34%(v/v) PEG 200, 0.3 M MES pH 5.6 at 277 K. Unit-cell

parameters at 100 K are typically a = 80, b = 111, c = 163 AÊ .

Crystals of �2gpI of space group C2221 and a solvent content

of 86% were grown in 1.5 M (NH4)2SO4, 2%(v/v) glycerol,

20 mM CdCl2, 0.1 M HEPES pH 7.5 (Bouma et al., 1999).

Unit-cell parameters at 100 K are typically a = 161, b = 165,

c = 115 AÊ .

2.2. Data collection and processing

TcAChE crystals were transferred for�1 min into a drop of

mineral oil before being mounted in a cryoloop. �2gpI crystals

were equilibrated for about 20 s at 277 K in 1.65 M

(NH4)2SO4, 35%(v/v) glycerol, 20 mM HEPES pH 7.5 before

being similarly mounted. Crystals were subsequently ¯ash-

cooled at 100±105 K in an N2 cold-gas-stream device (Oxford

Cryosystems, Oxford, England) which was used to control the

temperature during heating and cooling. X-ray measurements

were carried out on a Nonius �-CCD diffractometer mounted

on a sealed-tube source. Cu K� (� = 1.54 AÊ ) radiation was

used in all experiments on protein crystals, whereas Mo K�
(� = 0.71 AÊ ) radiation was used for reference experiments

with solvent only.

The crystals were warmed from 100 or 105 to 180 K and

recooled to the starting temperature in 5 K steps (with a

heating and cooling rate of 360 K hÿ1) according to two

different experimental protocols on two different time scales.

Using the ®rst protocol (`type I' experiment, i.e. on a long time

scale), ®ve consecutive data sets for unit-cell determination

were collected at each temperature. Each data set was

recorded over about 24 min. Thus, the crystal spent 120 min at

a constant temperature between two temperature steps. This

type of experiment was carried out on both TcAChE crystal

forms and on �2gpI crystals. Control experiments utilizing the

same experimental protocol were performed on the cryo-

protective solutions used for TcAChE and �2gpI, i.e. 34%(v/v)

PEG 200, 0.3 M MES pH 5.8 and 1.65 M (NH4)2SO4, 35%(v/v)

glycerol, 20 mM HEPES pH 7.5, respectively. For this purpose,

a thin ®lm of the cryoprotective solution in a similarly sized

cryoloop was ¯ash-cooled at 100 K.

Using the second protocol, only one data set was collected

at each temperature (`type II' experiment, i.e. on a short time

scale). Collection of a data set took �19 min for trigonal

TcAChE crystals, while it took only about 11 min for �2gpI

crystals. Each data set in both types of experiment was

collected with a ' rotation of 1�.
Before initiation of the warming and cooling protocol in

both types of experiment, a single data set was collected with a

total exposure time of 20 min from each ¯ash-cooled crystal in

order to determine accurate unit-cell parameters by applying

the '±� method (' = 1, � = 5�; Duisenberg et al., 2000) at four

different ' positions 90� apart, so as to provide data as input

for the autoindexing program DirAx (Duisenberg, 1992). The

resulting orientation matrix was then continuously re®ned

using DENZO (Otwinowski & Minor, 1997) against the data

collected at the different temperatures during the warming

and cooling procedure.

In order to monitor ice formation in the crystal, intensities

in the diffraction pattern were radially integrated and were

summed in the 4.23±3.19 AÊ resolution shell.

3. Results

Results of the `type I' experiments are shown in Fig. 1, i.e. the

relative unit-cell volume, the integrated ice-ring intensities

and the temperature of ¯ash-cooled orthorhombic (Fig. 1a)

and trigonal (Fig. 1b) TcAChE and �2gpI (Fig. 1c) crystals as a

function of the elapsed experimental time upon warming from

105 to 180 K. At �155 K (indicated by the vertical line across

Fig. 1), a sharp increase in unit-cell volume was observed for

the trigonal TcAChE (Fig. 1b) and the �2gpI crystals (Fig. 1c)

but not for the orthorhombic TcAChE crystals (Fig. 1a). For

all three crystals, below 155 K the unit-cell volume increased

slightly as the temperature was raised but remained relatively

constant at constant temperature; no ice-ring formation was

observed (Figs. 1a±1c). At temperatures above 155 K, the unit-
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cell volumes of the trigonal TcAChE crystal (Fig. 1b) and the

�2gpI crystal (Fig. 1c) showed altered behaviour, increasing

even at constant temperature. At 180 K, the relative unit-cell

volume increase relative to the volume at 105 K was 1.2 �
0.1% (unit-cell parameters a, b and c increased by 0.23, 0.39

and 0.51%, respectively), 3.7 � 0.1% (a, 1.45; c, 0.80%) and

7.5 � 0.3% (a, 0.84; b, 4.84; c, 1.69%) for the orthorhombic

and trigonal TcAChE crystals and the �2gpI crystals, respec-

tively. A clear onset of ice formation at 155 K was seen in all

three crystals (Figs. 1a±1c). Inspection of the diffraction

patterns before summation in the 4.23±3.19 AÊ resolution shell

revealed that it was the cubic ice form that crystallizes at

155 K. At 175±180 K, diffraction peaks characteristic of

hexagonal ice also started to appear in the diffraction pattern.

Control experiments with only the mother liquor of trigonal

and orthorhombic TcAChE crystals in the loop also showed

clear ice formation at 155 K (data not shown). In contrast, the

cryoprotective solution (containing 35% glycerol) used for

�2gpI crystals crystallized at 170±175 K (data not shown).

Attempts to vitrify the mother liquor (containing only 2%

glycerol) of �2gpI crystals by ¯ash-cooling failed, as judged by

the presence of Bragg peaks of crystalline ice in the diffraction

pattern at 100 K.

A different pattern of behaviour was observed in the `type

II' experiments in which the experimental time frame was

reduced approximately sixfold for trigonal TcAChE crystals

(Fig. 2a) and approximately tenfold for �2gpI crystals (Fig. 2b).

On this experimental time scale at 155 K the trigonal TcAChE

crystal (Fig. 2a) showed neither an abrupt increase in unit-cell

volume nor ice formation. The relative volume increase at

180 K was 0.85 � 0.1% (a, 0.28; c, 0.25%) with respect to

100 K. The �2gpI crystal (Fig. 2b) showed a similar unit-cell

volume increase at 180 K, 7.4 � 0.3% (a, 2.48%; b, 3.80%; c,

0.94%), and ice formation as in the experiment on a longer

time scale (i.e. 7.5%; Fig. 1c).

Fig. 3 shows the changes in unit-cell volume of trigonal

TcAChE crystals upon recooling from 180 K back to 100 and

105 K on the two different time scales. Unit-cell parameter

changes were irreversible on the long (Fig. 3a) time scale and

reversible on the short (Fig. 3b) time scale. In the experiment

on the short time scale the unit-cell volume even fell below its

starting value (Fig. 3b). Note that the scale of Fig. 3(b) is

altered compared with Fig. 2(a). This allows visualization of

the ®ne structure in unit-cell volume changes, i.e. that the unit-

cell volume remained virtually constant between 130 and

155 K both upon warming and recooling on a short experi-

mental time scale. Fig. 3(b) shows the results of experiments

performed on two different crystals according to identical

schemes in order to investigate the reproducibility of the

characteristic unit-cell volume changes. Unit-cell volume

changes of the �2gpI crystals were irreversible even in the

short time-scale experiments (data not shown). All the

experiments presented have been repeated at least twice with

different crystals of similar size and the results showed that the

observed effects are crystal independent.

X-ray data quality, as monitored by the number of observed

re¯ections, remained constant over the entire studied

temperature range in all experiments in which no sharp

increase in unit-cell volume was observed (i.e. those reported

in Figs. 1a, 2a and 3b). However, this number decreased

drastically at 155 K in experiments in which a sharp increase in

unit-cell volume was observed (i.e. those reported in Figs. 1b,

1c, 2b and 3a). Owing to the limited ' range used in the

Figure 1
Relative unit-cell volume (closed squares), ice intensity (open circles) and
temperature (open triangles) as a function of elapsed experimental time
for (a) orthorhombic and (b) trigonal TcAChE crystals and (c) �2gpI
crystals for `type I' experiments. Unit-cell volumes are normalized to the
value at 105 K. Ice-ring intensities were determined by radially
integrating and, in the 4.23±3.19 AÊ resolution shell, summing the
intensities of the most prominent ice rings. Ice intensities do not refer
to either of the y axes and are on an arbitrary scale, but were zero at
105 K. Each time point corresponds to one data set (�24 min per data
set). Five data sets were collected at each constant temperature between
temperature steps.



present study, however, we could not obtain accurate infor-

mation on the high-resolution limit of diffraction and the

mosaicity of the crystal during the course of the experiments.

4. Discussion

The aim of the present study was to assess solvent behaviour

in ¯ash-cooled protein crystals in the temperature range 100±

180 K. Protein crystals were chosen that differ both in solvent

content and in the way in which the solvent is arranged within

the crystal. Orthorhombic and trigonal TcAChE crystals have

similar solvent contents (56 and 68%, respectively), yet the

arrangement of solvent is different. In the orthorhombic

crystals, the solvent is arranged in cavities and narrow chan-

nels of �10 AÊ in their smallest dimension (Raves, 1998;

Fig. 4a), whereas in the trigonal TcAChE crystals the solvent is

located predominantly in large channels �65 AÊ in diameter

that run straight through the crystal (Fig. 4b). �2gpI crystals

have an unusually high solvent content of 86% and large

solvent channels along each cell axis, the largest of which is

aligned with the c axis and has an extent of �80 AÊ in its

smallest dimension (Fig. 4c).

Unit-cell expansion upon increasing the temperature

allowed us to gain insight into the crystal solvent behaviour. In

experiments on an identical time scale, only the crystals with

large solvent channels, i.e. trigonal TcAChE (Fig. 1b) and

�2gpI (Fig. 1c), showed a sharp increase in unit-cell volume at

�155 K. The formation of ice rings in the diffraction pattern

was observed at the same temperature. We conclude that the

sharp change in unit-cell volume at 155 K is a consequence of

crystallization of the solvent within the channels of the crystal.

In contrast, the orthorhombic TcAChE crystals (narrow

solvent channels) did not show a sharp increase in unit-cell

volume anywhere in the 100±180 K temperature range

(Fig. 1a), indicating that the solvent within these crystals did

not crystallize. The fact that ice rings in the diffraction pattern

appeared nevertheless above 155 K is attributed to the crys-

tallization of a thin solvent layer located between the crystal
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Figure 2
Relative unit-cell volume (closed squares), ice intensity (open circles) and
temperature (open triangles) as a function of elapsed experimental time
for (a) trigonal TcAChE crystals and (b) �2gpI crystals for `type II'
experiments. Unit-cell volumes were normalized to the value at 100 and
105 K, respectively. Ice-ring intensities were determined as in Fig. 1. Ice
intensities do not refer to either of the y axes and are on an arbitrary
scale, but were zero at 100 and 105 K, respectively. Each time point
corresponds to one data set [�19 min per data set in (a) and �11 min per
data set in (b)]. In contrast to Fig. 1, only one data set was collected at
each constant temperature between two temperature steps.

Figure 3
Relative unit-cell volumes (closed squares and open diamonds) and
temperature (open triangles) as a function of elapsed experimental time
for trigonal TcAChE. Each time point corresponds to one data set. Five
and one data sets were collected at each constant temperature between
two temperature steps in (a) and (b), respectively. Data corresponding to
the heating process, which are represented as closed squares in (a) and as
open diamonds in (b), are identical to the data shown in Figs. 1(b) and
2(a), respectively. Data represented by closed squares and open
diamonds in (b) were collected on two different crystals according to
the same experimental procedure.
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and the protective mineral oil. If the ice rings had been a

consequence of crystallization of the solvent within the crystal,

we would have expected the increase in unit-cell volume to

show a non-linear behaviour similar to that observed for

trigonal TcAChE and �2gpI.

Implicit in our reasoning is the assumption that the crystal

solvent in its amorphous form has a density similar to that in

the liquid state at room temperature, i.e. that its volume

Figure 4
Packing diagram for (a) orthorhombic TcAChE viewed down the a axis,
(b) for trigonal TcAChE viewed down the c axis and (c) for �2gpI viewed
down the c axis. The proteins are shown with a C� trace. Figs. 4(a) and
4(b) are taken from Raves (1998).

increases upon crystalline ice formation. In the case of pure

water, different amorphous forms exist with densities either

lower or higher than that of liquid water at room temperature

(for a review, see Mishima & Stanley, 1998). However, it has

been shown that in amorphous aqueous solutions (i.e. at

temperatures below their glass transition) high- and low-

density amorphous forms of water coexist (Suzuki & Mishima,

2000), leading to an average density which might be close to

the one at room temperature, which supports our assumption.

It is clear from Figs. 1(b) and 1(c) that crystallization and

unit-cell volume increase proceeded at constant temperatures

above 155 K as a function of time, indicating that crystal-

lization occurred on the time scale of the experiment. By

reducing the experimental time scale sixfold for trigonal

TcAChE, crystallization and a sharp increase in unit-cell

volume were avoided (Fig. 2a). In contrast, crystallization of

the solvent in the �2gpI crystals could not be prevented by

reducing the experimental time frame even tenfold (Fig. 2b).

The size of the channels seems to in¯uence the kinetics of

crystallization of solvent ± the larger the channel, the quicker

the crystallization process. However, we cannot exclude the

possibility that the difference in cryoprotective solutions was

partially or entirely responsible for the observed difference in

crystallization kinetics. If a ¯ash-cooled trigonal TcAChE

crystal is held for 15 h at 155 K the unit-cell volume remains

constant. If the temperature is raised further and held at

160 K, both a progressive increase in unit-cell volume and ice

formation are observed (data not shown). Even after 48 h at

160 K, unit-cell volume increase (which reached 1.6% with

respect to 100 K) and ice formation continued to progress.

The question of whether the observed unit-cell volume

changes are reversible was addressed by cooling trigonal

TcAChE and �2gpI crystals stepwise after the heating process.



Unit-cell volume changes were irreversible when they arose

from crystallization of the crystal solvent (Fig. 3a). In contrast,

the unit-cell volume changes observed in the absence of

crystallization were fully reversible (Fig. 3b), indicating that

they were a consequence of thermal expansion of the solvent

and/or the protein molecules.

Frauenfelder et al. (1987) estimated the linear thermal

expansion coef®cient for myoglobin molecules to be 115 �
10ÿ6 Kÿ1. Assuming a similar coef®cient for TcAChE and for

�2gpI would indicate that 0.9% of the unit-cell volume

increase upon raising the temperature from 100 to 180 K can

be attributed to the thermal expansion of the protein mole-

cules alone. Comparing this value with the measured unit-cell

volume increase of orthorhombic TcAChE (1.2%; Fig. 1a) and

of trigonal TcAChE on the reduced experimental time scale

(0.85%; Figs. 2a and 3b) indicates that the unit-cell volume

increase is dominated by expansion of the protein molecules if

the crystal solvent remains in the amorphous phase rather

than crystallizing. However, if crystallization does occur

(Figs. 1b, 1c, 2b and 3a), the unit-cell volume increase is

dominated by the difference in volume between the amor-

phous and the crystalline form of the solvent. We note that the

observed volume increase of 7.5% between 105 and 180 K for

�2gpI crystals would correspond to the increase in volume if

the crystal solvent were composed of pure amorphous solid

water with a density identical to that of liquid water at room

temperature which crystallizes fully to cubic (or hexagonal)

ice.

The observed volume expansion in the trigonal TcAChE

crystals in the `type I' experiment is anisotropic. The cell axis

along the solvent channel (c axis) shows about half of the

relative expansion of the other cell axes (a and b axes). In this

direction, the solvent can expand during crystallization

without displacing protein molecules.

Our observation that the solvent in trigonal TcAChE and

�2gpI crystals crystallizes at 155 K indicates that solvent in

large channels behaves similarly to bulk water, in contrast to

solvent in narrow channels. This provides circumstantial

evidence but does not prove that only solvent in large chan-

nels undergoes a glass transition in the 100±180 K temperature

range, i.e. prior to crystallization at 155 K. It is interesting to

note that the unit-cell volume of trigonal TcAChE remains

constant in the 130±155 K temperature window, both upon

warming and recooling, if crystallization is avoided by a

reduced experimental time frame (Fig. 3b). This coincides with

the temperature window in which pure bulk water has liquid-

like properties (Mishima & Stanley, 1998) and leads us to

speculate that the crystal solvent may have similar liquid-like

properties in that temperature window.

It is interesting to note that in the control experiment, in the

absence of protein crystals, the cryoprotective solution

(containing 35% glycerol) used for �2gpI crystals crystallizes

at 170±175 K, i.e. 20 K higher than the solvent within the

�2gpI crystals. It has been reported that the glass-transition

temperature and hence the crystallization temperature of a

glycerol±water binary mixture increases with increasing

glycerol concentration (Harran, 1978). We conclude, there-

fore, that the solvent within the channels of the �2gpI crystals,

after the short soaking procedure of 20 s in the cryoprotective

solution, still contains a glycerol concentration close to that of

the mother liquor (2%). This suggests that the glass-transition

temperature of solvent con®ned in large channels might be

shifted to higher temperatures by adding glycerol, provided

that this does not affect the stability of the protein crystal.

Protein surfaces are covered by a monolayer of highly

ordered water molecules (the hydration shell) which behaves

differently from bulk water and which is non-freezable (see

Rupley & Careri, 1991 and references therein). Furthermore,

some order in the water out to 4.5±8 AÊ from the protein

surface has been reported depending on the protein system

studied (Rupley & Careri, 1991; Jiang & BruÈ nger, 1994). The

solvent in channels as narrow as 10 AÊ thus contains water

which is either directly associated with or in¯uenced by the

protein surface and which therefore differs from solvent water

in large channels and from pure water. This is indeed in line

with our observations.

The question arises as to how far radiation damage might

contribute to the observed volume increase. It has been

observed that exposure of protein crystals to synchrotron

radiation causes speci®c structural and chemical damage to

the protein (Weik et al., 2000; Ravelli & McSweeney, 2000;

Burmeister, 2000) as well as an increase in unit-cell volume

(Yonath et al., 1998; Ravelli & McSweeney, 2000; Burmeister,

2000). A linear dependency of the unit-cell volume increase on

the absorbed dose has been suggested (Ravelli & McSweeney,

2000; Burmeister, 2000). A total absorbed dose of about

107 Gy at a constant temperature of 100 K led to a relative

unit-cell volume increase of 0.11% for trigonal TcAChE

(Ravelli & McSweeney, 2000). We calculated the total

absorbed dose to be in the order of 104 Gy for the extended

experiment on trigonal TcAChE (Fig. 1b), which would give

rise to a unit-cell volume increase of 0.0001% if the linear

dependency determined at 100 K were valid over the entire

100±180 K temperature range. This value is negligible when

compared with the observed unit-cell volume increase of 3.7%

(Fig. 1b). However, at equal absorbed doses, we expect the

unit-cell volume increase arising from radiation damage to be

different at temperatures above the glass transition to that at

100 K. This would be because of increased mobility of radicals

created by X-ray irradiation at temperatures above the

presumed glass transition owing to the decreased solvent

viscosity. In any case, our conclusion concerning the difference

in behaviour of crystal solvent in large and in narrow channels

is independent of the in¯uence of radiation damage.

Spatial ¯uctuation of unit-cell parameters is perhaps the

main imperfection in ¯ash-cooled protein crystals giving rise

to high mosaicity (Nave, 1998). Increasing the solvent mobility

by raising the temperature above the solvent glass transition

might induce a relaxation process which would narrow the

distribution of unit-cell parameters. Such an approach could

be useful in developing rational crystal-annealing protocols

aimed at improving crystal order, similar to the empirical

procedures that have been reported (Yeh & Hol, 1998; Harp et

al., 1998, 1999), but without the necessity of warming the
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crystal to room temperature. Annealing of ¯ash-cooled

protein crystals at temperatures just below 155 K might lead to

densi®cation of the solvent owing to enthalpy relaxation ± a

process commonly observed in amorphous solids (Johari et al.,

1991). Densi®cation of the solvent upon annealing might also

explain our observation that the unit-cell volume drops below

its initial value upon temperature cycling from 105 to 180 K

and back to 105 K on a time scale that prevents ice formation

(Fig. 3b).

Our studies reveal that ¯ash-cooled protein crystals are

arrested in a metastable state up to at least 155 K without

crystallization of the solvent. Thus, our results provide a high-

temperature limit for the storage and handling of ¯ash-cooled

protein crystals. This might be of importance for the design of

experiments in which minimization of required cooling power

is important, such as diffraction experiments in space (E.

Garman, personal communication).

The study of solvent behaviour in ¯ash-cooled protein

crystals is also of relevance to the current discussion

concerning the dynamic correlation between proteins and

their surrounding solvent (Vitkup et al., 2000, ReÂat et al.,

2000). A dynamic transition in protein molecules can be

essential for biological function, as has been shown for

myoglobin (Doster et al., 1989), bacteriorhodopsin (Ferrand et

al., 1993; ReÂat et al., 1998) and ribonuclease A (Rasmussen et

al., 1992). A cross-correlation between the dynamic behaviour

of proteins and the surrounding solvent has been proposed

(Doster et al., 1986; Frauenfelder & Gratton, 1986). Indeed, it

has been reported that myoglobin embedded in trehalose

glasses does not undergo a dynamic transition (Cordone et al.,

1999), whereas such a transition does take place in hydrated

myoglobin at 180 K (Doster et al., 1989). It will be interesting

to investigate the dynamic behaviour of TcAChE in both the

trigonal and the orthorhombic crystal form. Temperature-

controlled protein crystallography (Ringe & Petsko, 1985;

Tilton et al., 1992) is a valuable tool that might show whether

the crystal solvent glass transition directly triggers a dynamic

transition in the protein molecules and whether the absence of

a solvent glass transition abolishes such a dynamic transition.

In particular, use of caged substrates (Peng & Goeldner, 1998)

in temperature-controlled crystallographic experiments on

TcAChE may permit a study of the correlation between

solvent behaviour, protein dynamics and protein function.
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